
ATN = acute tubular necrosis; BAL = British anti-Lewisite; CNS = central nervous system; GI = gastrointestinal; + to +++ = present with increasing importance; - =

absent.

CNS = central nervous system; TBB = total body burden; + to ++ = useful testing specimen; - = lack of utility.
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Chapter 95: Mercury

Young-Jin Sue

INTRODUCTION

HISTORY AND EPIDEMIOLOGY

Mercury is a metal that is widely toxic to multiple organ systems. Its toxicologic manifestations are well known as a result of thousands of years of

medicinal applications, industrial use, and environmental disasters.69,112 Mercury occurs naturally in small amounts as the elemental (Hg0) silver-

colored liquid (quicksilver); as inorganic compounds such as mercuric (Hg2+) sulfide (cinnabar), mercurous (Hg+) chloride (calomel), mercuric chloride
(corrosive sublimate), and mercuric oxide; and as organic compounds (methylmercury and dimethylmercury). Mercury’s gastroenteric irritant effects
led to its use as a therapy for constipation. In recent (16th–19th), centuries, mercury-containing preparations, advocated for their potent diuretic and

sialogogic properties, were widely used to treat syphilis to “flush” the “virus” out.81 The musician Paganini was one of several famous persons whose
gingivitis, dental decay, ptyalism (excessive salivation), and erethism (pathologic irritability and emotional instability) were attributed to mercury

therapy.80 In the 1800s, the United States witnessed an epidemic of “hatters’ shakes” or “Danbury shakes” and “mercurial salivation” in hat industry

workers.123 Danbury, Connecticut, was a US center of felt hat manufacturing in which mercuric nitrate was used to mat animal furs into felt.112,123

In the early 1900s, acrodynia, a painful dusky pink discoloration of the hands and feet, or “pink disease,” was described in children who received

calomel for ascariasis or teething discomfort.16 Vividly described in a series of 41 children, the development of acrodynia was more common in

younger children, did not seem to correlate with mercury dose, and was not necessarily related to urine concentrations of mercury.122

One of the most devastating epidemics of mercury poisoning occurred as the result of a decade of contamination of Minamata Bay in Japan by a
nearby vinyl chloride plant during the 1940s. Methylmercury accumulated in the bay’s marine life and poisoned the inhabitants of the local fishing
community. Although officially only 121 victims were reported, thousands more are believed to have been affected by what has subsequently been

named Minamata disease.88,113 The largest outbreak of methylmercury poisoning to date occurred in Iraq in late 1971. Approximately 95,000 tons of
seed grain intended for planting and treated with methylmercury as a fungicide were baked into bread for direct consumption, resulting in widespread

neurologic symptoms, 6,530 hospital admissions, and more than 400 deaths.5,23,96

In 1990, the US Environmental Protection Agency (EPA) banned mercury-containing compounds from interior paints.3 However, mercury-containing
paints manufactured before that ruling may still be on interior walls, and mercury-containing paint can still be sold for outdoor use. In 1997, a scientist

succumbed to delayed, progressive neurologic deterioration after a minute dermal exposure to dimethylmercury.77 Contemporary exposures occur in

the form of mercury-tainted seafood, mercury-based preservatives (thimerosal), and artisanal gold mining.36

However, a once widely feared source of potential poisoning, mercury-containing dental amalgam does not result in clinical poisoning.14 Occasionally,
exposure to mercury from broken thermometers leads to poisoning in the home, but such thermometers are becoming less common because of

recent efforts to replace mercury with digital thermometers and other electronic devices.78

More recently, the ongoing movement to replace incandescent light bulbs with compact fluorescent bulbs has once again raised the concern of
exposure to mercury in the home and environment. Promoted to reduce greenhouse gas emissions, each bulb contains about 4 mg of elemental

mercury.2

Table 95–1 lists some potential sources of mercury exposure.

TABLE 95–1

Exposures to Mercury

Elemental Inorganic Organic

Manufacturing/Industrial Barometers

Bronzing

Ceramics

Chlorine manufacture

Electroplating

Jewelry

Metal refineries

Paints

Paper pulp

Photography

Batteries

Chemistry sets

Dyes

Explosives

Fireworks

Laboratory reagents

Tanneries

Taxidermy

Vinyl chloride manufacture

Agriculture

Embalming

Fungicides

Laboratory reagents

Pesticides

Wood preservatives

Medical/Medicinal Amalgam

Sphygmomanometry

Tissue fixatives

Thermometers

Weighted nasogastric tubes

Antiseptics

Calomel

Disinfectants

Laxatives

Nonprescription medications

Bactericidals

Pharmaceuticals

Preservatives

Food/Other Ritualistic, complementary Aesthetic, cosmetic

Ayurvedic

Grains (contaminated)

Seafood

FORMS OF MERCURY AND TOXICOKINETICS

The 3 clinically important forms of mercury—elemental, inorganic, and organic—differ with respect to their toxicodynamics and toxicokinetics (Table
95–2). Each produces distinct clinical patterns of poisoning stemming in part from their unique kinetic features (Table 95–3). For each form, the
specific manifestations are determined by the route of exposure, rate of exposure, distribution, biotransformation of mercury within the body, and
relative accumulation or elimination of mercury by the target organ systems. Whereas elemental mercury produces pulmonary toxicity, inorganic
mercury initially causes gastrointestinal (GI) symptoms followed by nephrotoxicity. A nearly pure neurologic toxicity results from organic
(methylmercury) exposure.

TABLE 95–2

Classes of  Mercury Compounds

Nomenclature Example

Elemental Hg0 Quicksilver

Inorganic Hg+

HgCl

Hg2+

HgCl2

Mercurous ion

Calomel, mercurous chloride

Mercuric ion

Mercuric chloride

Organic Short-chain alkyl–mercury compounds

Long-chain mercury compounds

Aryl mercury compounds

Methylmercury

Ethylmercury

Dimethylmercury

Methoxyethylmercury

Phenylmercury

TABLE 95–3

Differential Characteristics of Mercury Exposure

Elemental Inorganic Organic

Primary route of exposure Inhalation Oral Oral

Primary tissue distribution CNS, kidney Blood (transient, acute)

Kidney

CNS (delayed)

CNS, kidney, liver, blood, hair

Clearance Kidney, GI Kidney, GI Methyl: GI

Aryl: kidney, GI

Clinical effects

 CNS Tremor Tremor, erethism Paresthesias, ataxia, tremor, tunnel vision, dysarthria

 Pulmonary +++ – –

 Gastrointestinal + +++ (caustic) +

 Renal + +++ (ATN) +

 Acrodynia + ++ –

Therapy BAL, succimer BAL, succimer Succimer (early)

ABSORPTION

Elemental Mercury

Elemental mercury (Hg0) is absorbed primarily via inhalation of vapor, although slow absorption after aspiration, subcutaneous deposition, and direct

intravenous (IV) embolization occurs.60,74,121 Volatility, moderate at room temperature, increases significantly with heating or aerosolization, both of

which occur with vacuuming.44,102 When inhaled by human volunteers, 75% to 80% of mercury vapor is absorbed.44 However, elemental mercury is
negligibly absorbed from an anatomically and functionally normal GI tract, and it is usually considered nontoxic when ingested. Abnormal GI motility
prolongs mucosal exposure to elemental mercury, and massive ingestion increases subsequent ionization to more readily absorbed forms. Similarly,
anatomic GI abnormalities such as fistulae or perforation are associated with extravasation of mercury into the peritoneal in which where elemental
mercury is oxidized to more readily absorbed inorganic forms.

Inorganic Mercury

The principal route of absorption for inorganic mercury is the GI tract. Approximately 10% of soluble divalent (Hg2+) mercuric salts such as mercuric

chloride (HgCl2) are absorbed following ingestion and dissociation.66 Absorption of a relatively insoluble monovalent (Hg+) mercurous compound,

such as mercurous chloride (calomel; HgCl), is dependent on its oxidation to the divalent form.79 Inorganic mercury is also absorbed across the skin
and mucous membranes, as evidenced by urinary excretion of mercury after dermal application of skin-lightening mercurial ointments and powders

containing HgCl.106,122

The degree of dermal absorption varies by the concentration of mercury, skin integrity, and lipid solubility of the vehicle. With substantial dermal
exposures to mercury salts, skin absorption may be difficult to distinguish from concomitant absorption via other routes, such as ingestion.

Organic Mercury

As in the case of inorganic mercury, organic mercury is primarily absorbed from the GI tract. Methylmercury, considered the prototype of the short-

chain alkyl compounds, is approximately 90% absorbed from the gut. Aryl and long-chain alkyl compounds have more than 50% GI absorption.79

Although both dermal and inhalational absorption of organic mercury is reported, precise quantitation and exclusion of concomitant absorption by
ingestion are difficult to determine.

DISTRIBUTION AND BIOTRANSFORMATION

After absorption, mercury distributes widely to all tissues, predominantly the kidneys, liver, spleen, and central nervous system (CNS). The initial
distributive pattern into nervous tissue of elemental and organic mercury differs from that of the inorganic compounds because of their greater lipid
solubility.

Elemental Mercury

Although peak concentrations of elemental mercury are delayed in the CNS as compared with other organs (2–3 days versus 1 day),44 significant
accumulation in the CNS occurs after an acute, intense exposure to elemental mercury vapor. Conversion of elemental mercury to the charged

mercuric (Hg2+) cation within the CNS favors retention and local accumulation. Because elemental mercury does not covalently bind to other

compounds, its toxicity depends on its oxidation initially to the mercurous ion (Hg+) and then to the mercuric ion (Hg2+) by the enzyme catalase.66

Because this oxidation–reduction reaction favors the mercuric cation at steady state, the distribution and late manifestations of metallic mercury
toxicity eventually resemble those of inorganic mercury poisoning. Conversely, and to a lesser extent, inorganic mercuric ions are reduced to the

elemental state (Hg0), although the site and mechanism of this reaction are not well understood.79

Inorganic Mercury

The greatest concentration of mercuric ions is found in the kidneys, particularly within the renal tubules. At least in animal studies, administration of

mercury induces the renal synthesis of metallothionein, a compound that binds to and detoxifies mercuric ions.12 Very little mercury is found as free
mercuric ions. In blood, mercuric ions are found both within the red blood cells (RBCs) and bound to plasma proteins in approximately equal
proportions. Blood concentrations are greatest immediately after inorganic mercury exposure, with rapid waning as distribution to other tissues
occurs. Although penetration of the blood–brain barrier is poor because of low lipid solubility, slow elimination and prolonged exposure contribute to
significant CNS accumulation of mercuric ions. Within the CNS, mercuric ions concentrate in the cerebellum and hippocampus, and to a lesser degree,

the cerebral cortex.35 Although inorganic mercurials undergo organification in marine life, as in the Minamata Bay disaster,9,85 the importance of this

conversion in humans is unknown. Animal studies demonstrate that the placenta functions as an effective barrier to mercuric ions.79

Organic Mercury

Once absorbed, aryl (phenyl mercury) and long-chain alkyl mercury compounds differ from the short-chain organic mercury compounds
(methylmercury) in an important way—the former possess a labile carbon–mercury bond, which is subsequently cleaved, releasing the inorganic
mercuric ion. Thus, the distribution pattern and toxicologic manifestations produced by the aryl and long-chain alkyl compounds that occur beyond
the immediate postabsorptive phase are comparable to those of inorganic mercury, but organification has facilitated absorption and reduced the local

caustic effects.79 In contrast, short-chain alkyl mercury compounds possess relatively stable carbon–mercury bonds that survive the absorptive phase,

although conversion to the inorganic mercuric cation at a rate of less than 1% per day occurs after absorption.124 Because it is lipophilic,

methylmercury readily distributes across all tissues, including the blood–brain barrier and placenta.46 An important consequence of this property is
the devastating neurologic degeneration that develops in prenatally exposed infants with Minamata disease. The rapid decline of blood mercury
concentrations in both suckling rats and breastfeeding human infants is attributed to rapid growth of body volume combined with limited transport of

mercury by milk.76,97,98

After methylmercury is distributed to brain tissue, its fate is uncertain. Animal evidence indicates that methylmercury is converted to inorganic mercury

in brain tissue.63 Primates fed oral methylmercury daily for periods exceeding 1 year and then killed within days of the last exposure demonstrated an
average brain inorganic mercury fraction of only 19%. By contrast, when the postexposure period was extended to between 150 and 650 days, the
inorganic mercury fraction increased to 88%. Similarly, long-term survivors of methylmercury poisoning had a higher ratio of inorganic mercury to

total mercury in their brains.29 In one patient who survived 22 years after methylmercury ingestion, autopsy revealed that the brain mercury was nearly
completely in the inorganic form.

Methylmercury concentrates in RBCs to a much greater degree than do mercuric ions, with an RBC-to-plasma ratio of about 10:1 (in contrast to 1:1 RBC-

to-plasma ratio for inorganic mercury).124 However, despite this apparent affinity for nervous tissue and RBCs, the greatest methylmercury
concentrations are found in the kidneys and liver. In addition, because of the extensive sulfhydryl bonds in hair, methylmercury deposits in hair at

concentrations approximately 250 times that found in whole blood.55

ELIMINATION

Elemental Mercury and Inorganic Mercury

Mercuric ions are excreted through the kidney by both glomerular filtration and tubular secretion and in the GI tract by transfer across gut mesenteric
vessels into feces. Small amounts are reduced to elemental mercury vapor and volatilized from skin and lungs. The total-body half-life of elemental

mercury and inorganic mercury was previously estimated at approximately 30 to 60 days.22,66 However, a recent review of case studies indicates that

the half-life of inorganic mercury in human brains is on the order of several years to several decades.92

Organic Mercury

In contrast to elemental mercury and inorganic mercury, the elimination of short-chain alkyl mercury compounds (such as methylmercury) is
predominantly fecal. Enterohepatic recirculation contributes to its somewhat longer total body half-life of about 70 days. Less than 10% of

methylmercury is excreted in urine and feces as the mercuric cation.124

PATHOPHYSIOLOGY

The pervasive disruption of normal cell physiology by mercury arises from its avid covalent binding to sulfur, replacing the hydrogen ion in the body’s
ubiquitous sulfhydryl groups. Mercury also reacts with phosphoryl, carboxyl, and amide groups, resulting in widespread dysfunction of enzymes,
transport mechanisms, membranes, and structural proteins.

Because mercury deposits in all tissues, the clinical manifestations of mercury toxicity involve multiple organ systems with variable features and
intensity. Necrosis of the GI mucosa and proximal renal tubules, which occurs shortly after mercury salt poisoning, is thought to result from the direct
oxidative effect of mercuric ions. An immune mechanism is attributed to membranous glomerulonephritis and acrodynia associated with the use of

mercurial ointments.13

Neurologic manifestations of methylmercury poisoning correlate with pathologic findings in the brains of both adults and children who were

prenatally exposed.68,113 Grossly, atrophy of the brain is more severe in children who had prenatally or postnatally acquired methylmercury compared
with the brains of those exposed as adults. In the adult brain, neuronal necrosis and glial proliferation are most prominent in the calcarine cortex of
the cerebrum and in the cerebellar cortex. In fetal Minamata disease, similar lesions are present but in a more diffuse and severe form. Atrophy of the
cerebellar hemispheres, postcentral gyri, and calcarine area of the brain demonstrated on magnetic resonance images in organic mercury–poisoned

patients correlates with clinical findings of ataxia, sensory neuropathy, and visual field constriction, respectively.58 Neuropathologic examination of
the brain of a scientist who died after unintentional dermal exposure to dimethylmercury revealed lesions in the cerebellum, temporal lobe, and visual

cortex.105

In rats, neuronal cytotoxicity of methylmercury may result partly from muscarinic receptor–mediated calcium release from smooth endoplasmic

reticulum of cerebellar granule cells.62 There is animal evidence that methylmercury may trigger reactive oxygen species production. In addition,
methylmercury inhibits astrocyte uptake of cysteine, the rate-limiting step in the production of glutathione, a major antioxidant in mammalian cell

systems.104 Cultured astrocytes accumulated methylmercury and exhibited increased mitochondrial permeability and oxidative injury.125 Complexing
of methyl- mercury with L-cysteine may enhance brain uptake by mimicry of methionine, a substrate of the endogenous L amino acid transport system.

Uptake of the L-isomer significantly exceeds that of methylmercury–D-cysteine. Careful selection of stereospecific thiol complexing agents may lead to

strategies to limit brain uptake of methylmercury.56,70

CLINICAL MANIFESTATIONS

Elemental Mercury

Symptoms of acute elemental mercury inhalation occur within hours of exposure and consist of cough, chills, fever, and shortness of breath.
Gastrointestinal complaints include nausea, vomiting, and diarrhea accompanied by a metallic taste, dysphagia, salivation, weakness, headaches, and
visual disturbances. Chest radiography during the acute phase reveals interstitial pneumonitis and both patchy atelectasis and emphysema.
Symptoms either resolve with lesser exposures or progress to acute respiratory distress syndrome (ARDS) with respiratory failure and death. Some
survivors of severe pulmonary toxicity develop interstitial fibrosis and residual restrictive pulmonary disease. The acute respiratory symptoms occur
concomitantly with or precede the development of subacute inorganic mercury poisoning manifested by tremor, kidney dysfunction, and

gingivostomatitis.17,54,94 Thrombocytopenia is also reported to occur during the acute phase.38

Although acute exposure to elemental mercury vapor occurs most commonly in the occupational setting, poisonings caused by mishandling of the

metal in the home are well reported.19,29,50,72,108 In fact, attempts at home metallurgy using metallic mercury have resulted in fatalities with ambient air

concentrations of mercury as high as 0.9 mg/m3. The current US Occupational Safety and Health Administration permissible exposure limit (PEL) for

mercury vapor is 0.1 mg/m3 of air as a ceiling limit.82

As with other inhaled toxins, children are likely to be more sensitive to the pulmonary toxicity of mercury vapor because of their ratio of minute

ventilation volume to body size.72 Although pulmonary toxicity from elemental mercury usually results from inhalation of vapor, massive

endobronchial hemorrhage followed by death has occurred secondary to direct aspiration of metallic mercury into the tracheobronchial tree.127

Gradual volatilization of elemental mercury results in chronic toxicity from improper handling, such as vacuuming spilled mercury.102

The clinical importance of volatilized metallic mercury from dental amalgams for both the dentist and patient is controversial. The preponderance of
evidence refutes the idea that dental amalgam causes mercury poisoning. Several comprehensive reviews of the subject conclude that (1) occupational
exposure to mercury from dental amalgam is acceptably low, provided that recommended preventive measures such as adequate ventilation are
adhered to; (2) the quantity of mercury vaporized from dental amalgam by mechanical forces, such as chewing, is clinically insignificant; and (3) only in
exceedingly rare cases will immunologic hypersensitivity to mercury amalgam (manifested as cutaneous signs and symptoms and confirmed by patch

testing) necessitate removal of the amalgam.33,34,37,61,107

Unusual cases of chronic toxicity have resulted from intentional subcutaneous or IV injection of elemental mercury (Figs. 8–6 and 95–1).49,74 Aside from
management of systemic mercury toxicity, local wound care and excision of deposits of mercury are additional therapeutic challenges presented by
these cases. Serial or repeat radiographs are useful in guiding the removal of the radiopaque deposits.

FIGURE 95–1.

Anteroposterior (A) and lateral (B) views of the elbow after an unsuccessful suicidal gesture involving an attempted intravenous injection of elemental
mercury in the antecubital fossa. Note the extensive subcutaneous mercury deposition, which was partially removed by surgical intervention. (Used
with permission from Diane Sauter, MD.)

Inorganic Mercury

Acute ingestion of mercuric salts produces a characteristic spectrum from severe irritant to caustic gastroenteritis. Immediately after the ingestion, a
grayish discoloration of mucous membranes and metallic taste typically accompany local oropharyngeal pain, nausea, vomiting, and diarrhea followed

by abdominal pain, hematemesis, and hematochezia. The lethal dose of mercuric chloride is estimated to be 30 to 50 mg/kg.116 The life-threatening
manifestations of severe acute mercuric salt ingestion are hemorrhagic gastroenteritis, massive fluid loss resulting in shock, and acute kidney

failure.100

Oropharyngeal injury, nausea, hematemesis, hematochezia, and abdominal pain were the most prominent symptoms in a series of 54 patients who

presented after ingesting up to 4 g of mercuric chloride.116 In this series, fatality was associated with the early development of oliguria (within 3 days)
likely due in large part to lack of routinely available hemodialysis at that time. The development of anuria appeared to be related to the dose of
mercuric chloride ingested. The histopathologic finding of proximal tubular necrosis after mercuric salt poisoning results both from direct toxicity to

renal tubules and from renal hypoperfusion caused by shock. Consequently, aggressive fluid therapy to maintain perfusion is recommended.101

Acute ingestion of mercuric salts is usually intentional, but unintentional ingestion occurs sporadically in both children and adults.51 Although
ingestion of older button batteries containing mercuric oxide was associated with a greater incidence of fragmentation than with other batteries,

clinically significant systemic mercury toxicity by this route was not reported.64,67 Mercuric chloride–containing stool preservatives are another
potential source of unintentional inorganic mercury poisoning. Ingestion of 10 to 20 mL of a polyvinyl alcohol preservative that contained 4.5%

mercuric chloride resulted in bloody gastroenteritis and proteinuria.103 Nonprescription49 and Ayurvedic99 medicines are also associated with

unintentional inorganic mercury poisoning (Chap. 43).53 These xenobiotics are not subject to US Food and Drug Administration (FDA) regulation,
available without prescription, of variable composition, and are often inadequately labeled (Chap. 43).

Subacute or chronic mercury poisoning occurs after inhalation, aspiration, or injection of elemental mercury; ingestion or application of mercury salts;
or ingestion of aryl or long-chain alkyl mercury compounds. Slow in vivo oxidation of elemental mercury and dissociation of the carbon–mercury bond
of aryl or long-chain alkyl mercury compounds result in the production of the inorganic mercurous and mercuric ions.

The predominant manifestations of subacute or chronic mercury toxicity include GI symptoms, neurologic abnormalities, and renal dysfunction.
Gastrointestinal symptoms consist of a metallic taste and burning sensation in the mouth, loose teeth and gingivostomatitis, excessive salivation

(ptyalism), and nausea.122 The neurologic manifestations of chronic inorganic mercurialism include tremor, as well as the syndromes of neurasthenia
and erethism. Neurasthenia is a symptom complex that includes fatigue, depression, headaches, hypersensitivity to stimuli, psychosomatic
complaints, weakness, and loss of concentrating ability. Erethism, derived from the Greek word red, describes the easy blushing and extreme shyness
of affected individuals. Other symptoms of erethism include anxiety, emotional lability, irritability, insomnia, anorexia, weight loss, and delirium.
Mercury produces a characteristic central intention tremor (Chap. 22) that is abolished during sleep. In the most severe forms of mercury-associated
tremor, choreoathetosis and spasmodic ballismus are also reported. Other neurologic manifestations of inorganic mercurialism include a mixed
sensorimotor neuropathy, ataxia, concentric constriction of visual fields (“tunnel vision”), and anosmia.

Chronic poisoning with mercuric ions is associated with renal dysfunction, which ranges from asymptomatic, reversible proteinuria to nephrotic
syndrome with edema and hypoproteinemia. An idiosyncratic hypersensitivity to mercury ions is thought to be responsible for acrodynia, or “pink
disease,” which is an erythematous, edematous, and hyperkeratotic induration of the palms, soles, and face, and a pink papular rash that was first

described in a subset of children exposed to mercurous chloride powders.122 The rash is described as morbilliform, urticarial, vesicular, and
hemorrhagic. This symptom complex also includes excessive sweating, tachycardia, irritability, anorexia, photophobia, insomnia, tremors,
paresthesias, decreased deep tendon reflexes, and weakness. The acral rash frequently progresses to desquamation and ulceration. The prognosis is
favorable after withdrawal from mercury exposure. Childhood acrodynia has become uncommon since the abandonment of mercurial teething
powders and diaper rinses. Occasional case reports still implicate improperly disposed fluorescent light bulbs and phenylmercuric acetate–containing

paint.3,117

Thimerosal is an example of an aryl mercury compound that results in chronic inorganic mercury toxicity. It is a compound that was widely used as a
preservative in the pharmaceutical industry (Chap. 46). Although initial kinetics suggested a stable ethyl–mercury bond, the later elimination phase
more closely resembles that of the inorganic mercury compounds. Thimerosal is approximately 50% mercury by weight. Although generally
considered safe, toxicity and death can occur after both intentional overdose and excessive therapeutic application of merthiolate (0.1% thimerosal or

600 mcg/mL mercury).87,95

Concern that the cumulative dose of thimerosal in childhood immunizations exceeded federally recommended maximum mercury doses (EPA, 0.1
mcg/kg/day; Agency for Toxic Substances and Disease Registry, 0.3 mcg/kg/day; FDA, 0.4 mcg/kg/day) led to a call by the American Academy of

Pediatrics to reduce or eliminate thimerosal from vaccines.4 Thimerosal continues to be used in medically underserved nations as a preservative in

multidose vials in areas with inadequate refrigeration.31 Nevertheless, since 2001, routinely administered childhood vaccines in the United States no

longer contain thimerosal.4,47

Although sensitization after use in vaccinations has been reported in atopic children,86 clinical mercury toxicity has not been reported in appropriately

immunized children. The claim that thimerosal-containing vaccines causes autism has been refuted by numerous studies and meta-analyses.8,65,84,109

No causal association with early thimerosal exposure and adverse neuropsychological outcomes was shown in children tested at 7 to 10 years of

age.115 Clearly, the risk to child health from the diseases targeted for prevention by vaccines far exceeds the risk from thimerosal preservative in

vaccines.39,114,119 In 2010, US courts rejected a causal relationship between thimerosal and autism.32

Organic Mercury Compounds

In contrast to the inorganic mercurials, methylmercury produces an almost purely neurologic disease that is usually permanent except in the mildest of
cases. Although the predominant syndrome associated with methylmercury is that of a delayed neurotoxicity, acute GI symptoms, tremor, respiratory

distress, and dermatitis are also reported.124 In addition, ST segment changes on electrocardiography and renal tubular dysfunction are associated

with this poisoning.45 However, no increase in cardiovascular disease risk was reported with mercury exposure in a large cohort of US adults.73

The lipophilic property and slower elimination of methylmercury likely contribute to its profound neurologic effects. Characteristically, clinical
manifestations occur after the initial poisoning by a latent period of weeks to months. Consequently, the lethal dose of methylmercury is difficult to
determine. As noted previously, infants exposed prenatally to methylmercury were the most severely affected individuals in Minamata. Often born to
mothers with little or no manifestation of methylmercury toxicity themselves, exposed infants exhibited decreased birth weight and muscle tone,
profound developmental delay, seizure disorders, deafness, blindness, and severe spasticity.

Several weeks after methylmercury contaminated grain was ingested in Iraq, patients began to appear with paresthesias involving the lips, nose, and
distal extremities. Symptomatic patients also noted headaches, fatigue, and tremor. More serious cases progressed to ataxia, dysarthria, visual field
constriction, and blindness. Other neurologic deficits included hyperreflexia, hearing disturbances, movement disorders, salivation, and dementia.
The most severely affected patients lay in a mute, rigid posture punctuated only by spontaneous crying, primitive reflexive movements, or feeding

efforts.96

Although the outlook for methylmercury neurotoxicity is generally considered dismal, observations over the subsequent 2 years in 49 Iraqi children

poisoned during the 1971 outbreak revealed complete resolution or partial improvement in all but the most severely affected.5 Of the 40 symptomatic
children, 33 mildly to severely affected children showed partial to complete resolution of symptoms, but the 7 children classified as “very severely
poisoned” remained dysarthric, ataxic, blind, and bedridden.

An important route of organic mercury exposure is through seafood consumption. The safe amount of methylmercury in seafood remains
controversial. The FDA action concentration of 1 ppm for methylmercury in fish was set to limit consumption of methylmercury to less than 1/10th of

amounts found in cases of symptomatic poisoning. The EPA established a reference dose for methylmercury of 0.1 mcg/kg/day.90,118 Although
elevated blood concentrations (19–53 mcg/L) of mercury were found in one group of self-reported high consumers of seafood, increased incidence of

cognitive and GI complaints were not.52 Even so, concentrations at which fetuses experience adverse effects are unknown. Longitudinal studies of fish-
eating populations are conflicting. No effect of a high prenatal fish diet was found on developmental markers in children followed to 19 years of age in

the Seychelles Islands.27,28,120

However, in the studies done in the Faroe Islands and New Zealand, a subtle but significant effect on neuropsychological development was

reported.25,42,110 In the Faroe Islands, this effect persisted when children were retested at 22 years of age.30,31

One reason for the discrepancy that occurs between the 2 populations may be the different patterns of seafood consumption and concentrations of
methylmercury in the seafood consumed by each. The Faroese consume low level mercury–containing fish 1 to 3 times a week with episodic feasts of
highly contaminated pilot whale, whereas the Seychellois consume a more steady diet of low level–contaminated fish on average 12 times per week.
The pilot whales consumed in the Faroe Islands are also contaminated with neurotoxic polychlorinated biphenyls (PCBs), although these compounds
were measured and considered a potential confounding variable. The mean concentration of methylmercury in the whale meat consumed in the Faroe
Islands was 1.6 mcg/g, and the mean concentration of mercury found in New Zealand shark was 2.2 mcg/g. By contrast, the mean methylmercury

content of Seychellois fish was 0.3 mcg/g.75 The threshold concentration for neuropsychological effects may lie between these concentrations.

The development of neurologic symptoms in infants exclusively breastfed by women exposed to methylmercury after delivery and the detection of

mercury in the milk of lactating women implies a risk for mercury poisoning via breast milk.57 In one series of lactating women, mercury concentrations

in milk were approximately 30% of the concentrations found in blood.83 Perhaps because of high levels of PCBs in pilot whale meat, 7-year-old children
from the Faroe Islands, who have a diet traditionally high in the mercury-containing sea mammals and were breast-fed as infants, exhibited a

diminished benefit (but not deficit) on neuropsychological testing when compared with their counterparts fed formula.48

Further complicating findings in a cohort of Faroese children, the neurobehavioral deficits from methylmercury may be underestimated unless the

protective effects of long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, also found in fish) are included in the analysis.21 Likewise, the Seychelles
Child Development Study Nutrition Cohort 2 found no overall adverse association between prenatal methylmercury exposure and

neurodevelopmental outcomes in children with high maternal n-3 PUFA concentrations.111 The net neuropsychological effects of prenatal and dietary
methylmercury result from dose and timing of fish in the diet as well as the concentrations of methylmercury, neurotoxic PCBs, and neuroprotective

PUFA in the consumed fish.111

The FDA recommends that at-risk populations (pregnant women and women who may become pregnant, nursing mothers, and young children) avoid
large predator fish (shark, swordfish, tilefish, and king mackerel) that contain concentrations of methylmercury approaching 1 ppm (1 mcg/g). The
2004 FDA/EPA consumer advisory emphasizes the health benefits of eating fish and allow for up to 12 ounces per week of fish and shellfish lower in
mercury such as shrimp, canned light tuna, salmon, pollock and catfish and up to 6 ounces of albacore tuna per week. Given the beneficial effects of

seafood, efforts should be aimed at decreasing anthropogenic release of mercury rather than elimination of dietary exposure.91

Although methylmercury has greater importance worldwide, the extreme toxicity of another organic mercurial, dimethylmercury, was tragically
demonstrated by the delayed fatal neurotoxicity that developed in a chemist who inadvertently spilled dimethylmercury on a break in the gloves on her

hands.77 Over a period of several days, she developed progressive difficulty with speech, vision, and gait. Despite chelation and exchange transfusion,
she died of mercury neurotoxicity within several months of the exposure.

DIAGNOSTIC TESTING

The dual findings of unexplained neuropsychiatric and kidney abnormalities in an individual should alert the clinician to the possibility of
mercurialism, as should an at-risk occupation or access by the patient to a mercurial product (Table 95–1). Occupational or environmental exposure
and a consistent clinical scenario are suggestive of mercury poisoning, but demonstration of mercury in blood, urine, or tissues is necessary for
confirmation of exposure. Of the many methods available to measure mercury, cold atomic absorption spectrometry is rapid, sensitive, and accurate
but cannot distinguish the various forms of mercury. Thin-layer and gas chromatographic techniques are recommended to distinguish organic from
inorganic mercury. Whole blood should be collected into a trace element collection tube obtained from the laboratory performing the assay. Urine
should be collected for 24 hours into an acid-washed container obtained from a laboratory. Spot collections must be adjusted for creatinine
concentration. Attempts to measure or otherwise handle the specimen should be avoided to prevent external contamination (Table 95–4).

TABLE 95–4

Diagnostic Testing for Mercury

Whole  Blood 24-hour Urine Hair Clinical

Elemental/Inorganic (+)

Acute, transient

(++)

Confirm exposure

Monitor chelation

Poor correlation to

TBB

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Early detection

Organic (++)

Best reflects

TBB

(–)

Fecal elimination

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Reflects irreversible CNS

toxicity

Early detection

There is considerable overlap among concentrations of mercury found in the normal population, asymptomatic exposed individuals, and patients with
clinical evidence of poisoning. There is no definitive correlation between either whole blood or urine mercury concentration and mercury toxicity.
However, mercury serves no useful role in human physiology, and concentrations of 1.0 mcg/L or less for whole blood and 0.5 mcg/L for urine are
generally considered to reflect background exposure in nonpoisoned individuals. The inconsistencies of the values found in the literature for mercury
exposure are a recurrent issue in metal testing. A credible and qualified laboratory should be employed and their reference ranges accepted when

testing is desired.20

For inorganic mercury poisoning, urine mercury concentrations correlate roughly with exposure severity and neuropsychiatric symptoms,93 but the
relationship to total body burden is probably poor. Urine mercury determinations have their greatest usefulness in confirming exposure and
monitoring the efficacy of chelation therapy. Whole blood mercury concentrations reflect intense, acute inorganic mercury exposure but become less
reliable as redistribution to tissues takes place.

Because organic mercury is eliminated via the fecal route, urine mercury concentrations are not useful in methylmercury poisoning. Because
methylmercury concentrates in RBCs, the total-body methylmercury burden is best reflected acutely by whole-blood concentrations. As methylmercury
distributes to and accumulates in brain, the severity of clinical manifestations probably more closely reflects the degree of the irreversible neuronal
destruction that has taken place rather than the current body burden of mercury. Correlation of increasing whole-blood mercury concentrations with

prevalence of paresthesias was suggested in a population of Iraqis studied early in the course of methylmercury poisoning.24 However, in another

group of patients, whole-blood concentrations did not correlate with severity of methylmercury poisoning.96 This apparent discrepancy may have
resulted from the finding that paresthesias are among the earliest reported symptoms of methylmercury poisoning.

Because mercury accumulates in the hair, hair analysis has been used as a tool for measuring mercury burden. However, because metal incorporation
reflects past exposure and hair avidly binds to noningested environmental mercury, the reliability of this method is questionable and is not

recommended.89 In addition to mercury assays, neuropsychiatric testing, nerve conduction studies, and urine assays for N-acetyl-β-D-glucosaminidase

and β2-microglobulin are advocated for early detection of subclinical inorganic and organic mercury toxicity.34,45,93

GENERAL MANAGEMENT

After the initial assessment and stabilization, the early toxicologic management of a patient with mercury poisoning includes termination of exposure
by removal from vapors, washing exposed skin, GI decontamination, supportive measures (eg, hydration, humidified oxygen), baseline diagnostic
studies (eg, complete blood count, serum chemistries, venous blood gas, radiography, ECG), specific analysis of whole blood and urine for mercury,
evaluation of possible cointoxicants, and meticulous monitoring.

Elemental Mercury

Inhalation of mercury vapors or aspiration of metallic mercury may result in life-threatening respiratory failure; in this situation, stabilization of
cardiorespiratory function is the initial priority. Postural drainage and endotracheal suction are a reasonable technique to attempt to remove
aspirated metallic mercury. Parenteral deposition of subcutaneous or intramuscular (IM) mercury is amenable to surgical excision, if well localized
(Fig. 95–1).

An adjunct to the initial management of patients with mercury poisoning is environmental decontamination. Elemental mercury that spills onto solid
surfaces should be adsorbed to sand and the resulting mixture then swept into tightly sealed containers. Ideally, a mercury decontamination kit should
be used. The kit consists of calcium polysulfide, which contains excess sulfur to convert mercury to water-insoluble mercuric sulfide. Absorbent
surfaces, such as carpets, should be removed. Spilled mercury compounds should not be vacuumed because vacuuming could volatilize the

mercury.18 Broken compact fluorescent light bulbs should be handled and disposed of according to EPA guidelines and local requirements.2

Recommendations for decontamination after breakage include opening windows to release vapor, using adhesive tape to pick up visible fragments,
and discarding contaminated material in double-wrapped bags. Guidance for decontamination of major spills and disposal of materials can be
provided by local and federal hazardous materials agencies.

Inorganic Mercury

Because ingestion of inorganic mercuric may lead to cardiovascular collapse caused by severe gastroenteritis and third-space fluid loss, fluid
resuscitation is a priority. Gastrointestinal decontamination of ingested inorganic mercury is particularly problematic because of its causticity and risk
for perforating injury. Nevertheless, one series of patients with mercuric chloride ingestion of up to 4 g reported recovery without long-term GI

sequelae in patients who did not succumb to kidney failure.116 Therefore, unless there is high suspicion for penetrating GI mucosal injury, removal of
mercury from absorptive surfaces should take priority over endoscopic evaluation. The prominence of vomiting makes gastric lavage unnecessary for
most patients with inorganic mercury poisoning.

Metals are among the substances that are often considered to be poorly adsorbed to activated charcoal. Nevertheless, the serious nature of late
sequelae after mercury absorption, the typically small quantities of mercury ingested, and evidence that inorganic mercuric salts actually have
substantial adsorption to activated charcoal (800 mg mercuric chloride can be adsorbed to 1 g activated charcoal) justify the routine administration of

activated charcoal.6 Whole-bowel irrigation with polyethylene glycol solution is a reasonable adjunct to remove residual mercury, and its progress can
be followed with serial radiographs.

Organic Mercury

Organic mercury exposures do not typically present as single acute ingestions but rather as chronic or subacute ingestion of contaminated food.
Therefore, GI decontamination is generally moot with respect to organic mercury poisoning. Nevertheless, its irreversible toxicity coupled with
unsatisfactory treatments calls for aggressive decontamination when acute ingestions or dermal exposures occur.

CHELATION

After initial stabilization and decontamination, early institution of chelators minimizes or prevents the widespread effects of poisoning. Dimercaprol
was developed during World War II as an antidote against lewisite, an arsenical warfare agent. The water-soluble analogs DMPS and succimer were

developed in the 1950s, and the 3 chelators have remained the mainstay of therapy for mercury poisoning.59 A high degree of protein binding and
distribution to the brain are responsible for the lack of efficacy of other measures to increase mercury clearance, such as peritoneal dialysis and

hemodialysis.100 In one report of the use of continuous venovenous hemodiafiltration in combination with a chelator in a patient with severe inorganic

mercury poisoning, 12.7% of the ingested dose was recovered in the ultrafiltrate.26 Hemodialysis may nevertheless ultimately be necessary because of
the acute kidney failure that often occurs after mercuric chloride poisoning.

Chelators have thiol groups that compete with endogenous sulfhydryl groups for the binding of mercury, thereby preventing inactivation of sulfhydryl-
containing enzymes and other essential proteins (Antidotes in Depth: A28 and A29). A history of significant mercury exposure combined with the
presence of typical symptoms of mercury poisoning is an appropriate indication for the institution of chelation therapy. Elevated whole-blood and
urine mercury concentrations help support the decision to begin chelation therapy in unclear cases and can also be used to guide the duration of
therapy. Provocative chelation, in which urinary mercury excretion before and after a chelating dose is compared to determine the degree of mercury

poisoning, is of no value.52 Chelation tends to increase urinary elimination of mercury, regardless of exposure history and baseline excretion.

Elemental Mercury and Inorganic Mercury Salts

For patients with symptomatic acute inorganic mercury poisoning, dimercaprol should be administered for 10 days in dosages of 5 mg/kg/dose every 4
hours IM for 48 hours, then 2.5 mg/kg every 6 hours for 48 hours, followed by 2.5 mg/kg every 12 hours for 7 days. It is reasonable to adjust this dosing
regimen, which was derived from lead poisoning, according to clinical response and the occurrence of adverse reactions.

When a patient can take oral medications, we recommend that dimercaprol be replaced with succimer at 10 mg/kg orally 3 times a day for 5 days, then
twice a day for 14 days if the GI tract is clear. Because headache, nausea, vomiting, abdominal pain, and diaphoresis are common reactions during
dimercaprol chelation therapy, oral succimer is recommended in patients who are not acutely ill or who have been chronically poisoned.

Either dimercaprol or succimer is considered the treatment of choice for inorganic mercury poisoning in the United States, but a few other chelators
deserve mention. 2,3-Dimercapto-1-propanesulfonic acid (DMPS) is a water-soluble dimercaprol derivative that is used in Europe. It is administered
both IV and orally. D-Penicillamine is an orally administered monothiol. Its adverse events—GI distress, rashes, leukopenia, thrombocytopenia, and

proteinuria—although uncommon in therapeutic doses, seriously limit the usefulness of the drug. N-acetyl-D,L-penicillamine (NAP), an investigational

analog of D-penicillamine, is thought to be a more effective chelator of mercury than is D-penicillamine, perhaps because of its greater stability.11,40,43

Organic Mercury Compounds

The neurotoxicity of methylmercury and other organic mercury compounds is resistant to treatment, and therapeutic options are less than
satisfactory. In rats, both dimercaprol and D-penicillamine effectively reduced tissue mercury and prevented neurologic toxicity if administered within

the first day of a methylmercury injection.126 Neither treatment reversed neurologic toxicity when administered 12 days after methylmercury injection.
2,3-Dimercapto-1-propanesulphonate, D-penicillamine, NAP, and a thiolated resin all led to a marked reduction of blood half-life of mercury (ie, 10, 24,

23, and 19 days, respectively, versus 60 days) during the outbreak of methylmercury poisoning in Iraq in 1971.24 Clinical improvement was not
observed in any treatment group, but it is reasonable to postulate that reducing the total-body burden of methylmercury may prevent or limit the

progression of disease. When studied in mice poisoned with methylmercury,1 succimer was superior to NAP, DMPS, and a thiolated resin in decreasing
brain mercury and increasing urinary excretion. Brain mercury was decreased to 35% of control, and the total-body burden fell to 19%. Some animal

evidence suggests that dimercaprol increases mercury mobilization into the brain.7,10,15 For this reason, and the lack of serious GI symptoms
necessitating parenteral chelation, We recommend against the use of dimercaprol the treatment of patients with organic mercury poisoning.

Because the neurologic impairment associated with methylmercury is both profound and essentially irreversible, early recognition of poisoning and
prevention of neurotoxicity are essential to a successful outcome. At this time, succimer is the most reasonable treatment for methylmercury
poisoning because of its apparently low toxicity and reported efficacy in animal trials.

SUMMARY

Mercury poisoning by any of the 3 major forms—elemental, inorganic, and organic—presents a complex toxicologic problem associated with a
large variety of clinical presentations.

An ever present awareness of the signs and symptoms coupled with the knowledge of the differing clinical forms is essential for both early
recognition and effective treatment.

Although some chelators show promise in the treatment of mercury poisoning, neurologic sequelae, particularly those resulting from organic
mercury exposures, remain largely irreversible.

Dietary fish remains an important source of mercury exposure and mercurial neuropsychologic illness.

There is no evidence for the role of mercury in the pathogenesis of autism.

Promotion of public education regarding the dangers of mercury, its avoidance, and proper disposal may aid in the prevention of mercury
poisoning.
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ATN = acute tubular necrosis; BAL = British anti-Lewisite; CNS = central nervous system; GI = gastrointestinal; + to +++ = present with increasing importance; - =

absent.

CNS = central nervous system; TBB = total body burden; + to ++ = useful testing specimen; - = lack of utility.
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Chapter 95: Mercury

Young-Jin Sue

INTRODUCTION

HISTORY AND EPIDEMIOLOGY

Mercury is a metal that is widely toxic to multiple organ systems. Its toxicologic manifestations are well known as a result of thousands of years of

medicinal applications, industrial use, and environmental disasters.69,112 Mercury occurs naturally in small amounts as the elemental (Hg0) silver-

colored liquid (quicksilver); as inorganic compounds such as mercuric (Hg2+) sulfide (cinnabar), mercurous (Hg+) chloride (calomel), mercuric chloride
(corrosive sublimate), and mercuric oxide; and as organic compounds (methylmercury and dimethylmercury). Mercury’s gastroenteric irritant effects
led to its use as a therapy for constipation. In recent (16th–19th), centuries, mercury-containing preparations, advocated for their potent diuretic and

sialogogic properties, were widely used to treat syphilis to “flush” the “virus” out.81 The musician Paganini was one of several famous persons whose
gingivitis, dental decay, ptyalism (excessive salivation), and erethism (pathologic irritability and emotional instability) were attributed to mercury

therapy.80 In the 1800s, the United States witnessed an epidemic of “hatters’ shakes” or “Danbury shakes” and “mercurial salivation” in hat industry

workers.123 Danbury, Connecticut, was a US center of felt hat manufacturing in which mercuric nitrate was used to mat animal furs into felt.112,123

In the early 1900s, acrodynia, a painful dusky pink discoloration of the hands and feet, or “pink disease,” was described in children who received

calomel for ascariasis or teething discomfort.16 Vividly described in a series of 41 children, the development of acrodynia was more common in

younger children, did not seem to correlate with mercury dose, and was not necessarily related to urine concentrations of mercury.122

One of the most devastating epidemics of mercury poisoning occurred as the result of a decade of contamination of Minamata Bay in Japan by a
nearby vinyl chloride plant during the 1940s. Methylmercury accumulated in the bay’s marine life and poisoned the inhabitants of the local fishing
community. Although officially only 121 victims were reported, thousands more are believed to have been affected by what has subsequently been

named Minamata disease.88,113 The largest outbreak of methylmercury poisoning to date occurred in Iraq in late 1971. Approximately 95,000 tons of
seed grain intended for planting and treated with methylmercury as a fungicide were baked into bread for direct consumption, resulting in widespread

neurologic symptoms, 6,530 hospital admissions, and more than 400 deaths.5,23,96

In 1990, the US Environmental Protection Agency (EPA) banned mercury-containing compounds from interior paints.3 However, mercury-containing
paints manufactured before that ruling may still be on interior walls, and mercury-containing paint can still be sold for outdoor use. In 1997, a scientist

succumbed to delayed, progressive neurologic deterioration after a minute dermal exposure to dimethylmercury.77 Contemporary exposures occur in

the form of mercury-tainted seafood, mercury-based preservatives (thimerosal), and artisanal gold mining.36

However, a once widely feared source of potential poisoning, mercury-containing dental amalgam does not result in clinical poisoning.14 Occasionally,
exposure to mercury from broken thermometers leads to poisoning in the home, but such thermometers are becoming less common because of

recent efforts to replace mercury with digital thermometers and other electronic devices.78

More recently, the ongoing movement to replace incandescent light bulbs with compact fluorescent bulbs has once again raised the concern of
exposure to mercury in the home and environment. Promoted to reduce greenhouse gas emissions, each bulb contains about 4 mg of elemental

mercury.2

Table 95–1 lists some potential sources of mercury exposure.

TABLE 95–1

Exposures to Mercury

Elemental Inorganic Organic

Manufacturing/Industrial Barometers

Bronzing

Ceramics

Chlorine manufacture

Electroplating

Jewelry

Metal refineries

Paints

Paper pulp

Photography

Batteries

Chemistry sets

Dyes

Explosives

Fireworks

Laboratory reagents

Tanneries

Taxidermy

Vinyl chloride manufacture

Agriculture

Embalming

Fungicides

Laboratory reagents

Pesticides

Wood preservatives

Medical/Medicinal Amalgam

Sphygmomanometry

Tissue fixatives

Thermometers

Weighted nasogastric tubes

Antiseptics

Calomel

Disinfectants

Laxatives

Nonprescription medications

Bactericidals

Pharmaceuticals

Preservatives

Food/Other Ritualistic, complementary Aesthetic, cosmetic

Ayurvedic

Grains (contaminated)

Seafood

FORMS OF MERCURY AND TOXICOKINETICS

The 3 clinically important forms of mercury—elemental, inorganic, and organic—differ with respect to their toxicodynamics and toxicokinetics (Table
95–2). Each produces distinct clinical patterns of poisoning stemming in part from their unique kinetic features (Table 95–3). For each form, the
specific manifestations are determined by the route of exposure, rate of exposure, distribution, biotransformation of mercury within the body, and
relative accumulation or elimination of mercury by the target organ systems. Whereas elemental mercury produces pulmonary toxicity, inorganic
mercury initially causes gastrointestinal (GI) symptoms followed by nephrotoxicity. A nearly pure neurologic toxicity results from organic
(methylmercury) exposure.

TABLE 95–2

Classes of  Mercury Compounds

Nomenclature Example

Elemental Hg0 Quicksilver

Inorganic Hg+

HgCl

Hg2+

HgCl2

Mercurous ion

Calomel, mercurous chloride

Mercuric ion

Mercuric chloride

Organic Short-chain alkyl–mercury compounds

Long-chain mercury compounds

Aryl mercury compounds

Methylmercury

Ethylmercury

Dimethylmercury

Methoxyethylmercury

Phenylmercury

TABLE 95–3

Differential Characteristics of Mercury Exposure

Elemental Inorganic Organic

Primary route of exposure Inhalation Oral Oral

Primary tissue distribution CNS, kidney Blood (transient, acute)

Kidney

CNS (delayed)

CNS, kidney, liver, blood, hair

Clearance Kidney, GI Kidney, GI Methyl: GI

Aryl: kidney, GI

Clinical effects

 CNS Tremor Tremor, erethism Paresthesias, ataxia, tremor, tunnel vision, dysarthria

 Pulmonary +++ – –

 Gastrointestinal + +++ (caustic) +

 Renal + +++ (ATN) +

 Acrodynia + ++ –

Therapy BAL, succimer BAL, succimer Succimer (early)

ABSORPTION

Elemental Mercury

Elemental mercury (Hg0) is absorbed primarily via inhalation of vapor, although slow absorption after aspiration, subcutaneous deposition, and direct

intravenous (IV) embolization occurs.60,74,121 Volatility, moderate at room temperature, increases significantly with heating or aerosolization, both of

which occur with vacuuming.44,102 When inhaled by human volunteers, 75% to 80% of mercury vapor is absorbed.44 However, elemental mercury is
negligibly absorbed from an anatomically and functionally normal GI tract, and it is usually considered nontoxic when ingested. Abnormal GI motility
prolongs mucosal exposure to elemental mercury, and massive ingestion increases subsequent ionization to more readily absorbed forms. Similarly,
anatomic GI abnormalities such as fistulae or perforation are associated with extravasation of mercury into the peritoneal in which where elemental
mercury is oxidized to more readily absorbed inorganic forms.

Inorganic Mercury

The principal route of absorption for inorganic mercury is the GI tract. Approximately 10% of soluble divalent (Hg2+) mercuric salts such as mercuric

chloride (HgCl2) are absorbed following ingestion and dissociation.66 Absorption of a relatively insoluble monovalent (Hg+) mercurous compound,

such as mercurous chloride (calomel; HgCl), is dependent on its oxidation to the divalent form.79 Inorganic mercury is also absorbed across the skin
and mucous membranes, as evidenced by urinary excretion of mercury after dermal application of skin-lightening mercurial ointments and powders

containing HgCl.106,122

The degree of dermal absorption varies by the concentration of mercury, skin integrity, and lipid solubility of the vehicle. With substantial dermal
exposures to mercury salts, skin absorption may be difficult to distinguish from concomitant absorption via other routes, such as ingestion.

Organic Mercury

As in the case of inorganic mercury, organic mercury is primarily absorbed from the GI tract. Methylmercury, considered the prototype of the short-

chain alkyl compounds, is approximately 90% absorbed from the gut. Aryl and long-chain alkyl compounds have more than 50% GI absorption.79

Although both dermal and inhalational absorption of organic mercury is reported, precise quantitation and exclusion of concomitant absorption by
ingestion are difficult to determine.

DISTRIBUTION AND BIOTRANSFORMATION

After absorption, mercury distributes widely to all tissues, predominantly the kidneys, liver, spleen, and central nervous system (CNS). The initial
distributive pattern into nervous tissue of elemental and organic mercury differs from that of the inorganic compounds because of their greater lipid
solubility.

Elemental Mercury

Although peak concentrations of elemental mercury are delayed in the CNS as compared with other organs (2–3 days versus 1 day),44 significant
accumulation in the CNS occurs after an acute, intense exposure to elemental mercury vapor. Conversion of elemental mercury to the charged

mercuric (Hg2+) cation within the CNS favors retention and local accumulation. Because elemental mercury does not covalently bind to other

compounds, its toxicity depends on its oxidation initially to the mercurous ion (Hg+) and then to the mercuric ion (Hg2+) by the enzyme catalase.66

Because this oxidation–reduction reaction favors the mercuric cation at steady state, the distribution and late manifestations of metallic mercury
toxicity eventually resemble those of inorganic mercury poisoning. Conversely, and to a lesser extent, inorganic mercuric ions are reduced to the

elemental state (Hg0), although the site and mechanism of this reaction are not well understood.79

Inorganic Mercury

The greatest concentration of mercuric ions is found in the kidneys, particularly within the renal tubules. At least in animal studies, administration of

mercury induces the renal synthesis of metallothionein, a compound that binds to and detoxifies mercuric ions.12 Very little mercury is found as free
mercuric ions. In blood, mercuric ions are found both within the red blood cells (RBCs) and bound to plasma proteins in approximately equal
proportions. Blood concentrations are greatest immediately after inorganic mercury exposure, with rapid waning as distribution to other tissues
occurs. Although penetration of the blood–brain barrier is poor because of low lipid solubility, slow elimination and prolonged exposure contribute to
significant CNS accumulation of mercuric ions. Within the CNS, mercuric ions concentrate in the cerebellum and hippocampus, and to a lesser degree,

the cerebral cortex.35 Although inorganic mercurials undergo organification in marine life, as in the Minamata Bay disaster,9,85 the importance of this

conversion in humans is unknown. Animal studies demonstrate that the placenta functions as an effective barrier to mercuric ions.79

Organic Mercury

Once absorbed, aryl (phenyl mercury) and long-chain alkyl mercury compounds differ from the short-chain organic mercury compounds
(methylmercury) in an important way—the former possess a labile carbon–mercury bond, which is subsequently cleaved, releasing the inorganic
mercuric ion. Thus, the distribution pattern and toxicologic manifestations produced by the aryl and long-chain alkyl compounds that occur beyond
the immediate postabsorptive phase are comparable to those of inorganic mercury, but organification has facilitated absorption and reduced the local

caustic effects.79 In contrast, short-chain alkyl mercury compounds possess relatively stable carbon–mercury bonds that survive the absorptive phase,

although conversion to the inorganic mercuric cation at a rate of less than 1% per day occurs after absorption.124 Because it is lipophilic,

methylmercury readily distributes across all tissues, including the blood–brain barrier and placenta.46 An important consequence of this property is
the devastating neurologic degeneration that develops in prenatally exposed infants with Minamata disease. The rapid decline of blood mercury
concentrations in both suckling rats and breastfeeding human infants is attributed to rapid growth of body volume combined with limited transport of

mercury by milk.76,97,98

After methylmercury is distributed to brain tissue, its fate is uncertain. Animal evidence indicates that methylmercury is converted to inorganic mercury

in brain tissue.63 Primates fed oral methylmercury daily for periods exceeding 1 year and then killed within days of the last exposure demonstrated an
average brain inorganic mercury fraction of only 19%. By contrast, when the postexposure period was extended to between 150 and 650 days, the
inorganic mercury fraction increased to 88%. Similarly, long-term survivors of methylmercury poisoning had a higher ratio of inorganic mercury to

total mercury in their brains.29 In one patient who survived 22 years after methylmercury ingestion, autopsy revealed that the brain mercury was nearly
completely in the inorganic form.

Methylmercury concentrates in RBCs to a much greater degree than do mercuric ions, with an RBC-to-plasma ratio of about 10:1 (in contrast to 1:1 RBC-

to-plasma ratio for inorganic mercury).124 However, despite this apparent affinity for nervous tissue and RBCs, the greatest methylmercury
concentrations are found in the kidneys and liver. In addition, because of the extensive sulfhydryl bonds in hair, methylmercury deposits in hair at

concentrations approximately 250 times that found in whole blood.55

ELIMINATION

Elemental Mercury and Inorganic Mercury

Mercuric ions are excreted through the kidney by both glomerular filtration and tubular secretion and in the GI tract by transfer across gut mesenteric
vessels into feces. Small amounts are reduced to elemental mercury vapor and volatilized from skin and lungs. The total-body half-life of elemental

mercury and inorganic mercury was previously estimated at approximately 30 to 60 days.22,66 However, a recent review of case studies indicates that

the half-life of inorganic mercury in human brains is on the order of several years to several decades.92

Organic Mercury

In contrast to elemental mercury and inorganic mercury, the elimination of short-chain alkyl mercury compounds (such as methylmercury) is
predominantly fecal. Enterohepatic recirculation contributes to its somewhat longer total body half-life of about 70 days. Less than 10% of

methylmercury is excreted in urine and feces as the mercuric cation.124

PATHOPHYSIOLOGY

The pervasive disruption of normal cell physiology by mercury arises from its avid covalent binding to sulfur, replacing the hydrogen ion in the body’s
ubiquitous sulfhydryl groups. Mercury also reacts with phosphoryl, carboxyl, and amide groups, resulting in widespread dysfunction of enzymes,
transport mechanisms, membranes, and structural proteins.

Because mercury deposits in all tissues, the clinical manifestations of mercury toxicity involve multiple organ systems with variable features and
intensity. Necrosis of the GI mucosa and proximal renal tubules, which occurs shortly after mercury salt poisoning, is thought to result from the direct
oxidative effect of mercuric ions. An immune mechanism is attributed to membranous glomerulonephritis and acrodynia associated with the use of

mercurial ointments.13

Neurologic manifestations of methylmercury poisoning correlate with pathologic findings in the brains of both adults and children who were

prenatally exposed.68,113 Grossly, atrophy of the brain is more severe in children who had prenatally or postnatally acquired methylmercury compared
with the brains of those exposed as adults. In the adult brain, neuronal necrosis and glial proliferation are most prominent in the calcarine cortex of
the cerebrum and in the cerebellar cortex. In fetal Minamata disease, similar lesions are present but in a more diffuse and severe form. Atrophy of the
cerebellar hemispheres, postcentral gyri, and calcarine area of the brain demonstrated on magnetic resonance images in organic mercury–poisoned

patients correlates with clinical findings of ataxia, sensory neuropathy, and visual field constriction, respectively.58 Neuropathologic examination of
the brain of a scientist who died after unintentional dermal exposure to dimethylmercury revealed lesions in the cerebellum, temporal lobe, and visual

cortex.105

In rats, neuronal cytotoxicity of methylmercury may result partly from muscarinic receptor–mediated calcium release from smooth endoplasmic

reticulum of cerebellar granule cells.62 There is animal evidence that methylmercury may trigger reactive oxygen species production. In addition,
methylmercury inhibits astrocyte uptake of cysteine, the rate-limiting step in the production of glutathione, a major antioxidant in mammalian cell

systems.104 Cultured astrocytes accumulated methylmercury and exhibited increased mitochondrial permeability and oxidative injury.125 Complexing
of methyl- mercury with L-cysteine may enhance brain uptake by mimicry of methionine, a substrate of the endogenous L amino acid transport system.

Uptake of the L-isomer significantly exceeds that of methylmercury–D-cysteine. Careful selection of stereospecific thiol complexing agents may lead to

strategies to limit brain uptake of methylmercury.56,70

CLINICAL MANIFESTATIONS

Elemental Mercury

Symptoms of acute elemental mercury inhalation occur within hours of exposure and consist of cough, chills, fever, and shortness of breath.
Gastrointestinal complaints include nausea, vomiting, and diarrhea accompanied by a metallic taste, dysphagia, salivation, weakness, headaches, and
visual disturbances. Chest radiography during the acute phase reveals interstitial pneumonitis and both patchy atelectasis and emphysema.
Symptoms either resolve with lesser exposures or progress to acute respiratory distress syndrome (ARDS) with respiratory failure and death. Some
survivors of severe pulmonary toxicity develop interstitial fibrosis and residual restrictive pulmonary disease. The acute respiratory symptoms occur
concomitantly with or precede the development of subacute inorganic mercury poisoning manifested by tremor, kidney dysfunction, and

gingivostomatitis.17,54,94 Thrombocytopenia is also reported to occur during the acute phase.38

Although acute exposure to elemental mercury vapor occurs most commonly in the occupational setting, poisonings caused by mishandling of the

metal in the home are well reported.19,29,50,72,108 In fact, attempts at home metallurgy using metallic mercury have resulted in fatalities with ambient air

concentrations of mercury as high as 0.9 mg/m3. The current US Occupational Safety and Health Administration permissible exposure limit (PEL) for

mercury vapor is 0.1 mg/m3 of air as a ceiling limit.82

As with other inhaled toxins, children are likely to be more sensitive to the pulmonary toxicity of mercury vapor because of their ratio of minute

ventilation volume to body size.72 Although pulmonary toxicity from elemental mercury usually results from inhalation of vapor, massive

endobronchial hemorrhage followed by death has occurred secondary to direct aspiration of metallic mercury into the tracheobronchial tree.127

Gradual volatilization of elemental mercury results in chronic toxicity from improper handling, such as vacuuming spilled mercury.102

The clinical importance of volatilized metallic mercury from dental amalgams for both the dentist and patient is controversial. The preponderance of
evidence refutes the idea that dental amalgam causes mercury poisoning. Several comprehensive reviews of the subject conclude that (1) occupational
exposure to mercury from dental amalgam is acceptably low, provided that recommended preventive measures such as adequate ventilation are
adhered to; (2) the quantity of mercury vaporized from dental amalgam by mechanical forces, such as chewing, is clinically insignificant; and (3) only in
exceedingly rare cases will immunologic hypersensitivity to mercury amalgam (manifested as cutaneous signs and symptoms and confirmed by patch

testing) necessitate removal of the amalgam.33,34,37,61,107

Unusual cases of chronic toxicity have resulted from intentional subcutaneous or IV injection of elemental mercury (Figs. 8–6 and 95–1).49,74 Aside from
management of systemic mercury toxicity, local wound care and excision of deposits of mercury are additional therapeutic challenges presented by
these cases. Serial or repeat radiographs are useful in guiding the removal of the radiopaque deposits.

FIGURE 95–1.

Anteroposterior (A) and lateral (B) views of the elbow after an unsuccessful suicidal gesture involving an attempted intravenous injection of elemental
mercury in the antecubital fossa. Note the extensive subcutaneous mercury deposition, which was partially removed by surgical intervention. (Used
with permission from Diane Sauter, MD.)

Inorganic Mercury

Acute ingestion of mercuric salts produces a characteristic spectrum from severe irritant to caustic gastroenteritis. Immediately after the ingestion, a
grayish discoloration of mucous membranes and metallic taste typically accompany local oropharyngeal pain, nausea, vomiting, and diarrhea followed

by abdominal pain, hematemesis, and hematochezia. The lethal dose of mercuric chloride is estimated to be 30 to 50 mg/kg.116 The life-threatening
manifestations of severe acute mercuric salt ingestion are hemorrhagic gastroenteritis, massive fluid loss resulting in shock, and acute kidney

failure.100

Oropharyngeal injury, nausea, hematemesis, hematochezia, and abdominal pain were the most prominent symptoms in a series of 54 patients who

presented after ingesting up to 4 g of mercuric chloride.116 In this series, fatality was associated with the early development of oliguria (within 3 days)
likely due in large part to lack of routinely available hemodialysis at that time. The development of anuria appeared to be related to the dose of
mercuric chloride ingested. The histopathologic finding of proximal tubular necrosis after mercuric salt poisoning results both from direct toxicity to

renal tubules and from renal hypoperfusion caused by shock. Consequently, aggressive fluid therapy to maintain perfusion is recommended.101

Acute ingestion of mercuric salts is usually intentional, but unintentional ingestion occurs sporadically in both children and adults.51 Although
ingestion of older button batteries containing mercuric oxide was associated with a greater incidence of fragmentation than with other batteries,

clinically significant systemic mercury toxicity by this route was not reported.64,67 Mercuric chloride–containing stool preservatives are another
potential source of unintentional inorganic mercury poisoning. Ingestion of 10 to 20 mL of a polyvinyl alcohol preservative that contained 4.5%

mercuric chloride resulted in bloody gastroenteritis and proteinuria.103 Nonprescription49 and Ayurvedic99 medicines are also associated with

unintentional inorganic mercury poisoning (Chap. 43).53 These xenobiotics are not subject to US Food and Drug Administration (FDA) regulation,
available without prescription, of variable composition, and are often inadequately labeled (Chap. 43).

Subacute or chronic mercury poisoning occurs after inhalation, aspiration, or injection of elemental mercury; ingestion or application of mercury salts;
or ingestion of aryl or long-chain alkyl mercury compounds. Slow in vivo oxidation of elemental mercury and dissociation of the carbon–mercury bond
of aryl or long-chain alkyl mercury compounds result in the production of the inorganic mercurous and mercuric ions.

The predominant manifestations of subacute or chronic mercury toxicity include GI symptoms, neurologic abnormalities, and renal dysfunction.
Gastrointestinal symptoms consist of a metallic taste and burning sensation in the mouth, loose teeth and gingivostomatitis, excessive salivation

(ptyalism), and nausea.122 The neurologic manifestations of chronic inorganic mercurialism include tremor, as well as the syndromes of neurasthenia
and erethism. Neurasthenia is a symptom complex that includes fatigue, depression, headaches, hypersensitivity to stimuli, psychosomatic
complaints, weakness, and loss of concentrating ability. Erethism, derived from the Greek word red, describes the easy blushing and extreme shyness
of affected individuals. Other symptoms of erethism include anxiety, emotional lability, irritability, insomnia, anorexia, weight loss, and delirium.
Mercury produces a characteristic central intention tremor (Chap. 22) that is abolished during sleep. In the most severe forms of mercury-associated
tremor, choreoathetosis and spasmodic ballismus are also reported. Other neurologic manifestations of inorganic mercurialism include a mixed
sensorimotor neuropathy, ataxia, concentric constriction of visual fields (“tunnel vision”), and anosmia.

Chronic poisoning with mercuric ions is associated with renal dysfunction, which ranges from asymptomatic, reversible proteinuria to nephrotic
syndrome with edema and hypoproteinemia. An idiosyncratic hypersensitivity to mercury ions is thought to be responsible for acrodynia, or “pink
disease,” which is an erythematous, edematous, and hyperkeratotic induration of the palms, soles, and face, and a pink papular rash that was first

described in a subset of children exposed to mercurous chloride powders.122 The rash is described as morbilliform, urticarial, vesicular, and
hemorrhagic. This symptom complex also includes excessive sweating, tachycardia, irritability, anorexia, photophobia, insomnia, tremors,
paresthesias, decreased deep tendon reflexes, and weakness. The acral rash frequently progresses to desquamation and ulceration. The prognosis is
favorable after withdrawal from mercury exposure. Childhood acrodynia has become uncommon since the abandonment of mercurial teething
powders and diaper rinses. Occasional case reports still implicate improperly disposed fluorescent light bulbs and phenylmercuric acetate–containing

paint.3,117

Thimerosal is an example of an aryl mercury compound that results in chronic inorganic mercury toxicity. It is a compound that was widely used as a
preservative in the pharmaceutical industry (Chap. 46). Although initial kinetics suggested a stable ethyl–mercury bond, the later elimination phase
more closely resembles that of the inorganic mercury compounds. Thimerosal is approximately 50% mercury by weight. Although generally
considered safe, toxicity and death can occur after both intentional overdose and excessive therapeutic application of merthiolate (0.1% thimerosal or

600 mcg/mL mercury).87,95

Concern that the cumulative dose of thimerosal in childhood immunizations exceeded federally recommended maximum mercury doses (EPA, 0.1
mcg/kg/day; Agency for Toxic Substances and Disease Registry, 0.3 mcg/kg/day; FDA, 0.4 mcg/kg/day) led to a call by the American Academy of

Pediatrics to reduce or eliminate thimerosal from vaccines.4 Thimerosal continues to be used in medically underserved nations as a preservative in

multidose vials in areas with inadequate refrigeration.31 Nevertheless, since 2001, routinely administered childhood vaccines in the United States no

longer contain thimerosal.4,47

Although sensitization after use in vaccinations has been reported in atopic children,86 clinical mercury toxicity has not been reported in appropriately

immunized children. The claim that thimerosal-containing vaccines causes autism has been refuted by numerous studies and meta-analyses.8,65,84,109

No causal association with early thimerosal exposure and adverse neuropsychological outcomes was shown in children tested at 7 to 10 years of

age.115 Clearly, the risk to child health from the diseases targeted for prevention by vaccines far exceeds the risk from thimerosal preservative in

vaccines.39,114,119 In 2010, US courts rejected a causal relationship between thimerosal and autism.32

Organic Mercury Compounds

In contrast to the inorganic mercurials, methylmercury produces an almost purely neurologic disease that is usually permanent except in the mildest of
cases. Although the predominant syndrome associated with methylmercury is that of a delayed neurotoxicity, acute GI symptoms, tremor, respiratory

distress, and dermatitis are also reported.124 In addition, ST segment changes on electrocardiography and renal tubular dysfunction are associated

with this poisoning.45 However, no increase in cardiovascular disease risk was reported with mercury exposure in a large cohort of US adults.73

The lipophilic property and slower elimination of methylmercury likely contribute to its profound neurologic effects. Characteristically, clinical
manifestations occur after the initial poisoning by a latent period of weeks to months. Consequently, the lethal dose of methylmercury is difficult to
determine. As noted previously, infants exposed prenatally to methylmercury were the most severely affected individuals in Minamata. Often born to
mothers with little or no manifestation of methylmercury toxicity themselves, exposed infants exhibited decreased birth weight and muscle tone,
profound developmental delay, seizure disorders, deafness, blindness, and severe spasticity.

Several weeks after methylmercury contaminated grain was ingested in Iraq, patients began to appear with paresthesias involving the lips, nose, and
distal extremities. Symptomatic patients also noted headaches, fatigue, and tremor. More serious cases progressed to ataxia, dysarthria, visual field
constriction, and blindness. Other neurologic deficits included hyperreflexia, hearing disturbances, movement disorders, salivation, and dementia.
The most severely affected patients lay in a mute, rigid posture punctuated only by spontaneous crying, primitive reflexive movements, or feeding

efforts.96

Although the outlook for methylmercury neurotoxicity is generally considered dismal, observations over the subsequent 2 years in 49 Iraqi children

poisoned during the 1971 outbreak revealed complete resolution or partial improvement in all but the most severely affected.5 Of the 40 symptomatic
children, 33 mildly to severely affected children showed partial to complete resolution of symptoms, but the 7 children classified as “very severely
poisoned” remained dysarthric, ataxic, blind, and bedridden.

An important route of organic mercury exposure is through seafood consumption. The safe amount of methylmercury in seafood remains
controversial. The FDA action concentration of 1 ppm for methylmercury in fish was set to limit consumption of methylmercury to less than 1/10th of

amounts found in cases of symptomatic poisoning. The EPA established a reference dose for methylmercury of 0.1 mcg/kg/day.90,118 Although
elevated blood concentrations (19–53 mcg/L) of mercury were found in one group of self-reported high consumers of seafood, increased incidence of

cognitive and GI complaints were not.52 Even so, concentrations at which fetuses experience adverse effects are unknown. Longitudinal studies of fish-
eating populations are conflicting. No effect of a high prenatal fish diet was found on developmental markers in children followed to 19 years of age in

the Seychelles Islands.27,28,120

However, in the studies done in the Faroe Islands and New Zealand, a subtle but significant effect on neuropsychological development was

reported.25,42,110 In the Faroe Islands, this effect persisted when children were retested at 22 years of age.30,31

One reason for the discrepancy that occurs between the 2 populations may be the different patterns of seafood consumption and concentrations of
methylmercury in the seafood consumed by each. The Faroese consume low level mercury–containing fish 1 to 3 times a week with episodic feasts of
highly contaminated pilot whale, whereas the Seychellois consume a more steady diet of low level–contaminated fish on average 12 times per week.
The pilot whales consumed in the Faroe Islands are also contaminated with neurotoxic polychlorinated biphenyls (PCBs), although these compounds
were measured and considered a potential confounding variable. The mean concentration of methylmercury in the whale meat consumed in the Faroe
Islands was 1.6 mcg/g, and the mean concentration of mercury found in New Zealand shark was 2.2 mcg/g. By contrast, the mean methylmercury

content of Seychellois fish was 0.3 mcg/g.75 The threshold concentration for neuropsychological effects may lie between these concentrations.

The development of neurologic symptoms in infants exclusively breastfed by women exposed to methylmercury after delivery and the detection of

mercury in the milk of lactating women implies a risk for mercury poisoning via breast milk.57 In one series of lactating women, mercury concentrations

in milk were approximately 30% of the concentrations found in blood.83 Perhaps because of high levels of PCBs in pilot whale meat, 7-year-old children
from the Faroe Islands, who have a diet traditionally high in the mercury-containing sea mammals and were breast-fed as infants, exhibited a

diminished benefit (but not deficit) on neuropsychological testing when compared with their counterparts fed formula.48

Further complicating findings in a cohort of Faroese children, the neurobehavioral deficits from methylmercury may be underestimated unless the

protective effects of long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, also found in fish) are included in the analysis.21 Likewise, the Seychelles
Child Development Study Nutrition Cohort 2 found no overall adverse association between prenatal methylmercury exposure and

neurodevelopmental outcomes in children with high maternal n-3 PUFA concentrations.111 The net neuropsychological effects of prenatal and dietary
methylmercury result from dose and timing of fish in the diet as well as the concentrations of methylmercury, neurotoxic PCBs, and neuroprotective

PUFA in the consumed fish.111

The FDA recommends that at-risk populations (pregnant women and women who may become pregnant, nursing mothers, and young children) avoid
large predator fish (shark, swordfish, tilefish, and king mackerel) that contain concentrations of methylmercury approaching 1 ppm (1 mcg/g). The
2004 FDA/EPA consumer advisory emphasizes the health benefits of eating fish and allow for up to 12 ounces per week of fish and shellfish lower in
mercury such as shrimp, canned light tuna, salmon, pollock and catfish and up to 6 ounces of albacore tuna per week. Given the beneficial effects of

seafood, efforts should be aimed at decreasing anthropogenic release of mercury rather than elimination of dietary exposure.91

Although methylmercury has greater importance worldwide, the extreme toxicity of another organic mercurial, dimethylmercury, was tragically
demonstrated by the delayed fatal neurotoxicity that developed in a chemist who inadvertently spilled dimethylmercury on a break in the gloves on her

hands.77 Over a period of several days, she developed progressive difficulty with speech, vision, and gait. Despite chelation and exchange transfusion,
she died of mercury neurotoxicity within several months of the exposure.

DIAGNOSTIC TESTING

The dual findings of unexplained neuropsychiatric and kidney abnormalities in an individual should alert the clinician to the possibility of
mercurialism, as should an at-risk occupation or access by the patient to a mercurial product (Table 95–1). Occupational or environmental exposure
and a consistent clinical scenario are suggestive of mercury poisoning, but demonstration of mercury in blood, urine, or tissues is necessary for
confirmation of exposure. Of the many methods available to measure mercury, cold atomic absorption spectrometry is rapid, sensitive, and accurate
but cannot distinguish the various forms of mercury. Thin-layer and gas chromatographic techniques are recommended to distinguish organic from
inorganic mercury. Whole blood should be collected into a trace element collection tube obtained from the laboratory performing the assay. Urine
should be collected for 24 hours into an acid-washed container obtained from a laboratory. Spot collections must be adjusted for creatinine
concentration. Attempts to measure or otherwise handle the specimen should be avoided to prevent external contamination (Table 95–4).

TABLE 95–4

Diagnostic Testing for Mercury

Whole  Blood 24-hour Urine Hair Clinical

Elemental/Inorganic (+)

Acute, transient

(++)

Confirm exposure

Monitor chelation

Poor correlation to

TBB

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Early detection

Organic (++)

Best reflects

TBB

(–)

Fecal elimination

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Reflects irreversible CNS

toxicity

Early detection

There is considerable overlap among concentrations of mercury found in the normal population, asymptomatic exposed individuals, and patients with
clinical evidence of poisoning. There is no definitive correlation between either whole blood or urine mercury concentration and mercury toxicity.
However, mercury serves no useful role in human physiology, and concentrations of 1.0 mcg/L or less for whole blood and 0.5 mcg/L for urine are
generally considered to reflect background exposure in nonpoisoned individuals. The inconsistencies of the values found in the literature for mercury
exposure are a recurrent issue in metal testing. A credible and qualified laboratory should be employed and their reference ranges accepted when

testing is desired.20

For inorganic mercury poisoning, urine mercury concentrations correlate roughly with exposure severity and neuropsychiatric symptoms,93 but the
relationship to total body burden is probably poor. Urine mercury determinations have their greatest usefulness in confirming exposure and
monitoring the efficacy of chelation therapy. Whole blood mercury concentrations reflect intense, acute inorganic mercury exposure but become less
reliable as redistribution to tissues takes place.

Because organic mercury is eliminated via the fecal route, urine mercury concentrations are not useful in methylmercury poisoning. Because
methylmercury concentrates in RBCs, the total-body methylmercury burden is best reflected acutely by whole-blood concentrations. As methylmercury
distributes to and accumulates in brain, the severity of clinical manifestations probably more closely reflects the degree of the irreversible neuronal
destruction that has taken place rather than the current body burden of mercury. Correlation of increasing whole-blood mercury concentrations with

prevalence of paresthesias was suggested in a population of Iraqis studied early in the course of methylmercury poisoning.24 However, in another

group of patients, whole-blood concentrations did not correlate with severity of methylmercury poisoning.96 This apparent discrepancy may have
resulted from the finding that paresthesias are among the earliest reported symptoms of methylmercury poisoning.

Because mercury accumulates in the hair, hair analysis has been used as a tool for measuring mercury burden. However, because metal incorporation
reflects past exposure and hair avidly binds to noningested environmental mercury, the reliability of this method is questionable and is not

recommended.89 In addition to mercury assays, neuropsychiatric testing, nerve conduction studies, and urine assays for N-acetyl-β-D-glucosaminidase

and β2-microglobulin are advocated for early detection of subclinical inorganic and organic mercury toxicity.34,45,93

GENERAL MANAGEMENT

After the initial assessment and stabilization, the early toxicologic management of a patient with mercury poisoning includes termination of exposure
by removal from vapors, washing exposed skin, GI decontamination, supportive measures (eg, hydration, humidified oxygen), baseline diagnostic
studies (eg, complete blood count, serum chemistries, venous blood gas, radiography, ECG), specific analysis of whole blood and urine for mercury,
evaluation of possible cointoxicants, and meticulous monitoring.

Elemental Mercury

Inhalation of mercury vapors or aspiration of metallic mercury may result in life-threatening respiratory failure; in this situation, stabilization of
cardiorespiratory function is the initial priority. Postural drainage and endotracheal suction are a reasonable technique to attempt to remove
aspirated metallic mercury. Parenteral deposition of subcutaneous or intramuscular (IM) mercury is amenable to surgical excision, if well localized
(Fig. 95–1).

An adjunct to the initial management of patients with mercury poisoning is environmental decontamination. Elemental mercury that spills onto solid
surfaces should be adsorbed to sand and the resulting mixture then swept into tightly sealed containers. Ideally, a mercury decontamination kit should
be used. The kit consists of calcium polysulfide, which contains excess sulfur to convert mercury to water-insoluble mercuric sulfide. Absorbent
surfaces, such as carpets, should be removed. Spilled mercury compounds should not be vacuumed because vacuuming could volatilize the

mercury.18 Broken compact fluorescent light bulbs should be handled and disposed of according to EPA guidelines and local requirements.2

Recommendations for decontamination after breakage include opening windows to release vapor, using adhesive tape to pick up visible fragments,
and discarding contaminated material in double-wrapped bags. Guidance for decontamination of major spills and disposal of materials can be
provided by local and federal hazardous materials agencies.

Inorganic Mercury

Because ingestion of inorganic mercuric may lead to cardiovascular collapse caused by severe gastroenteritis and third-space fluid loss, fluid
resuscitation is a priority. Gastrointestinal decontamination of ingested inorganic mercury is particularly problematic because of its causticity and risk
for perforating injury. Nevertheless, one series of patients with mercuric chloride ingestion of up to 4 g reported recovery without long-term GI

sequelae in patients who did not succumb to kidney failure.116 Therefore, unless there is high suspicion for penetrating GI mucosal injury, removal of
mercury from absorptive surfaces should take priority over endoscopic evaluation. The prominence of vomiting makes gastric lavage unnecessary for
most patients with inorganic mercury poisoning.

Metals are among the substances that are often considered to be poorly adsorbed to activated charcoal. Nevertheless, the serious nature of late
sequelae after mercury absorption, the typically small quantities of mercury ingested, and evidence that inorganic mercuric salts actually have
substantial adsorption to activated charcoal (800 mg mercuric chloride can be adsorbed to 1 g activated charcoal) justify the routine administration of

activated charcoal.6 Whole-bowel irrigation with polyethylene glycol solution is a reasonable adjunct to remove residual mercury, and its progress can
be followed with serial radiographs.

Organic Mercury

Organic mercury exposures do not typically present as single acute ingestions but rather as chronic or subacute ingestion of contaminated food.
Therefore, GI decontamination is generally moot with respect to organic mercury poisoning. Nevertheless, its irreversible toxicity coupled with
unsatisfactory treatments calls for aggressive decontamination when acute ingestions or dermal exposures occur.

CHELATION

After initial stabilization and decontamination, early institution of chelators minimizes or prevents the widespread effects of poisoning. Dimercaprol
was developed during World War II as an antidote against lewisite, an arsenical warfare agent. The water-soluble analogs DMPS and succimer were

developed in the 1950s, and the 3 chelators have remained the mainstay of therapy for mercury poisoning.59 A high degree of protein binding and
distribution to the brain are responsible for the lack of efficacy of other measures to increase mercury clearance, such as peritoneal dialysis and

hemodialysis.100 In one report of the use of continuous venovenous hemodiafiltration in combination with a chelator in a patient with severe inorganic

mercury poisoning, 12.7% of the ingested dose was recovered in the ultrafiltrate.26 Hemodialysis may nevertheless ultimately be necessary because of
the acute kidney failure that often occurs after mercuric chloride poisoning.

Chelators have thiol groups that compete with endogenous sulfhydryl groups for the binding of mercury, thereby preventing inactivation of sulfhydryl-
containing enzymes and other essential proteins (Antidotes in Depth: A28 and A29). A history of significant mercury exposure combined with the
presence of typical symptoms of mercury poisoning is an appropriate indication for the institution of chelation therapy. Elevated whole-blood and
urine mercury concentrations help support the decision to begin chelation therapy in unclear cases and can also be used to guide the duration of
therapy. Provocative chelation, in which urinary mercury excretion before and after a chelating dose is compared to determine the degree of mercury

poisoning, is of no value.52 Chelation tends to increase urinary elimination of mercury, regardless of exposure history and baseline excretion.

Elemental Mercury and Inorganic Mercury Salts

For patients with symptomatic acute inorganic mercury poisoning, dimercaprol should be administered for 10 days in dosages of 5 mg/kg/dose every 4
hours IM for 48 hours, then 2.5 mg/kg every 6 hours for 48 hours, followed by 2.5 mg/kg every 12 hours for 7 days. It is reasonable to adjust this dosing
regimen, which was derived from lead poisoning, according to clinical response and the occurrence of adverse reactions.

When a patient can take oral medications, we recommend that dimercaprol be replaced with succimer at 10 mg/kg orally 3 times a day for 5 days, then
twice a day for 14 days if the GI tract is clear. Because headache, nausea, vomiting, abdominal pain, and diaphoresis are common reactions during
dimercaprol chelation therapy, oral succimer is recommended in patients who are not acutely ill or who have been chronically poisoned.

Either dimercaprol or succimer is considered the treatment of choice for inorganic mercury poisoning in the United States, but a few other chelators
deserve mention. 2,3-Dimercapto-1-propanesulfonic acid (DMPS) is a water-soluble dimercaprol derivative that is used in Europe. It is administered
both IV and orally. D-Penicillamine is an orally administered monothiol. Its adverse events—GI distress, rashes, leukopenia, thrombocytopenia, and

proteinuria—although uncommon in therapeutic doses, seriously limit the usefulness of the drug. N-acetyl-D,L-penicillamine (NAP), an investigational

analog of D-penicillamine, is thought to be a more effective chelator of mercury than is D-penicillamine, perhaps because of its greater stability.11,40,43

Organic Mercury Compounds

The neurotoxicity of methylmercury and other organic mercury compounds is resistant to treatment, and therapeutic options are less than
satisfactory. In rats, both dimercaprol and D-penicillamine effectively reduced tissue mercury and prevented neurologic toxicity if administered within

the first day of a methylmercury injection.126 Neither treatment reversed neurologic toxicity when administered 12 days after methylmercury injection.
2,3-Dimercapto-1-propanesulphonate, D-penicillamine, NAP, and a thiolated resin all led to a marked reduction of blood half-life of mercury (ie, 10, 24,

23, and 19 days, respectively, versus 60 days) during the outbreak of methylmercury poisoning in Iraq in 1971.24 Clinical improvement was not
observed in any treatment group, but it is reasonable to postulate that reducing the total-body burden of methylmercury may prevent or limit the

progression of disease. When studied in mice poisoned with methylmercury,1 succimer was superior to NAP, DMPS, and a thiolated resin in decreasing
brain mercury and increasing urinary excretion. Brain mercury was decreased to 35% of control, and the total-body burden fell to 19%. Some animal

evidence suggests that dimercaprol increases mercury mobilization into the brain.7,10,15 For this reason, and the lack of serious GI symptoms
necessitating parenteral chelation, We recommend against the use of dimercaprol the treatment of patients with organic mercury poisoning.

Because the neurologic impairment associated with methylmercury is both profound and essentially irreversible, early recognition of poisoning and
prevention of neurotoxicity are essential to a successful outcome. At this time, succimer is the most reasonable treatment for methylmercury
poisoning because of its apparently low toxicity and reported efficacy in animal trials.

SUMMARY

Mercury poisoning by any of the 3 major forms—elemental, inorganic, and organic—presents a complex toxicologic problem associated with a
large variety of clinical presentations.

An ever present awareness of the signs and symptoms coupled with the knowledge of the differing clinical forms is essential for both early
recognition and effective treatment.

Although some chelators show promise in the treatment of mercury poisoning, neurologic sequelae, particularly those resulting from organic
mercury exposures, remain largely irreversible.

Dietary fish remains an important source of mercury exposure and mercurial neuropsychologic illness.

There is no evidence for the role of mercury in the pathogenesis of autism.

Promotion of public education regarding the dangers of mercury, its avoidance, and proper disposal may aid in the prevention of mercury
poisoning.
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ATN = acute tubular necrosis; BAL = British anti-Lewisite; CNS = central nervous system; GI = gastrointestinal; + to +++ = present with increasing importance; - =

absent.

CNS = central nervous system; TBB = total body burden; + to ++ = useful testing specimen; - = lack of utility.
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Chapter 95: Mercury

Young-Jin Sue

INTRODUCTION

HISTORY AND EPIDEMIOLOGY

Mercury is a metal that is widely toxic to multiple organ systems. Its toxicologic manifestations are well known as a result of thousands of years of

medicinal applications, industrial use, and environmental disasters.69,112 Mercury occurs naturally in small amounts as the elemental (Hg0) silver-

colored liquid (quicksilver); as inorganic compounds such as mercuric (Hg2+) sulfide (cinnabar), mercurous (Hg+) chloride (calomel), mercuric chloride
(corrosive sublimate), and mercuric oxide; and as organic compounds (methylmercury and dimethylmercury). Mercury’s gastroenteric irritant effects
led to its use as a therapy for constipation. In recent (16th–19th), centuries, mercury-containing preparations, advocated for their potent diuretic and

sialogogic properties, were widely used to treat syphilis to “flush” the “virus” out.81 The musician Paganini was one of several famous persons whose
gingivitis, dental decay, ptyalism (excessive salivation), and erethism (pathologic irritability and emotional instability) were attributed to mercury

therapy.80 In the 1800s, the United States witnessed an epidemic of “hatters’ shakes” or “Danbury shakes” and “mercurial salivation” in hat industry

workers.123 Danbury, Connecticut, was a US center of felt hat manufacturing in which mercuric nitrate was used to mat animal furs into felt.112,123

In the early 1900s, acrodynia, a painful dusky pink discoloration of the hands and feet, or “pink disease,” was described in children who received

calomel for ascariasis or teething discomfort.16 Vividly described in a series of 41 children, the development of acrodynia was more common in

younger children, did not seem to correlate with mercury dose, and was not necessarily related to urine concentrations of mercury.122

One of the most devastating epidemics of mercury poisoning occurred as the result of a decade of contamination of Minamata Bay in Japan by a
nearby vinyl chloride plant during the 1940s. Methylmercury accumulated in the bay’s marine life and poisoned the inhabitants of the local fishing
community. Although officially only 121 victims were reported, thousands more are believed to have been affected by what has subsequently been

named Minamata disease.88,113 The largest outbreak of methylmercury poisoning to date occurred in Iraq in late 1971. Approximately 95,000 tons of
seed grain intended for planting and treated with methylmercury as a fungicide were baked into bread for direct consumption, resulting in widespread

neurologic symptoms, 6,530 hospital admissions, and more than 400 deaths.5,23,96

In 1990, the US Environmental Protection Agency (EPA) banned mercury-containing compounds from interior paints.3 However, mercury-containing
paints manufactured before that ruling may still be on interior walls, and mercury-containing paint can still be sold for outdoor use. In 1997, a scientist

succumbed to delayed, progressive neurologic deterioration after a minute dermal exposure to dimethylmercury.77 Contemporary exposures occur in

the form of mercury-tainted seafood, mercury-based preservatives (thimerosal), and artisanal gold mining.36

However, a once widely feared source of potential poisoning, mercury-containing dental amalgam does not result in clinical poisoning.14 Occasionally,
exposure to mercury from broken thermometers leads to poisoning in the home, but such thermometers are becoming less common because of

recent efforts to replace mercury with digital thermometers and other electronic devices.78

More recently, the ongoing movement to replace incandescent light bulbs with compact fluorescent bulbs has once again raised the concern of
exposure to mercury in the home and environment. Promoted to reduce greenhouse gas emissions, each bulb contains about 4 mg of elemental

mercury.2

Table 95–1 lists some potential sources of mercury exposure.

TABLE 95–1

Exposures to Mercury

Elemental Inorganic Organic

Manufacturing/Industrial Barometers

Bronzing

Ceramics

Chlorine manufacture

Electroplating

Jewelry

Metal refineries

Paints

Paper pulp

Photography

Batteries

Chemistry sets

Dyes

Explosives

Fireworks

Laboratory reagents

Tanneries

Taxidermy

Vinyl chloride manufacture

Agriculture

Embalming

Fungicides

Laboratory reagents

Pesticides

Wood preservatives

Medical/Medicinal Amalgam

Sphygmomanometry

Tissue fixatives

Thermometers

Weighted nasogastric tubes

Antiseptics

Calomel

Disinfectants

Laxatives

Nonprescription medications

Bactericidals

Pharmaceuticals

Preservatives

Food/Other Ritualistic, complementary Aesthetic, cosmetic

Ayurvedic

Grains (contaminated)

Seafood

FORMS OF MERCURY AND TOXICOKINETICS

The 3 clinically important forms of mercury—elemental, inorganic, and organic—differ with respect to their toxicodynamics and toxicokinetics (Table
95–2). Each produces distinct clinical patterns of poisoning stemming in part from their unique kinetic features (Table 95–3). For each form, the
specific manifestations are determined by the route of exposure, rate of exposure, distribution, biotransformation of mercury within the body, and
relative accumulation or elimination of mercury by the target organ systems. Whereas elemental mercury produces pulmonary toxicity, inorganic
mercury initially causes gastrointestinal (GI) symptoms followed by nephrotoxicity. A nearly pure neurologic toxicity results from organic
(methylmercury) exposure.

TABLE 95–2

Classes of  Mercury Compounds

Nomenclature Example

Elemental Hg0 Quicksilver

Inorganic Hg+

HgCl

Hg2+

HgCl2

Mercurous ion

Calomel, mercurous chloride

Mercuric ion

Mercuric chloride

Organic Short-chain alkyl–mercury compounds

Long-chain mercury compounds

Aryl mercury compounds

Methylmercury

Ethylmercury

Dimethylmercury

Methoxyethylmercury

Phenylmercury

TABLE 95–3

Differential Characteristics of Mercury Exposure

Elemental Inorganic Organic

Primary route of exposure Inhalation Oral Oral

Primary tissue distribution CNS, kidney Blood (transient, acute)

Kidney

CNS (delayed)

CNS, kidney, liver, blood, hair

Clearance Kidney, GI Kidney, GI Methyl: GI

Aryl: kidney, GI

Clinical effects

 CNS Tremor Tremor, erethism Paresthesias, ataxia, tremor, tunnel vision, dysarthria

 Pulmonary +++ – –

 Gastrointestinal + +++ (caustic) +

 Renal + +++ (ATN) +

 Acrodynia + ++ –

Therapy BAL, succimer BAL, succimer Succimer (early)

ABSORPTION

Elemental Mercury

Elemental mercury (Hg0) is absorbed primarily via inhalation of vapor, although slow absorption after aspiration, subcutaneous deposition, and direct

intravenous (IV) embolization occurs.60,74,121 Volatility, moderate at room temperature, increases significantly with heating or aerosolization, both of

which occur with vacuuming.44,102 When inhaled by human volunteers, 75% to 80% of mercury vapor is absorbed.44 However, elemental mercury is
negligibly absorbed from an anatomically and functionally normal GI tract, and it is usually considered nontoxic when ingested. Abnormal GI motility
prolongs mucosal exposure to elemental mercury, and massive ingestion increases subsequent ionization to more readily absorbed forms. Similarly,
anatomic GI abnormalities such as fistulae or perforation are associated with extravasation of mercury into the peritoneal in which where elemental
mercury is oxidized to more readily absorbed inorganic forms.

Inorganic Mercury

The principal route of absorption for inorganic mercury is the GI tract. Approximately 10% of soluble divalent (Hg2+) mercuric salts such as mercuric

chloride (HgCl2) are absorbed following ingestion and dissociation.66 Absorption of a relatively insoluble monovalent (Hg+) mercurous compound,

such as mercurous chloride (calomel; HgCl), is dependent on its oxidation to the divalent form.79 Inorganic mercury is also absorbed across the skin
and mucous membranes, as evidenced by urinary excretion of mercury after dermal application of skin-lightening mercurial ointments and powders

containing HgCl.106,122

The degree of dermal absorption varies by the concentration of mercury, skin integrity, and lipid solubility of the vehicle. With substantial dermal
exposures to mercury salts, skin absorption may be difficult to distinguish from concomitant absorption via other routes, such as ingestion.

Organic Mercury

As in the case of inorganic mercury, organic mercury is primarily absorbed from the GI tract. Methylmercury, considered the prototype of the short-

chain alkyl compounds, is approximately 90% absorbed from the gut. Aryl and long-chain alkyl compounds have more than 50% GI absorption.79

Although both dermal and inhalational absorption of organic mercury is reported, precise quantitation and exclusion of concomitant absorption by
ingestion are difficult to determine.

DISTRIBUTION AND BIOTRANSFORMATION

After absorption, mercury distributes widely to all tissues, predominantly the kidneys, liver, spleen, and central nervous system (CNS). The initial
distributive pattern into nervous tissue of elemental and organic mercury differs from that of the inorganic compounds because of their greater lipid
solubility.

Elemental Mercury

Although peak concentrations of elemental mercury are delayed in the CNS as compared with other organs (2–3 days versus 1 day),44 significant
accumulation in the CNS occurs after an acute, intense exposure to elemental mercury vapor. Conversion of elemental mercury to the charged

mercuric (Hg2+) cation within the CNS favors retention and local accumulation. Because elemental mercury does not covalently bind to other

compounds, its toxicity depends on its oxidation initially to the mercurous ion (Hg+) and then to the mercuric ion (Hg2+) by the enzyme catalase.66

Because this oxidation–reduction reaction favors the mercuric cation at steady state, the distribution and late manifestations of metallic mercury
toxicity eventually resemble those of inorganic mercury poisoning. Conversely, and to a lesser extent, inorganic mercuric ions are reduced to the

elemental state (Hg0), although the site and mechanism of this reaction are not well understood.79

Inorganic Mercury

The greatest concentration of mercuric ions is found in the kidneys, particularly within the renal tubules. At least in animal studies, administration of

mercury induces the renal synthesis of metallothionein, a compound that binds to and detoxifies mercuric ions.12 Very little mercury is found as free
mercuric ions. In blood, mercuric ions are found both within the red blood cells (RBCs) and bound to plasma proteins in approximately equal
proportions. Blood concentrations are greatest immediately after inorganic mercury exposure, with rapid waning as distribution to other tissues
occurs. Although penetration of the blood–brain barrier is poor because of low lipid solubility, slow elimination and prolonged exposure contribute to
significant CNS accumulation of mercuric ions. Within the CNS, mercuric ions concentrate in the cerebellum and hippocampus, and to a lesser degree,

the cerebral cortex.35 Although inorganic mercurials undergo organification in marine life, as in the Minamata Bay disaster,9,85 the importance of this

conversion in humans is unknown. Animal studies demonstrate that the placenta functions as an effective barrier to mercuric ions.79

Organic Mercury

Once absorbed, aryl (phenyl mercury) and long-chain alkyl mercury compounds differ from the short-chain organic mercury compounds
(methylmercury) in an important way—the former possess a labile carbon–mercury bond, which is subsequently cleaved, releasing the inorganic
mercuric ion. Thus, the distribution pattern and toxicologic manifestations produced by the aryl and long-chain alkyl compounds that occur beyond
the immediate postabsorptive phase are comparable to those of inorganic mercury, but organification has facilitated absorption and reduced the local

caustic effects.79 In contrast, short-chain alkyl mercury compounds possess relatively stable carbon–mercury bonds that survive the absorptive phase,

although conversion to the inorganic mercuric cation at a rate of less than 1% per day occurs after absorption.124 Because it is lipophilic,

methylmercury readily distributes across all tissues, including the blood–brain barrier and placenta.46 An important consequence of this property is
the devastating neurologic degeneration that develops in prenatally exposed infants with Minamata disease. The rapid decline of blood mercury
concentrations in both suckling rats and breastfeeding human infants is attributed to rapid growth of body volume combined with limited transport of

mercury by milk.76,97,98

After methylmercury is distributed to brain tissue, its fate is uncertain. Animal evidence indicates that methylmercury is converted to inorganic mercury

in brain tissue.63 Primates fed oral methylmercury daily for periods exceeding 1 year and then killed within days of the last exposure demonstrated an
average brain inorganic mercury fraction of only 19%. By contrast, when the postexposure period was extended to between 150 and 650 days, the
inorganic mercury fraction increased to 88%. Similarly, long-term survivors of methylmercury poisoning had a higher ratio of inorganic mercury to

total mercury in their brains.29 In one patient who survived 22 years after methylmercury ingestion, autopsy revealed that the brain mercury was nearly
completely in the inorganic form.

Methylmercury concentrates in RBCs to a much greater degree than do mercuric ions, with an RBC-to-plasma ratio of about 10:1 (in contrast to 1:1 RBC-

to-plasma ratio for inorganic mercury).124 However, despite this apparent affinity for nervous tissue and RBCs, the greatest methylmercury
concentrations are found in the kidneys and liver. In addition, because of the extensive sulfhydryl bonds in hair, methylmercury deposits in hair at

concentrations approximately 250 times that found in whole blood.55

ELIMINATION

Elemental Mercury and Inorganic Mercury

Mercuric ions are excreted through the kidney by both glomerular filtration and tubular secretion and in the GI tract by transfer across gut mesenteric
vessels into feces. Small amounts are reduced to elemental mercury vapor and volatilized from skin and lungs. The total-body half-life of elemental

mercury and inorganic mercury was previously estimated at approximately 30 to 60 days.22,66 However, a recent review of case studies indicates that

the half-life of inorganic mercury in human brains is on the order of several years to several decades.92

Organic Mercury

In contrast to elemental mercury and inorganic mercury, the elimination of short-chain alkyl mercury compounds (such as methylmercury) is
predominantly fecal. Enterohepatic recirculation contributes to its somewhat longer total body half-life of about 70 days. Less than 10% of

methylmercury is excreted in urine and feces as the mercuric cation.124

PATHOPHYSIOLOGY

The pervasive disruption of normal cell physiology by mercury arises from its avid covalent binding to sulfur, replacing the hydrogen ion in the body’s
ubiquitous sulfhydryl groups. Mercury also reacts with phosphoryl, carboxyl, and amide groups, resulting in widespread dysfunction of enzymes,
transport mechanisms, membranes, and structural proteins.

Because mercury deposits in all tissues, the clinical manifestations of mercury toxicity involve multiple organ systems with variable features and
intensity. Necrosis of the GI mucosa and proximal renal tubules, which occurs shortly after mercury salt poisoning, is thought to result from the direct
oxidative effect of mercuric ions. An immune mechanism is attributed to membranous glomerulonephritis and acrodynia associated with the use of

mercurial ointments.13

Neurologic manifestations of methylmercury poisoning correlate with pathologic findings in the brains of both adults and children who were

prenatally exposed.68,113 Grossly, atrophy of the brain is more severe in children who had prenatally or postnatally acquired methylmercury compared
with the brains of those exposed as adults. In the adult brain, neuronal necrosis and glial proliferation are most prominent in the calcarine cortex of
the cerebrum and in the cerebellar cortex. In fetal Minamata disease, similar lesions are present but in a more diffuse and severe form. Atrophy of the
cerebellar hemispheres, postcentral gyri, and calcarine area of the brain demonstrated on magnetic resonance images in organic mercury–poisoned

patients correlates with clinical findings of ataxia, sensory neuropathy, and visual field constriction, respectively.58 Neuropathologic examination of
the brain of a scientist who died after unintentional dermal exposure to dimethylmercury revealed lesions in the cerebellum, temporal lobe, and visual

cortex.105

In rats, neuronal cytotoxicity of methylmercury may result partly from muscarinic receptor–mediated calcium release from smooth endoplasmic

reticulum of cerebellar granule cells.62 There is animal evidence that methylmercury may trigger reactive oxygen species production. In addition,
methylmercury inhibits astrocyte uptake of cysteine, the rate-limiting step in the production of glutathione, a major antioxidant in mammalian cell

systems.104 Cultured astrocytes accumulated methylmercury and exhibited increased mitochondrial permeability and oxidative injury.125 Complexing
of methyl- mercury with L-cysteine may enhance brain uptake by mimicry of methionine, a substrate of the endogenous L amino acid transport system.

Uptake of the L-isomer significantly exceeds that of methylmercury–D-cysteine. Careful selection of stereospecific thiol complexing agents may lead to

strategies to limit brain uptake of methylmercury.56,70

CLINICAL MANIFESTATIONS

Elemental Mercury

Symptoms of acute elemental mercury inhalation occur within hours of exposure and consist of cough, chills, fever, and shortness of breath.
Gastrointestinal complaints include nausea, vomiting, and diarrhea accompanied by a metallic taste, dysphagia, salivation, weakness, headaches, and
visual disturbances. Chest radiography during the acute phase reveals interstitial pneumonitis and both patchy atelectasis and emphysema.
Symptoms either resolve with lesser exposures or progress to acute respiratory distress syndrome (ARDS) with respiratory failure and death. Some
survivors of severe pulmonary toxicity develop interstitial fibrosis and residual restrictive pulmonary disease. The acute respiratory symptoms occur
concomitantly with or precede the development of subacute inorganic mercury poisoning manifested by tremor, kidney dysfunction, and

gingivostomatitis.17,54,94 Thrombocytopenia is also reported to occur during the acute phase.38

Although acute exposure to elemental mercury vapor occurs most commonly in the occupational setting, poisonings caused by mishandling of the

metal in the home are well reported.19,29,50,72,108 In fact, attempts at home metallurgy using metallic mercury have resulted in fatalities with ambient air

concentrations of mercury as high as 0.9 mg/m3. The current US Occupational Safety and Health Administration permissible exposure limit (PEL) for

mercury vapor is 0.1 mg/m3 of air as a ceiling limit.82

As with other inhaled toxins, children are likely to be more sensitive to the pulmonary toxicity of mercury vapor because of their ratio of minute

ventilation volume to body size.72 Although pulmonary toxicity from elemental mercury usually results from inhalation of vapor, massive

endobronchial hemorrhage followed by death has occurred secondary to direct aspiration of metallic mercury into the tracheobronchial tree.127

Gradual volatilization of elemental mercury results in chronic toxicity from improper handling, such as vacuuming spilled mercury.102

The clinical importance of volatilized metallic mercury from dental amalgams for both the dentist and patient is controversial. The preponderance of
evidence refutes the idea that dental amalgam causes mercury poisoning. Several comprehensive reviews of the subject conclude that (1) occupational
exposure to mercury from dental amalgam is acceptably low, provided that recommended preventive measures such as adequate ventilation are
adhered to; (2) the quantity of mercury vaporized from dental amalgam by mechanical forces, such as chewing, is clinically insignificant; and (3) only in
exceedingly rare cases will immunologic hypersensitivity to mercury amalgam (manifested as cutaneous signs and symptoms and confirmed by patch

testing) necessitate removal of the amalgam.33,34,37,61,107

Unusual cases of chronic toxicity have resulted from intentional subcutaneous or IV injection of elemental mercury (Figs. 8–6 and 95–1).49,74 Aside from
management of systemic mercury toxicity, local wound care and excision of deposits of mercury are additional therapeutic challenges presented by
these cases. Serial or repeat radiographs are useful in guiding the removal of the radiopaque deposits.

FIGURE 95–1.

Anteroposterior (A) and lateral (B) views of the elbow after an unsuccessful suicidal gesture involving an attempted intravenous injection of elemental
mercury in the antecubital fossa. Note the extensive subcutaneous mercury deposition, which was partially removed by surgical intervention. (Used
with permission from Diane Sauter, MD.)

Inorganic Mercury

Acute ingestion of mercuric salts produces a characteristic spectrum from severe irritant to caustic gastroenteritis. Immediately after the ingestion, a
grayish discoloration of mucous membranes and metallic taste typically accompany local oropharyngeal pain, nausea, vomiting, and diarrhea followed

by abdominal pain, hematemesis, and hematochezia. The lethal dose of mercuric chloride is estimated to be 30 to 50 mg/kg.116 The life-threatening
manifestations of severe acute mercuric salt ingestion are hemorrhagic gastroenteritis, massive fluid loss resulting in shock, and acute kidney

failure.100

Oropharyngeal injury, nausea, hematemesis, hematochezia, and abdominal pain were the most prominent symptoms in a series of 54 patients who

presented after ingesting up to 4 g of mercuric chloride.116 In this series, fatality was associated with the early development of oliguria (within 3 days)
likely due in large part to lack of routinely available hemodialysis at that time. The development of anuria appeared to be related to the dose of
mercuric chloride ingested. The histopathologic finding of proximal tubular necrosis after mercuric salt poisoning results both from direct toxicity to

renal tubules and from renal hypoperfusion caused by shock. Consequently, aggressive fluid therapy to maintain perfusion is recommended.101

Acute ingestion of mercuric salts is usually intentional, but unintentional ingestion occurs sporadically in both children and adults.51 Although
ingestion of older button batteries containing mercuric oxide was associated with a greater incidence of fragmentation than with other batteries,

clinically significant systemic mercury toxicity by this route was not reported.64,67 Mercuric chloride–containing stool preservatives are another
potential source of unintentional inorganic mercury poisoning. Ingestion of 10 to 20 mL of a polyvinyl alcohol preservative that contained 4.5%

mercuric chloride resulted in bloody gastroenteritis and proteinuria.103 Nonprescription49 and Ayurvedic99 medicines are also associated with

unintentional inorganic mercury poisoning (Chap. 43).53 These xenobiotics are not subject to US Food and Drug Administration (FDA) regulation,
available without prescription, of variable composition, and are often inadequately labeled (Chap. 43).

Subacute or chronic mercury poisoning occurs after inhalation, aspiration, or injection of elemental mercury; ingestion or application of mercury salts;
or ingestion of aryl or long-chain alkyl mercury compounds. Slow in vivo oxidation of elemental mercury and dissociation of the carbon–mercury bond
of aryl or long-chain alkyl mercury compounds result in the production of the inorganic mercurous and mercuric ions.

The predominant manifestations of subacute or chronic mercury toxicity include GI symptoms, neurologic abnormalities, and renal dysfunction.
Gastrointestinal symptoms consist of a metallic taste and burning sensation in the mouth, loose teeth and gingivostomatitis, excessive salivation

(ptyalism), and nausea.122 The neurologic manifestations of chronic inorganic mercurialism include tremor, as well as the syndromes of neurasthenia
and erethism. Neurasthenia is a symptom complex that includes fatigue, depression, headaches, hypersensitivity to stimuli, psychosomatic
complaints, weakness, and loss of concentrating ability. Erethism, derived from the Greek word red, describes the easy blushing and extreme shyness
of affected individuals. Other symptoms of erethism include anxiety, emotional lability, irritability, insomnia, anorexia, weight loss, and delirium.
Mercury produces a characteristic central intention tremor (Chap. 22) that is abolished during sleep. In the most severe forms of mercury-associated
tremor, choreoathetosis and spasmodic ballismus are also reported. Other neurologic manifestations of inorganic mercurialism include a mixed
sensorimotor neuropathy, ataxia, concentric constriction of visual fields (“tunnel vision”), and anosmia.

Chronic poisoning with mercuric ions is associated with renal dysfunction, which ranges from asymptomatic, reversible proteinuria to nephrotic
syndrome with edema and hypoproteinemia. An idiosyncratic hypersensitivity to mercury ions is thought to be responsible for acrodynia, or “pink
disease,” which is an erythematous, edematous, and hyperkeratotic induration of the palms, soles, and face, and a pink papular rash that was first

described in a subset of children exposed to mercurous chloride powders.122 The rash is described as morbilliform, urticarial, vesicular, and
hemorrhagic. This symptom complex also includes excessive sweating, tachycardia, irritability, anorexia, photophobia, insomnia, tremors,
paresthesias, decreased deep tendon reflexes, and weakness. The acral rash frequently progresses to desquamation and ulceration. The prognosis is
favorable after withdrawal from mercury exposure. Childhood acrodynia has become uncommon since the abandonment of mercurial teething
powders and diaper rinses. Occasional case reports still implicate improperly disposed fluorescent light bulbs and phenylmercuric acetate–containing

paint.3,117

Thimerosal is an example of an aryl mercury compound that results in chronic inorganic mercury toxicity. It is a compound that was widely used as a
preservative in the pharmaceutical industry (Chap. 46). Although initial kinetics suggested a stable ethyl–mercury bond, the later elimination phase
more closely resembles that of the inorganic mercury compounds. Thimerosal is approximately 50% mercury by weight. Although generally
considered safe, toxicity and death can occur after both intentional overdose and excessive therapeutic application of merthiolate (0.1% thimerosal or

600 mcg/mL mercury).87,95

Concern that the cumulative dose of thimerosal in childhood immunizations exceeded federally recommended maximum mercury doses (EPA, 0.1
mcg/kg/day; Agency for Toxic Substances and Disease Registry, 0.3 mcg/kg/day; FDA, 0.4 mcg/kg/day) led to a call by the American Academy of

Pediatrics to reduce or eliminate thimerosal from vaccines.4 Thimerosal continues to be used in medically underserved nations as a preservative in

multidose vials in areas with inadequate refrigeration.31 Nevertheless, since 2001, routinely administered childhood vaccines in the United States no

longer contain thimerosal.4,47

Although sensitization after use in vaccinations has been reported in atopic children,86 clinical mercury toxicity has not been reported in appropriately

immunized children. The claim that thimerosal-containing vaccines causes autism has been refuted by numerous studies and meta-analyses.8,65,84,109

No causal association with early thimerosal exposure and adverse neuropsychological outcomes was shown in children tested at 7 to 10 years of

age.115 Clearly, the risk to child health from the diseases targeted for prevention by vaccines far exceeds the risk from thimerosal preservative in

vaccines.39,114,119 In 2010, US courts rejected a causal relationship between thimerosal and autism.32

Organic Mercury Compounds

In contrast to the inorganic mercurials, methylmercury produces an almost purely neurologic disease that is usually permanent except in the mildest of
cases. Although the predominant syndrome associated with methylmercury is that of a delayed neurotoxicity, acute GI symptoms, tremor, respiratory

distress, and dermatitis are also reported.124 In addition, ST segment changes on electrocardiography and renal tubular dysfunction are associated

with this poisoning.45 However, no increase in cardiovascular disease risk was reported with mercury exposure in a large cohort of US adults.73

The lipophilic property and slower elimination of methylmercury likely contribute to its profound neurologic effects. Characteristically, clinical
manifestations occur after the initial poisoning by a latent period of weeks to months. Consequently, the lethal dose of methylmercury is difficult to
determine. As noted previously, infants exposed prenatally to methylmercury were the most severely affected individuals in Minamata. Often born to
mothers with little or no manifestation of methylmercury toxicity themselves, exposed infants exhibited decreased birth weight and muscle tone,
profound developmental delay, seizure disorders, deafness, blindness, and severe spasticity.

Several weeks after methylmercury contaminated grain was ingested in Iraq, patients began to appear with paresthesias involving the lips, nose, and
distal extremities. Symptomatic patients also noted headaches, fatigue, and tremor. More serious cases progressed to ataxia, dysarthria, visual field
constriction, and blindness. Other neurologic deficits included hyperreflexia, hearing disturbances, movement disorders, salivation, and dementia.
The most severely affected patients lay in a mute, rigid posture punctuated only by spontaneous crying, primitive reflexive movements, or feeding

efforts.96

Although the outlook for methylmercury neurotoxicity is generally considered dismal, observations over the subsequent 2 years in 49 Iraqi children

poisoned during the 1971 outbreak revealed complete resolution or partial improvement in all but the most severely affected.5 Of the 40 symptomatic
children, 33 mildly to severely affected children showed partial to complete resolution of symptoms, but the 7 children classified as “very severely
poisoned” remained dysarthric, ataxic, blind, and bedridden.

An important route of organic mercury exposure is through seafood consumption. The safe amount of methylmercury in seafood remains
controversial. The FDA action concentration of 1 ppm for methylmercury in fish was set to limit consumption of methylmercury to less than 1/10th of

amounts found in cases of symptomatic poisoning. The EPA established a reference dose for methylmercury of 0.1 mcg/kg/day.90,118 Although
elevated blood concentrations (19–53 mcg/L) of mercury were found in one group of self-reported high consumers of seafood, increased incidence of

cognitive and GI complaints were not.52 Even so, concentrations at which fetuses experience adverse effects are unknown. Longitudinal studies of fish-
eating populations are conflicting. No effect of a high prenatal fish diet was found on developmental markers in children followed to 19 years of age in

the Seychelles Islands.27,28,120

However, in the studies done in the Faroe Islands and New Zealand, a subtle but significant effect on neuropsychological development was

reported.25,42,110 In the Faroe Islands, this effect persisted when children were retested at 22 years of age.30,31

One reason for the discrepancy that occurs between the 2 populations may be the different patterns of seafood consumption and concentrations of
methylmercury in the seafood consumed by each. The Faroese consume low level mercury–containing fish 1 to 3 times a week with episodic feasts of
highly contaminated pilot whale, whereas the Seychellois consume a more steady diet of low level–contaminated fish on average 12 times per week.
The pilot whales consumed in the Faroe Islands are also contaminated with neurotoxic polychlorinated biphenyls (PCBs), although these compounds
were measured and considered a potential confounding variable. The mean concentration of methylmercury in the whale meat consumed in the Faroe
Islands was 1.6 mcg/g, and the mean concentration of mercury found in New Zealand shark was 2.2 mcg/g. By contrast, the mean methylmercury

content of Seychellois fish was 0.3 mcg/g.75 The threshold concentration for neuropsychological effects may lie between these concentrations.

The development of neurologic symptoms in infants exclusively breastfed by women exposed to methylmercury after delivery and the detection of

mercury in the milk of lactating women implies a risk for mercury poisoning via breast milk.57 In one series of lactating women, mercury concentrations

in milk were approximately 30% of the concentrations found in blood.83 Perhaps because of high levels of PCBs in pilot whale meat, 7-year-old children
from the Faroe Islands, who have a diet traditionally high in the mercury-containing sea mammals and were breast-fed as infants, exhibited a

diminished benefit (but not deficit) on neuropsychological testing when compared with their counterparts fed formula.48

Further complicating findings in a cohort of Faroese children, the neurobehavioral deficits from methylmercury may be underestimated unless the

protective effects of long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, also found in fish) are included in the analysis.21 Likewise, the Seychelles
Child Development Study Nutrition Cohort 2 found no overall adverse association between prenatal methylmercury exposure and

neurodevelopmental outcomes in children with high maternal n-3 PUFA concentrations.111 The net neuropsychological effects of prenatal and dietary
methylmercury result from dose and timing of fish in the diet as well as the concentrations of methylmercury, neurotoxic PCBs, and neuroprotective

PUFA in the consumed fish.111

The FDA recommends that at-risk populations (pregnant women and women who may become pregnant, nursing mothers, and young children) avoid
large predator fish (shark, swordfish, tilefish, and king mackerel) that contain concentrations of methylmercury approaching 1 ppm (1 mcg/g). The
2004 FDA/EPA consumer advisory emphasizes the health benefits of eating fish and allow for up to 12 ounces per week of fish and shellfish lower in
mercury such as shrimp, canned light tuna, salmon, pollock and catfish and up to 6 ounces of albacore tuna per week. Given the beneficial effects of

seafood, efforts should be aimed at decreasing anthropogenic release of mercury rather than elimination of dietary exposure.91

Although methylmercury has greater importance worldwide, the extreme toxicity of another organic mercurial, dimethylmercury, was tragically
demonstrated by the delayed fatal neurotoxicity that developed in a chemist who inadvertently spilled dimethylmercury on a break in the gloves on her

hands.77 Over a period of several days, she developed progressive difficulty with speech, vision, and gait. Despite chelation and exchange transfusion,
she died of mercury neurotoxicity within several months of the exposure.

DIAGNOSTIC TESTING

The dual findings of unexplained neuropsychiatric and kidney abnormalities in an individual should alert the clinician to the possibility of
mercurialism, as should an at-risk occupation or access by the patient to a mercurial product (Table 95–1). Occupational or environmental exposure
and a consistent clinical scenario are suggestive of mercury poisoning, but demonstration of mercury in blood, urine, or tissues is necessary for
confirmation of exposure. Of the many methods available to measure mercury, cold atomic absorption spectrometry is rapid, sensitive, and accurate
but cannot distinguish the various forms of mercury. Thin-layer and gas chromatographic techniques are recommended to distinguish organic from
inorganic mercury. Whole blood should be collected into a trace element collection tube obtained from the laboratory performing the assay. Urine
should be collected for 24 hours into an acid-washed container obtained from a laboratory. Spot collections must be adjusted for creatinine
concentration. Attempts to measure or otherwise handle the specimen should be avoided to prevent external contamination (Table 95–4).

TABLE 95–4

Diagnostic Testing for Mercury

Whole  Blood 24-hour Urine Hair Clinical

Elemental/Inorganic (+)

Acute, transient

(++)

Confirm exposure

Monitor chelation

Poor correlation to

TBB

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Early detection

Organic (++)

Best reflects

TBB

(–)

Fecal elimination

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Reflects irreversible CNS

toxicity

Early detection

There is considerable overlap among concentrations of mercury found in the normal population, asymptomatic exposed individuals, and patients with
clinical evidence of poisoning. There is no definitive correlation between either whole blood or urine mercury concentration and mercury toxicity.
However, mercury serves no useful role in human physiology, and concentrations of 1.0 mcg/L or less for whole blood and 0.5 mcg/L for urine are
generally considered to reflect background exposure in nonpoisoned individuals. The inconsistencies of the values found in the literature for mercury
exposure are a recurrent issue in metal testing. A credible and qualified laboratory should be employed and their reference ranges accepted when

testing is desired.20

For inorganic mercury poisoning, urine mercury concentrations correlate roughly with exposure severity and neuropsychiatric symptoms,93 but the
relationship to total body burden is probably poor. Urine mercury determinations have their greatest usefulness in confirming exposure and
monitoring the efficacy of chelation therapy. Whole blood mercury concentrations reflect intense, acute inorganic mercury exposure but become less
reliable as redistribution to tissues takes place.

Because organic mercury is eliminated via the fecal route, urine mercury concentrations are not useful in methylmercury poisoning. Because
methylmercury concentrates in RBCs, the total-body methylmercury burden is best reflected acutely by whole-blood concentrations. As methylmercury
distributes to and accumulates in brain, the severity of clinical manifestations probably more closely reflects the degree of the irreversible neuronal
destruction that has taken place rather than the current body burden of mercury. Correlation of increasing whole-blood mercury concentrations with

prevalence of paresthesias was suggested in a population of Iraqis studied early in the course of methylmercury poisoning.24 However, in another

group of patients, whole-blood concentrations did not correlate with severity of methylmercury poisoning.96 This apparent discrepancy may have
resulted from the finding that paresthesias are among the earliest reported symptoms of methylmercury poisoning.

Because mercury accumulates in the hair, hair analysis has been used as a tool for measuring mercury burden. However, because metal incorporation
reflects past exposure and hair avidly binds to noningested environmental mercury, the reliability of this method is questionable and is not

recommended.89 In addition to mercury assays, neuropsychiatric testing, nerve conduction studies, and urine assays for N-acetyl-β-D-glucosaminidase

and β2-microglobulin are advocated for early detection of subclinical inorganic and organic mercury toxicity.34,45,93

GENERAL MANAGEMENT

After the initial assessment and stabilization, the early toxicologic management of a patient with mercury poisoning includes termination of exposure
by removal from vapors, washing exposed skin, GI decontamination, supportive measures (eg, hydration, humidified oxygen), baseline diagnostic
studies (eg, complete blood count, serum chemistries, venous blood gas, radiography, ECG), specific analysis of whole blood and urine for mercury,
evaluation of possible cointoxicants, and meticulous monitoring.

Elemental Mercury

Inhalation of mercury vapors or aspiration of metallic mercury may result in life-threatening respiratory failure; in this situation, stabilization of
cardiorespiratory function is the initial priority. Postural drainage and endotracheal suction are a reasonable technique to attempt to remove
aspirated metallic mercury. Parenteral deposition of subcutaneous or intramuscular (IM) mercury is amenable to surgical excision, if well localized
(Fig. 95–1).

An adjunct to the initial management of patients with mercury poisoning is environmental decontamination. Elemental mercury that spills onto solid
surfaces should be adsorbed to sand and the resulting mixture then swept into tightly sealed containers. Ideally, a mercury decontamination kit should
be used. The kit consists of calcium polysulfide, which contains excess sulfur to convert mercury to water-insoluble mercuric sulfide. Absorbent
surfaces, such as carpets, should be removed. Spilled mercury compounds should not be vacuumed because vacuuming could volatilize the

mercury.18 Broken compact fluorescent light bulbs should be handled and disposed of according to EPA guidelines and local requirements.2

Recommendations for decontamination after breakage include opening windows to release vapor, using adhesive tape to pick up visible fragments,
and discarding contaminated material in double-wrapped bags. Guidance for decontamination of major spills and disposal of materials can be
provided by local and federal hazardous materials agencies.

Inorganic Mercury

Because ingestion of inorganic mercuric may lead to cardiovascular collapse caused by severe gastroenteritis and third-space fluid loss, fluid
resuscitation is a priority. Gastrointestinal decontamination of ingested inorganic mercury is particularly problematic because of its causticity and risk
for perforating injury. Nevertheless, one series of patients with mercuric chloride ingestion of up to 4 g reported recovery without long-term GI

sequelae in patients who did not succumb to kidney failure.116 Therefore, unless there is high suspicion for penetrating GI mucosal injury, removal of
mercury from absorptive surfaces should take priority over endoscopic evaluation. The prominence of vomiting makes gastric lavage unnecessary for
most patients with inorganic mercury poisoning.

Metals are among the substances that are often considered to be poorly adsorbed to activated charcoal. Nevertheless, the serious nature of late
sequelae after mercury absorption, the typically small quantities of mercury ingested, and evidence that inorganic mercuric salts actually have
substantial adsorption to activated charcoal (800 mg mercuric chloride can be adsorbed to 1 g activated charcoal) justify the routine administration of

activated charcoal.6 Whole-bowel irrigation with polyethylene glycol solution is a reasonable adjunct to remove residual mercury, and its progress can
be followed with serial radiographs.

Organic Mercury

Organic mercury exposures do not typically present as single acute ingestions but rather as chronic or subacute ingestion of contaminated food.
Therefore, GI decontamination is generally moot with respect to organic mercury poisoning. Nevertheless, its irreversible toxicity coupled with
unsatisfactory treatments calls for aggressive decontamination when acute ingestions or dermal exposures occur.

CHELATION

After initial stabilization and decontamination, early institution of chelators minimizes or prevents the widespread effects of poisoning. Dimercaprol
was developed during World War II as an antidote against lewisite, an arsenical warfare agent. The water-soluble analogs DMPS and succimer were

developed in the 1950s, and the 3 chelators have remained the mainstay of therapy for mercury poisoning.59 A high degree of protein binding and
distribution to the brain are responsible for the lack of efficacy of other measures to increase mercury clearance, such as peritoneal dialysis and

hemodialysis.100 In one report of the use of continuous venovenous hemodiafiltration in combination with a chelator in a patient with severe inorganic

mercury poisoning, 12.7% of the ingested dose was recovered in the ultrafiltrate.26 Hemodialysis may nevertheless ultimately be necessary because of
the acute kidney failure that often occurs after mercuric chloride poisoning.

Chelators have thiol groups that compete with endogenous sulfhydryl groups for the binding of mercury, thereby preventing inactivation of sulfhydryl-
containing enzymes and other essential proteins (Antidotes in Depth: A28 and A29). A history of significant mercury exposure combined with the
presence of typical symptoms of mercury poisoning is an appropriate indication for the institution of chelation therapy. Elevated whole-blood and
urine mercury concentrations help support the decision to begin chelation therapy in unclear cases and can also be used to guide the duration of
therapy. Provocative chelation, in which urinary mercury excretion before and after a chelating dose is compared to determine the degree of mercury

poisoning, is of no value.52 Chelation tends to increase urinary elimination of mercury, regardless of exposure history and baseline excretion.

Elemental Mercury and Inorganic Mercury Salts

For patients with symptomatic acute inorganic mercury poisoning, dimercaprol should be administered for 10 days in dosages of 5 mg/kg/dose every 4
hours IM for 48 hours, then 2.5 mg/kg every 6 hours for 48 hours, followed by 2.5 mg/kg every 12 hours for 7 days. It is reasonable to adjust this dosing
regimen, which was derived from lead poisoning, according to clinical response and the occurrence of adverse reactions.

When a patient can take oral medications, we recommend that dimercaprol be replaced with succimer at 10 mg/kg orally 3 times a day for 5 days, then
twice a day for 14 days if the GI tract is clear. Because headache, nausea, vomiting, abdominal pain, and diaphoresis are common reactions during
dimercaprol chelation therapy, oral succimer is recommended in patients who are not acutely ill or who have been chronically poisoned.

Either dimercaprol or succimer is considered the treatment of choice for inorganic mercury poisoning in the United States, but a few other chelators
deserve mention. 2,3-Dimercapto-1-propanesulfonic acid (DMPS) is a water-soluble dimercaprol derivative that is used in Europe. It is administered
both IV and orally. D-Penicillamine is an orally administered monothiol. Its adverse events—GI distress, rashes, leukopenia, thrombocytopenia, and

proteinuria—although uncommon in therapeutic doses, seriously limit the usefulness of the drug. N-acetyl-D,L-penicillamine (NAP), an investigational

analog of D-penicillamine, is thought to be a more effective chelator of mercury than is D-penicillamine, perhaps because of its greater stability.11,40,43

Organic Mercury Compounds

The neurotoxicity of methylmercury and other organic mercury compounds is resistant to treatment, and therapeutic options are less than
satisfactory. In rats, both dimercaprol and D-penicillamine effectively reduced tissue mercury and prevented neurologic toxicity if administered within

the first day of a methylmercury injection.126 Neither treatment reversed neurologic toxicity when administered 12 days after methylmercury injection.
2,3-Dimercapto-1-propanesulphonate, D-penicillamine, NAP, and a thiolated resin all led to a marked reduction of blood half-life of mercury (ie, 10, 24,

23, and 19 days, respectively, versus 60 days) during the outbreak of methylmercury poisoning in Iraq in 1971.24 Clinical improvement was not
observed in any treatment group, but it is reasonable to postulate that reducing the total-body burden of methylmercury may prevent or limit the

progression of disease. When studied in mice poisoned with methylmercury,1 succimer was superior to NAP, DMPS, and a thiolated resin in decreasing
brain mercury and increasing urinary excretion. Brain mercury was decreased to 35% of control, and the total-body burden fell to 19%. Some animal

evidence suggests that dimercaprol increases mercury mobilization into the brain.7,10,15 For this reason, and the lack of serious GI symptoms
necessitating parenteral chelation, We recommend against the use of dimercaprol the treatment of patients with organic mercury poisoning.

Because the neurologic impairment associated with methylmercury is both profound and essentially irreversible, early recognition of poisoning and
prevention of neurotoxicity are essential to a successful outcome. At this time, succimer is the most reasonable treatment for methylmercury
poisoning because of its apparently low toxicity and reported efficacy in animal trials.

SUMMARY

Mercury poisoning by any of the 3 major forms—elemental, inorganic, and organic—presents a complex toxicologic problem associated with a
large variety of clinical presentations.

An ever present awareness of the signs and symptoms coupled with the knowledge of the differing clinical forms is essential for both early
recognition and effective treatment.

Although some chelators show promise in the treatment of mercury poisoning, neurologic sequelae, particularly those resulting from organic
mercury exposures, remain largely irreversible.

Dietary fish remains an important source of mercury exposure and mercurial neuropsychologic illness.

There is no evidence for the role of mercury in the pathogenesis of autism.

Promotion of public education regarding the dangers of mercury, its avoidance, and proper disposal may aid in the prevention of mercury
poisoning.
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ATN = acute tubular necrosis; BAL = British anti-Lewisite; CNS = central nervous system; GI = gastrointestinal; + to +++ = present with increasing importance; - =

absent.

CNS = central nervous system; TBB = total body burden; + to ++ = useful testing specimen; - = lack of utility.
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Chapter 95: Mercury

Young-Jin Sue

INTRODUCTION

HISTORY AND EPIDEMIOLOGY

Mercury is a metal that is widely toxic to multiple organ systems. Its toxicologic manifestations are well known as a result of thousands of years of

medicinal applications, industrial use, and environmental disasters.69,112 Mercury occurs naturally in small amounts as the elemental (Hg0) silver-

colored liquid (quicksilver); as inorganic compounds such as mercuric (Hg2+) sulfide (cinnabar), mercurous (Hg+) chloride (calomel), mercuric chloride
(corrosive sublimate), and mercuric oxide; and as organic compounds (methylmercury and dimethylmercury). Mercury’s gastroenteric irritant effects
led to its use as a therapy for constipation. In recent (16th–19th), centuries, mercury-containing preparations, advocated for their potent diuretic and

sialogogic properties, were widely used to treat syphilis to “flush” the “virus” out.81 The musician Paganini was one of several famous persons whose
gingivitis, dental decay, ptyalism (excessive salivation), and erethism (pathologic irritability and emotional instability) were attributed to mercury

therapy.80 In the 1800s, the United States witnessed an epidemic of “hatters’ shakes” or “Danbury shakes” and “mercurial salivation” in hat industry

workers.123 Danbury, Connecticut, was a US center of felt hat manufacturing in which mercuric nitrate was used to mat animal furs into felt.112,123

In the early 1900s, acrodynia, a painful dusky pink discoloration of the hands and feet, or “pink disease,” was described in children who received

calomel for ascariasis or teething discomfort.16 Vividly described in a series of 41 children, the development of acrodynia was more common in

younger children, did not seem to correlate with mercury dose, and was not necessarily related to urine concentrations of mercury.122

One of the most devastating epidemics of mercury poisoning occurred as the result of a decade of contamination of Minamata Bay in Japan by a
nearby vinyl chloride plant during the 1940s. Methylmercury accumulated in the bay’s marine life and poisoned the inhabitants of the local fishing
community. Although officially only 121 victims were reported, thousands more are believed to have been affected by what has subsequently been

named Minamata disease.88,113 The largest outbreak of methylmercury poisoning to date occurred in Iraq in late 1971. Approximately 95,000 tons of
seed grain intended for planting and treated with methylmercury as a fungicide were baked into bread for direct consumption, resulting in widespread

neurologic symptoms, 6,530 hospital admissions, and more than 400 deaths.5,23,96

In 1990, the US Environmental Protection Agency (EPA) banned mercury-containing compounds from interior paints.3 However, mercury-containing
paints manufactured before that ruling may still be on interior walls, and mercury-containing paint can still be sold for outdoor use. In 1997, a scientist

succumbed to delayed, progressive neurologic deterioration after a minute dermal exposure to dimethylmercury.77 Contemporary exposures occur in

the form of mercury-tainted seafood, mercury-based preservatives (thimerosal), and artisanal gold mining.36

However, a once widely feared source of potential poisoning, mercury-containing dental amalgam does not result in clinical poisoning.14 Occasionally,
exposure to mercury from broken thermometers leads to poisoning in the home, but such thermometers are becoming less common because of

recent efforts to replace mercury with digital thermometers and other electronic devices.78

More recently, the ongoing movement to replace incandescent light bulbs with compact fluorescent bulbs has once again raised the concern of
exposure to mercury in the home and environment. Promoted to reduce greenhouse gas emissions, each bulb contains about 4 mg of elemental

mercury.2

Table 95–1 lists some potential sources of mercury exposure.

TABLE 95–1

Exposures to Mercury

Elemental Inorganic Organic

Manufacturing/Industrial Barometers

Bronzing

Ceramics

Chlorine manufacture

Electroplating

Jewelry

Metal refineries

Paints

Paper pulp

Photography

Batteries

Chemistry sets

Dyes

Explosives

Fireworks

Laboratory reagents

Tanneries

Taxidermy

Vinyl chloride manufacture

Agriculture

Embalming

Fungicides

Laboratory reagents

Pesticides

Wood preservatives

Medical/Medicinal Amalgam

Sphygmomanometry

Tissue fixatives

Thermometers

Weighted nasogastric tubes

Antiseptics

Calomel

Disinfectants

Laxatives

Nonprescription medications

Bactericidals

Pharmaceuticals

Preservatives

Food/Other Ritualistic, complementary Aesthetic, cosmetic

Ayurvedic

Grains (contaminated)

Seafood

FORMS OF MERCURY AND TOXICOKINETICS

The 3 clinically important forms of mercury—elemental, inorganic, and organic—differ with respect to their toxicodynamics and toxicokinetics (Table
95–2). Each produces distinct clinical patterns of poisoning stemming in part from their unique kinetic features (Table 95–3). For each form, the
specific manifestations are determined by the route of exposure, rate of exposure, distribution, biotransformation of mercury within the body, and
relative accumulation or elimination of mercury by the target organ systems. Whereas elemental mercury produces pulmonary toxicity, inorganic
mercury initially causes gastrointestinal (GI) symptoms followed by nephrotoxicity. A nearly pure neurologic toxicity results from organic
(methylmercury) exposure.

TABLE 95–2

Classes of  Mercury Compounds

Nomenclature Example

Elemental Hg0 Quicksilver

Inorganic Hg+

HgCl

Hg2+

HgCl2

Mercurous ion

Calomel, mercurous chloride

Mercuric ion

Mercuric chloride

Organic Short-chain alkyl–mercury compounds

Long-chain mercury compounds

Aryl mercury compounds

Methylmercury

Ethylmercury

Dimethylmercury

Methoxyethylmercury

Phenylmercury

TABLE 95–3

Differential Characteristics of Mercury Exposure

Elemental Inorganic Organic

Primary route of exposure Inhalation Oral Oral

Primary tissue distribution CNS, kidney Blood (transient, acute)

Kidney

CNS (delayed)

CNS, kidney, liver, blood, hair

Clearance Kidney, GI Kidney, GI Methyl: GI

Aryl: kidney, GI

Clinical effects

 CNS Tremor Tremor, erethism Paresthesias, ataxia, tremor, tunnel vision, dysarthria

 Pulmonary +++ – –

 Gastrointestinal + +++ (caustic) +

 Renal + +++ (ATN) +

 Acrodynia + ++ –

Therapy BAL, succimer BAL, succimer Succimer (early)

ABSORPTION

Elemental Mercury

Elemental mercury (Hg0) is absorbed primarily via inhalation of vapor, although slow absorption after aspiration, subcutaneous deposition, and direct

intravenous (IV) embolization occurs.60,74,121 Volatility, moderate at room temperature, increases significantly with heating or aerosolization, both of

which occur with vacuuming.44,102 When inhaled by human volunteers, 75% to 80% of mercury vapor is absorbed.44 However, elemental mercury is
negligibly absorbed from an anatomically and functionally normal GI tract, and it is usually considered nontoxic when ingested. Abnormal GI motility
prolongs mucosal exposure to elemental mercury, and massive ingestion increases subsequent ionization to more readily absorbed forms. Similarly,
anatomic GI abnormalities such as fistulae or perforation are associated with extravasation of mercury into the peritoneal in which where elemental
mercury is oxidized to more readily absorbed inorganic forms.

Inorganic Mercury

The principal route of absorption for inorganic mercury is the GI tract. Approximately 10% of soluble divalent (Hg2+) mercuric salts such as mercuric

chloride (HgCl2) are absorbed following ingestion and dissociation.66 Absorption of a relatively insoluble monovalent (Hg+) mercurous compound,

such as mercurous chloride (calomel; HgCl), is dependent on its oxidation to the divalent form.79 Inorganic mercury is also absorbed across the skin
and mucous membranes, as evidenced by urinary excretion of mercury after dermal application of skin-lightening mercurial ointments and powders

containing HgCl.106,122

The degree of dermal absorption varies by the concentration of mercury, skin integrity, and lipid solubility of the vehicle. With substantial dermal
exposures to mercury salts, skin absorption may be difficult to distinguish from concomitant absorption via other routes, such as ingestion.

Organic Mercury

As in the case of inorganic mercury, organic mercury is primarily absorbed from the GI tract. Methylmercury, considered the prototype of the short-

chain alkyl compounds, is approximately 90% absorbed from the gut. Aryl and long-chain alkyl compounds have more than 50% GI absorption.79

Although both dermal and inhalational absorption of organic mercury is reported, precise quantitation and exclusion of concomitant absorption by
ingestion are difficult to determine.

DISTRIBUTION AND BIOTRANSFORMATION

After absorption, mercury distributes widely to all tissues, predominantly the kidneys, liver, spleen, and central nervous system (CNS). The initial
distributive pattern into nervous tissue of elemental and organic mercury differs from that of the inorganic compounds because of their greater lipid
solubility.

Elemental Mercury

Although peak concentrations of elemental mercury are delayed in the CNS as compared with other organs (2–3 days versus 1 day),44 significant
accumulation in the CNS occurs after an acute, intense exposure to elemental mercury vapor. Conversion of elemental mercury to the charged

mercuric (Hg2+) cation within the CNS favors retention and local accumulation. Because elemental mercury does not covalently bind to other

compounds, its toxicity depends on its oxidation initially to the mercurous ion (Hg+) and then to the mercuric ion (Hg2+) by the enzyme catalase.66

Because this oxidation–reduction reaction favors the mercuric cation at steady state, the distribution and late manifestations of metallic mercury
toxicity eventually resemble those of inorganic mercury poisoning. Conversely, and to a lesser extent, inorganic mercuric ions are reduced to the

elemental state (Hg0), although the site and mechanism of this reaction are not well understood.79

Inorganic Mercury

The greatest concentration of mercuric ions is found in the kidneys, particularly within the renal tubules. At least in animal studies, administration of

mercury induces the renal synthesis of metallothionein, a compound that binds to and detoxifies mercuric ions.12 Very little mercury is found as free
mercuric ions. In blood, mercuric ions are found both within the red blood cells (RBCs) and bound to plasma proteins in approximately equal
proportions. Blood concentrations are greatest immediately after inorganic mercury exposure, with rapid waning as distribution to other tissues
occurs. Although penetration of the blood–brain barrier is poor because of low lipid solubility, slow elimination and prolonged exposure contribute to
significant CNS accumulation of mercuric ions. Within the CNS, mercuric ions concentrate in the cerebellum and hippocampus, and to a lesser degree,

the cerebral cortex.35 Although inorganic mercurials undergo organification in marine life, as in the Minamata Bay disaster,9,85 the importance of this

conversion in humans is unknown. Animal studies demonstrate that the placenta functions as an effective barrier to mercuric ions.79

Organic Mercury

Once absorbed, aryl (phenyl mercury) and long-chain alkyl mercury compounds differ from the short-chain organic mercury compounds
(methylmercury) in an important way—the former possess a labile carbon–mercury bond, which is subsequently cleaved, releasing the inorganic
mercuric ion. Thus, the distribution pattern and toxicologic manifestations produced by the aryl and long-chain alkyl compounds that occur beyond
the immediate postabsorptive phase are comparable to those of inorganic mercury, but organification has facilitated absorption and reduced the local

caustic effects.79 In contrast, short-chain alkyl mercury compounds possess relatively stable carbon–mercury bonds that survive the absorptive phase,

although conversion to the inorganic mercuric cation at a rate of less than 1% per day occurs after absorption.124 Because it is lipophilic,

methylmercury readily distributes across all tissues, including the blood–brain barrier and placenta.46 An important consequence of this property is
the devastating neurologic degeneration that develops in prenatally exposed infants with Minamata disease. The rapid decline of blood mercury
concentrations in both suckling rats and breastfeeding human infants is attributed to rapid growth of body volume combined with limited transport of

mercury by milk.76,97,98

After methylmercury is distributed to brain tissue, its fate is uncertain. Animal evidence indicates that methylmercury is converted to inorganic mercury

in brain tissue.63 Primates fed oral methylmercury daily for periods exceeding 1 year and then killed within days of the last exposure demonstrated an
average brain inorganic mercury fraction of only 19%. By contrast, when the postexposure period was extended to between 150 and 650 days, the
inorganic mercury fraction increased to 88%. Similarly, long-term survivors of methylmercury poisoning had a higher ratio of inorganic mercury to

total mercury in their brains.29 In one patient who survived 22 years after methylmercury ingestion, autopsy revealed that the brain mercury was nearly
completely in the inorganic form.

Methylmercury concentrates in RBCs to a much greater degree than do mercuric ions, with an RBC-to-plasma ratio of about 10:1 (in contrast to 1:1 RBC-

to-plasma ratio for inorganic mercury).124 However, despite this apparent affinity for nervous tissue and RBCs, the greatest methylmercury
concentrations are found in the kidneys and liver. In addition, because of the extensive sulfhydryl bonds in hair, methylmercury deposits in hair at

concentrations approximately 250 times that found in whole blood.55

ELIMINATION

Elemental Mercury and Inorganic Mercury

Mercuric ions are excreted through the kidney by both glomerular filtration and tubular secretion and in the GI tract by transfer across gut mesenteric
vessels into feces. Small amounts are reduced to elemental mercury vapor and volatilized from skin and lungs. The total-body half-life of elemental

mercury and inorganic mercury was previously estimated at approximately 30 to 60 days.22,66 However, a recent review of case studies indicates that

the half-life of inorganic mercury in human brains is on the order of several years to several decades.92

Organic Mercury

In contrast to elemental mercury and inorganic mercury, the elimination of short-chain alkyl mercury compounds (such as methylmercury) is
predominantly fecal. Enterohepatic recirculation contributes to its somewhat longer total body half-life of about 70 days. Less than 10% of

methylmercury is excreted in urine and feces as the mercuric cation.124

PATHOPHYSIOLOGY

The pervasive disruption of normal cell physiology by mercury arises from its avid covalent binding to sulfur, replacing the hydrogen ion in the body’s
ubiquitous sulfhydryl groups. Mercury also reacts with phosphoryl, carboxyl, and amide groups, resulting in widespread dysfunction of enzymes,
transport mechanisms, membranes, and structural proteins.

Because mercury deposits in all tissues, the clinical manifestations of mercury toxicity involve multiple organ systems with variable features and
intensity. Necrosis of the GI mucosa and proximal renal tubules, which occurs shortly after mercury salt poisoning, is thought to result from the direct
oxidative effect of mercuric ions. An immune mechanism is attributed to membranous glomerulonephritis and acrodynia associated with the use of

mercurial ointments.13

Neurologic manifestations of methylmercury poisoning correlate with pathologic findings in the brains of both adults and children who were

prenatally exposed.68,113 Grossly, atrophy of the brain is more severe in children who had prenatally or postnatally acquired methylmercury compared
with the brains of those exposed as adults. In the adult brain, neuronal necrosis and glial proliferation are most prominent in the calcarine cortex of
the cerebrum and in the cerebellar cortex. In fetal Minamata disease, similar lesions are present but in a more diffuse and severe form. Atrophy of the
cerebellar hemispheres, postcentral gyri, and calcarine area of the brain demonstrated on magnetic resonance images in organic mercury–poisoned

patients correlates with clinical findings of ataxia, sensory neuropathy, and visual field constriction, respectively.58 Neuropathologic examination of
the brain of a scientist who died after unintentional dermal exposure to dimethylmercury revealed lesions in the cerebellum, temporal lobe, and visual

cortex.105

In rats, neuronal cytotoxicity of methylmercury may result partly from muscarinic receptor–mediated calcium release from smooth endoplasmic

reticulum of cerebellar granule cells.62 There is animal evidence that methylmercury may trigger reactive oxygen species production. In addition,
methylmercury inhibits astrocyte uptake of cysteine, the rate-limiting step in the production of glutathione, a major antioxidant in mammalian cell

systems.104 Cultured astrocytes accumulated methylmercury and exhibited increased mitochondrial permeability and oxidative injury.125 Complexing
of methyl- mercury with L-cysteine may enhance brain uptake by mimicry of methionine, a substrate of the endogenous L amino acid transport system.

Uptake of the L-isomer significantly exceeds that of methylmercury–D-cysteine. Careful selection of stereospecific thiol complexing agents may lead to

strategies to limit brain uptake of methylmercury.56,70

CLINICAL MANIFESTATIONS

Elemental Mercury

Symptoms of acute elemental mercury inhalation occur within hours of exposure and consist of cough, chills, fever, and shortness of breath.
Gastrointestinal complaints include nausea, vomiting, and diarrhea accompanied by a metallic taste, dysphagia, salivation, weakness, headaches, and
visual disturbances. Chest radiography during the acute phase reveals interstitial pneumonitis and both patchy atelectasis and emphysema.
Symptoms either resolve with lesser exposures or progress to acute respiratory distress syndrome (ARDS) with respiratory failure and death. Some
survivors of severe pulmonary toxicity develop interstitial fibrosis and residual restrictive pulmonary disease. The acute respiratory symptoms occur
concomitantly with or precede the development of subacute inorganic mercury poisoning manifested by tremor, kidney dysfunction, and

gingivostomatitis.17,54,94 Thrombocytopenia is also reported to occur during the acute phase.38

Although acute exposure to elemental mercury vapor occurs most commonly in the occupational setting, poisonings caused by mishandling of the

metal in the home are well reported.19,29,50,72,108 In fact, attempts at home metallurgy using metallic mercury have resulted in fatalities with ambient air

concentrations of mercury as high as 0.9 mg/m3. The current US Occupational Safety and Health Administration permissible exposure limit (PEL) for

mercury vapor is 0.1 mg/m3 of air as a ceiling limit.82

As with other inhaled toxins, children are likely to be more sensitive to the pulmonary toxicity of mercury vapor because of their ratio of minute

ventilation volume to body size.72 Although pulmonary toxicity from elemental mercury usually results from inhalation of vapor, massive

endobronchial hemorrhage followed by death has occurred secondary to direct aspiration of metallic mercury into the tracheobronchial tree.127

Gradual volatilization of elemental mercury results in chronic toxicity from improper handling, such as vacuuming spilled mercury.102

The clinical importance of volatilized metallic mercury from dental amalgams for both the dentist and patient is controversial. The preponderance of
evidence refutes the idea that dental amalgam causes mercury poisoning. Several comprehensive reviews of the subject conclude that (1) occupational
exposure to mercury from dental amalgam is acceptably low, provided that recommended preventive measures such as adequate ventilation are
adhered to; (2) the quantity of mercury vaporized from dental amalgam by mechanical forces, such as chewing, is clinically insignificant; and (3) only in
exceedingly rare cases will immunologic hypersensitivity to mercury amalgam (manifested as cutaneous signs and symptoms and confirmed by patch

testing) necessitate removal of the amalgam.33,34,37,61,107

Unusual cases of chronic toxicity have resulted from intentional subcutaneous or IV injection of elemental mercury (Figs. 8–6 and 95–1).49,74 Aside from
management of systemic mercury toxicity, local wound care and excision of deposits of mercury are additional therapeutic challenges presented by
these cases. Serial or repeat radiographs are useful in guiding the removal of the radiopaque deposits.

FIGURE 95–1.

Anteroposterior (A) and lateral (B) views of the elbow after an unsuccessful suicidal gesture involving an attempted intravenous injection of elemental
mercury in the antecubital fossa. Note the extensive subcutaneous mercury deposition, which was partially removed by surgical intervention. (Used
with permission from Diane Sauter, MD.)

Inorganic Mercury

Acute ingestion of mercuric salts produces a characteristic spectrum from severe irritant to caustic gastroenteritis. Immediately after the ingestion, a
grayish discoloration of mucous membranes and metallic taste typically accompany local oropharyngeal pain, nausea, vomiting, and diarrhea followed

by abdominal pain, hematemesis, and hematochezia. The lethal dose of mercuric chloride is estimated to be 30 to 50 mg/kg.116 The life-threatening
manifestations of severe acute mercuric salt ingestion are hemorrhagic gastroenteritis, massive fluid loss resulting in shock, and acute kidney

failure.100

Oropharyngeal injury, nausea, hematemesis, hematochezia, and abdominal pain were the most prominent symptoms in a series of 54 patients who

presented after ingesting up to 4 g of mercuric chloride.116 In this series, fatality was associated with the early development of oliguria (within 3 days)
likely due in large part to lack of routinely available hemodialysis at that time. The development of anuria appeared to be related to the dose of
mercuric chloride ingested. The histopathologic finding of proximal tubular necrosis after mercuric salt poisoning results both from direct toxicity to

renal tubules and from renal hypoperfusion caused by shock. Consequently, aggressive fluid therapy to maintain perfusion is recommended.101

Acute ingestion of mercuric salts is usually intentional, but unintentional ingestion occurs sporadically in both children and adults.51 Although
ingestion of older button batteries containing mercuric oxide was associated with a greater incidence of fragmentation than with other batteries,

clinically significant systemic mercury toxicity by this route was not reported.64,67 Mercuric chloride–containing stool preservatives are another
potential source of unintentional inorganic mercury poisoning. Ingestion of 10 to 20 mL of a polyvinyl alcohol preservative that contained 4.5%

mercuric chloride resulted in bloody gastroenteritis and proteinuria.103 Nonprescription49 and Ayurvedic99 medicines are also associated with

unintentional inorganic mercury poisoning (Chap. 43).53 These xenobiotics are not subject to US Food and Drug Administration (FDA) regulation,
available without prescription, of variable composition, and are often inadequately labeled (Chap. 43).

Subacute or chronic mercury poisoning occurs after inhalation, aspiration, or injection of elemental mercury; ingestion or application of mercury salts;
or ingestion of aryl or long-chain alkyl mercury compounds. Slow in vivo oxidation of elemental mercury and dissociation of the carbon–mercury bond
of aryl or long-chain alkyl mercury compounds result in the production of the inorganic mercurous and mercuric ions.

The predominant manifestations of subacute or chronic mercury toxicity include GI symptoms, neurologic abnormalities, and renal dysfunction.
Gastrointestinal symptoms consist of a metallic taste and burning sensation in the mouth, loose teeth and gingivostomatitis, excessive salivation

(ptyalism), and nausea.122 The neurologic manifestations of chronic inorganic mercurialism include tremor, as well as the syndromes of neurasthenia
and erethism. Neurasthenia is a symptom complex that includes fatigue, depression, headaches, hypersensitivity to stimuli, psychosomatic
complaints, weakness, and loss of concentrating ability. Erethism, derived from the Greek word red, describes the easy blushing and extreme shyness
of affected individuals. Other symptoms of erethism include anxiety, emotional lability, irritability, insomnia, anorexia, weight loss, and delirium.
Mercury produces a characteristic central intention tremor (Chap. 22) that is abolished during sleep. In the most severe forms of mercury-associated
tremor, choreoathetosis and spasmodic ballismus are also reported. Other neurologic manifestations of inorganic mercurialism include a mixed
sensorimotor neuropathy, ataxia, concentric constriction of visual fields (“tunnel vision”), and anosmia.

Chronic poisoning with mercuric ions is associated with renal dysfunction, which ranges from asymptomatic, reversible proteinuria to nephrotic
syndrome with edema and hypoproteinemia. An idiosyncratic hypersensitivity to mercury ions is thought to be responsible for acrodynia, or “pink
disease,” which is an erythematous, edematous, and hyperkeratotic induration of the palms, soles, and face, and a pink papular rash that was first

described in a subset of children exposed to mercurous chloride powders.122 The rash is described as morbilliform, urticarial, vesicular, and
hemorrhagic. This symptom complex also includes excessive sweating, tachycardia, irritability, anorexia, photophobia, insomnia, tremors,
paresthesias, decreased deep tendon reflexes, and weakness. The acral rash frequently progresses to desquamation and ulceration. The prognosis is
favorable after withdrawal from mercury exposure. Childhood acrodynia has become uncommon since the abandonment of mercurial teething
powders and diaper rinses. Occasional case reports still implicate improperly disposed fluorescent light bulbs and phenylmercuric acetate–containing

paint.3,117

Thimerosal is an example of an aryl mercury compound that results in chronic inorganic mercury toxicity. It is a compound that was widely used as a
preservative in the pharmaceutical industry (Chap. 46). Although initial kinetics suggested a stable ethyl–mercury bond, the later elimination phase
more closely resembles that of the inorganic mercury compounds. Thimerosal is approximately 50% mercury by weight. Although generally
considered safe, toxicity and death can occur after both intentional overdose and excessive therapeutic application of merthiolate (0.1% thimerosal or

600 mcg/mL mercury).87,95

Concern that the cumulative dose of thimerosal in childhood immunizations exceeded federally recommended maximum mercury doses (EPA, 0.1
mcg/kg/day; Agency for Toxic Substances and Disease Registry, 0.3 mcg/kg/day; FDA, 0.4 mcg/kg/day) led to a call by the American Academy of

Pediatrics to reduce or eliminate thimerosal from vaccines.4 Thimerosal continues to be used in medically underserved nations as a preservative in

multidose vials in areas with inadequate refrigeration.31 Nevertheless, since 2001, routinely administered childhood vaccines in the United States no

longer contain thimerosal.4,47

Although sensitization after use in vaccinations has been reported in atopic children,86 clinical mercury toxicity has not been reported in appropriately

immunized children. The claim that thimerosal-containing vaccines causes autism has been refuted by numerous studies and meta-analyses.8,65,84,109

No causal association with early thimerosal exposure and adverse neuropsychological outcomes was shown in children tested at 7 to 10 years of

age.115 Clearly, the risk to child health from the diseases targeted for prevention by vaccines far exceeds the risk from thimerosal preservative in

vaccines.39,114,119 In 2010, US courts rejected a causal relationship between thimerosal and autism.32

Organic Mercury Compounds

In contrast to the inorganic mercurials, methylmercury produces an almost purely neurologic disease that is usually permanent except in the mildest of
cases. Although the predominant syndrome associated with methylmercury is that of a delayed neurotoxicity, acute GI symptoms, tremor, respiratory

distress, and dermatitis are also reported.124 In addition, ST segment changes on electrocardiography and renal tubular dysfunction are associated

with this poisoning.45 However, no increase in cardiovascular disease risk was reported with mercury exposure in a large cohort of US adults.73

The lipophilic property and slower elimination of methylmercury likely contribute to its profound neurologic effects. Characteristically, clinical
manifestations occur after the initial poisoning by a latent period of weeks to months. Consequently, the lethal dose of methylmercury is difficult to
determine. As noted previously, infants exposed prenatally to methylmercury were the most severely affected individuals in Minamata. Often born to
mothers with little or no manifestation of methylmercury toxicity themselves, exposed infants exhibited decreased birth weight and muscle tone,
profound developmental delay, seizure disorders, deafness, blindness, and severe spasticity.

Several weeks after methylmercury contaminated grain was ingested in Iraq, patients began to appear with paresthesias involving the lips, nose, and
distal extremities. Symptomatic patients also noted headaches, fatigue, and tremor. More serious cases progressed to ataxia, dysarthria, visual field
constriction, and blindness. Other neurologic deficits included hyperreflexia, hearing disturbances, movement disorders, salivation, and dementia.
The most severely affected patients lay in a mute, rigid posture punctuated only by spontaneous crying, primitive reflexive movements, or feeding

efforts.96

Although the outlook for methylmercury neurotoxicity is generally considered dismal, observations over the subsequent 2 years in 49 Iraqi children

poisoned during the 1971 outbreak revealed complete resolution or partial improvement in all but the most severely affected.5 Of the 40 symptomatic
children, 33 mildly to severely affected children showed partial to complete resolution of symptoms, but the 7 children classified as “very severely
poisoned” remained dysarthric, ataxic, blind, and bedridden.

An important route of organic mercury exposure is through seafood consumption. The safe amount of methylmercury in seafood remains
controversial. The FDA action concentration of 1 ppm for methylmercury in fish was set to limit consumption of methylmercury to less than 1/10th of

amounts found in cases of symptomatic poisoning. The EPA established a reference dose for methylmercury of 0.1 mcg/kg/day.90,118 Although
elevated blood concentrations (19–53 mcg/L) of mercury were found in one group of self-reported high consumers of seafood, increased incidence of

cognitive and GI complaints were not.52 Even so, concentrations at which fetuses experience adverse effects are unknown. Longitudinal studies of fish-
eating populations are conflicting. No effect of a high prenatal fish diet was found on developmental markers in children followed to 19 years of age in

the Seychelles Islands.27,28,120

However, in the studies done in the Faroe Islands and New Zealand, a subtle but significant effect on neuropsychological development was

reported.25,42,110 In the Faroe Islands, this effect persisted when children were retested at 22 years of age.30,31

One reason for the discrepancy that occurs between the 2 populations may be the different patterns of seafood consumption and concentrations of
methylmercury in the seafood consumed by each. The Faroese consume low level mercury–containing fish 1 to 3 times a week with episodic feasts of
highly contaminated pilot whale, whereas the Seychellois consume a more steady diet of low level–contaminated fish on average 12 times per week.
The pilot whales consumed in the Faroe Islands are also contaminated with neurotoxic polychlorinated biphenyls (PCBs), although these compounds
were measured and considered a potential confounding variable. The mean concentration of methylmercury in the whale meat consumed in the Faroe
Islands was 1.6 mcg/g, and the mean concentration of mercury found in New Zealand shark was 2.2 mcg/g. By contrast, the mean methylmercury

content of Seychellois fish was 0.3 mcg/g.75 The threshold concentration for neuropsychological effects may lie between these concentrations.

The development of neurologic symptoms in infants exclusively breastfed by women exposed to methylmercury after delivery and the detection of

mercury in the milk of lactating women implies a risk for mercury poisoning via breast milk.57 In one series of lactating women, mercury concentrations

in milk were approximately 30% of the concentrations found in blood.83 Perhaps because of high levels of PCBs in pilot whale meat, 7-year-old children
from the Faroe Islands, who have a diet traditionally high in the mercury-containing sea mammals and were breast-fed as infants, exhibited a

diminished benefit (but not deficit) on neuropsychological testing when compared with their counterparts fed formula.48

Further complicating findings in a cohort of Faroese children, the neurobehavioral deficits from methylmercury may be underestimated unless the

protective effects of long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, also found in fish) are included in the analysis.21 Likewise, the Seychelles
Child Development Study Nutrition Cohort 2 found no overall adverse association between prenatal methylmercury exposure and

neurodevelopmental outcomes in children with high maternal n-3 PUFA concentrations.111 The net neuropsychological effects of prenatal and dietary
methylmercury result from dose and timing of fish in the diet as well as the concentrations of methylmercury, neurotoxic PCBs, and neuroprotective

PUFA in the consumed fish.111

The FDA recommends that at-risk populations (pregnant women and women who may become pregnant, nursing mothers, and young children) avoid
large predator fish (shark, swordfish, tilefish, and king mackerel) that contain concentrations of methylmercury approaching 1 ppm (1 mcg/g). The
2004 FDA/EPA consumer advisory emphasizes the health benefits of eating fish and allow for up to 12 ounces per week of fish and shellfish lower in
mercury such as shrimp, canned light tuna, salmon, pollock and catfish and up to 6 ounces of albacore tuna per week. Given the beneficial effects of

seafood, efforts should be aimed at decreasing anthropogenic release of mercury rather than elimination of dietary exposure.91

Although methylmercury has greater importance worldwide, the extreme toxicity of another organic mercurial, dimethylmercury, was tragically
demonstrated by the delayed fatal neurotoxicity that developed in a chemist who inadvertently spilled dimethylmercury on a break in the gloves on her

hands.77 Over a period of several days, she developed progressive difficulty with speech, vision, and gait. Despite chelation and exchange transfusion,
she died of mercury neurotoxicity within several months of the exposure.

DIAGNOSTIC TESTING

The dual findings of unexplained neuropsychiatric and kidney abnormalities in an individual should alert the clinician to the possibility of
mercurialism, as should an at-risk occupation or access by the patient to a mercurial product (Table 95–1). Occupational or environmental exposure
and a consistent clinical scenario are suggestive of mercury poisoning, but demonstration of mercury in blood, urine, or tissues is necessary for
confirmation of exposure. Of the many methods available to measure mercury, cold atomic absorption spectrometry is rapid, sensitive, and accurate
but cannot distinguish the various forms of mercury. Thin-layer and gas chromatographic techniques are recommended to distinguish organic from
inorganic mercury. Whole blood should be collected into a trace element collection tube obtained from the laboratory performing the assay. Urine
should be collected for 24 hours into an acid-washed container obtained from a laboratory. Spot collections must be adjusted for creatinine
concentration. Attempts to measure or otherwise handle the specimen should be avoided to prevent external contamination (Table 95–4).

TABLE 95–4

Diagnostic Testing for Mercury

Whole  Blood 24-hour Urine Hair Clinical

Elemental/Inorganic (+)

Acute, transient

(++)

Confirm exposure

Monitor chelation

Poor correlation to

TBB

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Early detection

Organic (++)

Best reflects

TBB

(–)

Fecal elimination

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Reflects irreversible CNS

toxicity

Early detection

There is considerable overlap among concentrations of mercury found in the normal population, asymptomatic exposed individuals, and patients with
clinical evidence of poisoning. There is no definitive correlation between either whole blood or urine mercury concentration and mercury toxicity.
However, mercury serves no useful role in human physiology, and concentrations of 1.0 mcg/L or less for whole blood and 0.5 mcg/L for urine are
generally considered to reflect background exposure in nonpoisoned individuals. The inconsistencies of the values found in the literature for mercury
exposure are a recurrent issue in metal testing. A credible and qualified laboratory should be employed and their reference ranges accepted when

testing is desired.20

For inorganic mercury poisoning, urine mercury concentrations correlate roughly with exposure severity and neuropsychiatric symptoms,93 but the
relationship to total body burden is probably poor. Urine mercury determinations have their greatest usefulness in confirming exposure and
monitoring the efficacy of chelation therapy. Whole blood mercury concentrations reflect intense, acute inorganic mercury exposure but become less
reliable as redistribution to tissues takes place.

Because organic mercury is eliminated via the fecal route, urine mercury concentrations are not useful in methylmercury poisoning. Because
methylmercury concentrates in RBCs, the total-body methylmercury burden is best reflected acutely by whole-blood concentrations. As methylmercury
distributes to and accumulates in brain, the severity of clinical manifestations probably more closely reflects the degree of the irreversible neuronal
destruction that has taken place rather than the current body burden of mercury. Correlation of increasing whole-blood mercury concentrations with

prevalence of paresthesias was suggested in a population of Iraqis studied early in the course of methylmercury poisoning.24 However, in another

group of patients, whole-blood concentrations did not correlate with severity of methylmercury poisoning.96 This apparent discrepancy may have
resulted from the finding that paresthesias are among the earliest reported symptoms of methylmercury poisoning.

Because mercury accumulates in the hair, hair analysis has been used as a tool for measuring mercury burden. However, because metal incorporation
reflects past exposure and hair avidly binds to noningested environmental mercury, the reliability of this method is questionable and is not

recommended.89 In addition to mercury assays, neuropsychiatric testing, nerve conduction studies, and urine assays for N-acetyl-β-D-glucosaminidase

and β2-microglobulin are advocated for early detection of subclinical inorganic and organic mercury toxicity.34,45,93

GENERAL MANAGEMENT

After the initial assessment and stabilization, the early toxicologic management of a patient with mercury poisoning includes termination of exposure
by removal from vapors, washing exposed skin, GI decontamination, supportive measures (eg, hydration, humidified oxygen), baseline diagnostic
studies (eg, complete blood count, serum chemistries, venous blood gas, radiography, ECG), specific analysis of whole blood and urine for mercury,
evaluation of possible cointoxicants, and meticulous monitoring.

Elemental Mercury

Inhalation of mercury vapors or aspiration of metallic mercury may result in life-threatening respiratory failure; in this situation, stabilization of
cardiorespiratory function is the initial priority. Postural drainage and endotracheal suction are a reasonable technique to attempt to remove
aspirated metallic mercury. Parenteral deposition of subcutaneous or intramuscular (IM) mercury is amenable to surgical excision, if well localized
(Fig. 95–1).

An adjunct to the initial management of patients with mercury poisoning is environmental decontamination. Elemental mercury that spills onto solid
surfaces should be adsorbed to sand and the resulting mixture then swept into tightly sealed containers. Ideally, a mercury decontamination kit should
be used. The kit consists of calcium polysulfide, which contains excess sulfur to convert mercury to water-insoluble mercuric sulfide. Absorbent
surfaces, such as carpets, should be removed. Spilled mercury compounds should not be vacuumed because vacuuming could volatilize the

mercury.18 Broken compact fluorescent light bulbs should be handled and disposed of according to EPA guidelines and local requirements.2

Recommendations for decontamination after breakage include opening windows to release vapor, using adhesive tape to pick up visible fragments,
and discarding contaminated material in double-wrapped bags. Guidance for decontamination of major spills and disposal of materials can be
provided by local and federal hazardous materials agencies.

Inorganic Mercury

Because ingestion of inorganic mercuric may lead to cardiovascular collapse caused by severe gastroenteritis and third-space fluid loss, fluid
resuscitation is a priority. Gastrointestinal decontamination of ingested inorganic mercury is particularly problematic because of its causticity and risk
for perforating injury. Nevertheless, one series of patients with mercuric chloride ingestion of up to 4 g reported recovery without long-term GI

sequelae in patients who did not succumb to kidney failure.116 Therefore, unless there is high suspicion for penetrating GI mucosal injury, removal of
mercury from absorptive surfaces should take priority over endoscopic evaluation. The prominence of vomiting makes gastric lavage unnecessary for
most patients with inorganic mercury poisoning.

Metals are among the substances that are often considered to be poorly adsorbed to activated charcoal. Nevertheless, the serious nature of late
sequelae after mercury absorption, the typically small quantities of mercury ingested, and evidence that inorganic mercuric salts actually have
substantial adsorption to activated charcoal (800 mg mercuric chloride can be adsorbed to 1 g activated charcoal) justify the routine administration of

activated charcoal.6 Whole-bowel irrigation with polyethylene glycol solution is a reasonable adjunct to remove residual mercury, and its progress can
be followed with serial radiographs.

Organic Mercury

Organic mercury exposures do not typically present as single acute ingestions but rather as chronic or subacute ingestion of contaminated food.
Therefore, GI decontamination is generally moot with respect to organic mercury poisoning. Nevertheless, its irreversible toxicity coupled with
unsatisfactory treatments calls for aggressive decontamination when acute ingestions or dermal exposures occur.

CHELATION

After initial stabilization and decontamination, early institution of chelators minimizes or prevents the widespread effects of poisoning. Dimercaprol
was developed during World War II as an antidote against lewisite, an arsenical warfare agent. The water-soluble analogs DMPS and succimer were

developed in the 1950s, and the 3 chelators have remained the mainstay of therapy for mercury poisoning.59 A high degree of protein binding and
distribution to the brain are responsible for the lack of efficacy of other measures to increase mercury clearance, such as peritoneal dialysis and

hemodialysis.100 In one report of the use of continuous venovenous hemodiafiltration in combination with a chelator in a patient with severe inorganic

mercury poisoning, 12.7% of the ingested dose was recovered in the ultrafiltrate.26 Hemodialysis may nevertheless ultimately be necessary because of
the acute kidney failure that often occurs after mercuric chloride poisoning.

Chelators have thiol groups that compete with endogenous sulfhydryl groups for the binding of mercury, thereby preventing inactivation of sulfhydryl-
containing enzymes and other essential proteins (Antidotes in Depth: A28 and A29). A history of significant mercury exposure combined with the
presence of typical symptoms of mercury poisoning is an appropriate indication for the institution of chelation therapy. Elevated whole-blood and
urine mercury concentrations help support the decision to begin chelation therapy in unclear cases and can also be used to guide the duration of
therapy. Provocative chelation, in which urinary mercury excretion before and after a chelating dose is compared to determine the degree of mercury

poisoning, is of no value.52 Chelation tends to increase urinary elimination of mercury, regardless of exposure history and baseline excretion.

Elemental Mercury and Inorganic Mercury Salts

For patients with symptomatic acute inorganic mercury poisoning, dimercaprol should be administered for 10 days in dosages of 5 mg/kg/dose every 4
hours IM for 48 hours, then 2.5 mg/kg every 6 hours for 48 hours, followed by 2.5 mg/kg every 12 hours for 7 days. It is reasonable to adjust this dosing
regimen, which was derived from lead poisoning, according to clinical response and the occurrence of adverse reactions.

When a patient can take oral medications, we recommend that dimercaprol be replaced with succimer at 10 mg/kg orally 3 times a day for 5 days, then
twice a day for 14 days if the GI tract is clear. Because headache, nausea, vomiting, abdominal pain, and diaphoresis are common reactions during
dimercaprol chelation therapy, oral succimer is recommended in patients who are not acutely ill or who have been chronically poisoned.

Either dimercaprol or succimer is considered the treatment of choice for inorganic mercury poisoning in the United States, but a few other chelators
deserve mention. 2,3-Dimercapto-1-propanesulfonic acid (DMPS) is a water-soluble dimercaprol derivative that is used in Europe. It is administered
both IV and orally. D-Penicillamine is an orally administered monothiol. Its adverse events—GI distress, rashes, leukopenia, thrombocytopenia, and

proteinuria—although uncommon in therapeutic doses, seriously limit the usefulness of the drug. N-acetyl-D,L-penicillamine (NAP), an investigational

analog of D-penicillamine, is thought to be a more effective chelator of mercury than is D-penicillamine, perhaps because of its greater stability.11,40,43

Organic Mercury Compounds

The neurotoxicity of methylmercury and other organic mercury compounds is resistant to treatment, and therapeutic options are less than
satisfactory. In rats, both dimercaprol and D-penicillamine effectively reduced tissue mercury and prevented neurologic toxicity if administered within

the first day of a methylmercury injection.126 Neither treatment reversed neurologic toxicity when administered 12 days after methylmercury injection.
2,3-Dimercapto-1-propanesulphonate, D-penicillamine, NAP, and a thiolated resin all led to a marked reduction of blood half-life of mercury (ie, 10, 24,

23, and 19 days, respectively, versus 60 days) during the outbreak of methylmercury poisoning in Iraq in 1971.24 Clinical improvement was not
observed in any treatment group, but it is reasonable to postulate that reducing the total-body burden of methylmercury may prevent or limit the

progression of disease. When studied in mice poisoned with methylmercury,1 succimer was superior to NAP, DMPS, and a thiolated resin in decreasing
brain mercury and increasing urinary excretion. Brain mercury was decreased to 35% of control, and the total-body burden fell to 19%. Some animal

evidence suggests that dimercaprol increases mercury mobilization into the brain.7,10,15 For this reason, and the lack of serious GI symptoms
necessitating parenteral chelation, We recommend against the use of dimercaprol the treatment of patients with organic mercury poisoning.

Because the neurologic impairment associated with methylmercury is both profound and essentially irreversible, early recognition of poisoning and
prevention of neurotoxicity are essential to a successful outcome. At this time, succimer is the most reasonable treatment for methylmercury
poisoning because of its apparently low toxicity and reported efficacy in animal trials.

SUMMARY

Mercury poisoning by any of the 3 major forms—elemental, inorganic, and organic—presents a complex toxicologic problem associated with a
large variety of clinical presentations.

An ever present awareness of the signs and symptoms coupled with the knowledge of the differing clinical forms is essential for both early
recognition and effective treatment.

Although some chelators show promise in the treatment of mercury poisoning, neurologic sequelae, particularly those resulting from organic
mercury exposures, remain largely irreversible.

Dietary fish remains an important source of mercury exposure and mercurial neuropsychologic illness.

There is no evidence for the role of mercury in the pathogenesis of autism.

Promotion of public education regarding the dangers of mercury, its avoidance, and proper disposal may aid in the prevention of mercury
poisoning.
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ATN = acute tubular necrosis; BAL = British anti-Lewisite; CNS = central nervous system; GI = gastrointestinal; + to +++ = present with increasing importance; - =

absent.

CNS = central nervous system; TBB = total body burden; + to ++ = useful testing specimen; - = lack of utility.
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Chapter 95: Mercury

Young-Jin Sue

INTRODUCTION

HISTORY AND EPIDEMIOLOGY

Mercury is a metal that is widely toxic to multiple organ systems. Its toxicologic manifestations are well known as a result of thousands of years of

medicinal applications, industrial use, and environmental disasters.69,112 Mercury occurs naturally in small amounts as the elemental (Hg0) silver-

colored liquid (quicksilver); as inorganic compounds such as mercuric (Hg2+) sulfide (cinnabar), mercurous (Hg+) chloride (calomel), mercuric chloride
(corrosive sublimate), and mercuric oxide; and as organic compounds (methylmercury and dimethylmercury). Mercury’s gastroenteric irritant effects
led to its use as a therapy for constipation. In recent (16th–19th), centuries, mercury-containing preparations, advocated for their potent diuretic and

sialogogic properties, were widely used to treat syphilis to “flush” the “virus” out.81 The musician Paganini was one of several famous persons whose
gingivitis, dental decay, ptyalism (excessive salivation), and erethism (pathologic irritability and emotional instability) were attributed to mercury

therapy.80 In the 1800s, the United States witnessed an epidemic of “hatters’ shakes” or “Danbury shakes” and “mercurial salivation” in hat industry

workers.123 Danbury, Connecticut, was a US center of felt hat manufacturing in which mercuric nitrate was used to mat animal furs into felt.112,123

In the early 1900s, acrodynia, a painful dusky pink discoloration of the hands and feet, or “pink disease,” was described in children who received

calomel for ascariasis or teething discomfort.16 Vividly described in a series of 41 children, the development of acrodynia was more common in

younger children, did not seem to correlate with mercury dose, and was not necessarily related to urine concentrations of mercury.122

One of the most devastating epidemics of mercury poisoning occurred as the result of a decade of contamination of Minamata Bay in Japan by a
nearby vinyl chloride plant during the 1940s. Methylmercury accumulated in the bay’s marine life and poisoned the inhabitants of the local fishing
community. Although officially only 121 victims were reported, thousands more are believed to have been affected by what has subsequently been

named Minamata disease.88,113 The largest outbreak of methylmercury poisoning to date occurred in Iraq in late 1971. Approximately 95,000 tons of
seed grain intended for planting and treated with methylmercury as a fungicide were baked into bread for direct consumption, resulting in widespread

neurologic symptoms, 6,530 hospital admissions, and more than 400 deaths.5,23,96

In 1990, the US Environmental Protection Agency (EPA) banned mercury-containing compounds from interior paints.3 However, mercury-containing
paints manufactured before that ruling may still be on interior walls, and mercury-containing paint can still be sold for outdoor use. In 1997, a scientist

succumbed to delayed, progressive neurologic deterioration after a minute dermal exposure to dimethylmercury.77 Contemporary exposures occur in

the form of mercury-tainted seafood, mercury-based preservatives (thimerosal), and artisanal gold mining.36

However, a once widely feared source of potential poisoning, mercury-containing dental amalgam does not result in clinical poisoning.14 Occasionally,
exposure to mercury from broken thermometers leads to poisoning in the home, but such thermometers are becoming less common because of

recent efforts to replace mercury with digital thermometers and other electronic devices.78

More recently, the ongoing movement to replace incandescent light bulbs with compact fluorescent bulbs has once again raised the concern of
exposure to mercury in the home and environment. Promoted to reduce greenhouse gas emissions, each bulb contains about 4 mg of elemental

mercury.2

Table 95–1 lists some potential sources of mercury exposure.

TABLE 95–1

Exposures to Mercury

Elemental Inorganic Organic

Manufacturing/Industrial Barometers

Bronzing

Ceramics

Chlorine manufacture

Electroplating

Jewelry

Metal refineries

Paints

Paper pulp

Photography

Batteries

Chemistry sets

Dyes

Explosives

Fireworks

Laboratory reagents

Tanneries

Taxidermy

Vinyl chloride manufacture

Agriculture

Embalming

Fungicides

Laboratory reagents

Pesticides

Wood preservatives

Medical/Medicinal Amalgam

Sphygmomanometry

Tissue fixatives

Thermometers

Weighted nasogastric tubes

Antiseptics

Calomel

Disinfectants

Laxatives

Nonprescription medications

Bactericidals

Pharmaceuticals

Preservatives

Food/Other Ritualistic, complementary Aesthetic, cosmetic

Ayurvedic

Grains (contaminated)

Seafood

FORMS OF MERCURY AND TOXICOKINETICS

The 3 clinically important forms of mercury—elemental, inorganic, and organic—differ with respect to their toxicodynamics and toxicokinetics (Table
95–2). Each produces distinct clinical patterns of poisoning stemming in part from their unique kinetic features (Table 95–3). For each form, the
specific manifestations are determined by the route of exposure, rate of exposure, distribution, biotransformation of mercury within the body, and
relative accumulation or elimination of mercury by the target organ systems. Whereas elemental mercury produces pulmonary toxicity, inorganic
mercury initially causes gastrointestinal (GI) symptoms followed by nephrotoxicity. A nearly pure neurologic toxicity results from organic
(methylmercury) exposure.

TABLE 95–2

Classes of  Mercury Compounds

Nomenclature Example

Elemental Hg0 Quicksilver

Inorganic Hg+

HgCl

Hg2+

HgCl2

Mercurous ion

Calomel, mercurous chloride

Mercuric ion

Mercuric chloride

Organic Short-chain alkyl–mercury compounds

Long-chain mercury compounds

Aryl mercury compounds

Methylmercury

Ethylmercury

Dimethylmercury

Methoxyethylmercury

Phenylmercury

TABLE 95–3

Differential Characteristics of Mercury Exposure

Elemental Inorganic Organic

Primary route of exposure Inhalation Oral Oral

Primary tissue distribution CNS, kidney Blood (transient, acute)

Kidney

CNS (delayed)

CNS, kidney, liver, blood, hair

Clearance Kidney, GI Kidney, GI Methyl: GI

Aryl: kidney, GI

Clinical effects

 CNS Tremor Tremor, erethism Paresthesias, ataxia, tremor, tunnel vision, dysarthria

 Pulmonary +++ – –

 Gastrointestinal + +++ (caustic) +

 Renal + +++ (ATN) +

 Acrodynia + ++ –

Therapy BAL, succimer BAL, succimer Succimer (early)

ABSORPTION

Elemental Mercury

Elemental mercury (Hg0) is absorbed primarily via inhalation of vapor, although slow absorption after aspiration, subcutaneous deposition, and direct

intravenous (IV) embolization occurs.60,74,121 Volatility, moderate at room temperature, increases significantly with heating or aerosolization, both of

which occur with vacuuming.44,102 When inhaled by human volunteers, 75% to 80% of mercury vapor is absorbed.44 However, elemental mercury is
negligibly absorbed from an anatomically and functionally normal GI tract, and it is usually considered nontoxic when ingested. Abnormal GI motility
prolongs mucosal exposure to elemental mercury, and massive ingestion increases subsequent ionization to more readily absorbed forms. Similarly,
anatomic GI abnormalities such as fistulae or perforation are associated with extravasation of mercury into the peritoneal in which where elemental
mercury is oxidized to more readily absorbed inorganic forms.

Inorganic Mercury

The principal route of absorption for inorganic mercury is the GI tract. Approximately 10% of soluble divalent (Hg2+) mercuric salts such as mercuric

chloride (HgCl2) are absorbed following ingestion and dissociation.66 Absorption of a relatively insoluble monovalent (Hg+) mercurous compound,

such as mercurous chloride (calomel; HgCl), is dependent on its oxidation to the divalent form.79 Inorganic mercury is also absorbed across the skin
and mucous membranes, as evidenced by urinary excretion of mercury after dermal application of skin-lightening mercurial ointments and powders

containing HgCl.106,122

The degree of dermal absorption varies by the concentration of mercury, skin integrity, and lipid solubility of the vehicle. With substantial dermal
exposures to mercury salts, skin absorption may be difficult to distinguish from concomitant absorption via other routes, such as ingestion.

Organic Mercury

As in the case of inorganic mercury, organic mercury is primarily absorbed from the GI tract. Methylmercury, considered the prototype of the short-

chain alkyl compounds, is approximately 90% absorbed from the gut. Aryl and long-chain alkyl compounds have more than 50% GI absorption.79

Although both dermal and inhalational absorption of organic mercury is reported, precise quantitation and exclusion of concomitant absorption by
ingestion are difficult to determine.

DISTRIBUTION AND BIOTRANSFORMATION

After absorption, mercury distributes widely to all tissues, predominantly the kidneys, liver, spleen, and central nervous system (CNS). The initial
distributive pattern into nervous tissue of elemental and organic mercury differs from that of the inorganic compounds because of their greater lipid
solubility.

Elemental Mercury

Although peak concentrations of elemental mercury are delayed in the CNS as compared with other organs (2–3 days versus 1 day),44 significant
accumulation in the CNS occurs after an acute, intense exposure to elemental mercury vapor. Conversion of elemental mercury to the charged

mercuric (Hg2+) cation within the CNS favors retention and local accumulation. Because elemental mercury does not covalently bind to other

compounds, its toxicity depends on its oxidation initially to the mercurous ion (Hg+) and then to the mercuric ion (Hg2+) by the enzyme catalase.66

Because this oxidation–reduction reaction favors the mercuric cation at steady state, the distribution and late manifestations of metallic mercury
toxicity eventually resemble those of inorganic mercury poisoning. Conversely, and to a lesser extent, inorganic mercuric ions are reduced to the

elemental state (Hg0), although the site and mechanism of this reaction are not well understood.79

Inorganic Mercury

The greatest concentration of mercuric ions is found in the kidneys, particularly within the renal tubules. At least in animal studies, administration of

mercury induces the renal synthesis of metallothionein, a compound that binds to and detoxifies mercuric ions.12 Very little mercury is found as free
mercuric ions. In blood, mercuric ions are found both within the red blood cells (RBCs) and bound to plasma proteins in approximately equal
proportions. Blood concentrations are greatest immediately after inorganic mercury exposure, with rapid waning as distribution to other tissues
occurs. Although penetration of the blood–brain barrier is poor because of low lipid solubility, slow elimination and prolonged exposure contribute to
significant CNS accumulation of mercuric ions. Within the CNS, mercuric ions concentrate in the cerebellum and hippocampus, and to a lesser degree,

the cerebral cortex.35 Although inorganic mercurials undergo organification in marine life, as in the Minamata Bay disaster,9,85 the importance of this

conversion in humans is unknown. Animal studies demonstrate that the placenta functions as an effective barrier to mercuric ions.79

Organic Mercury

Once absorbed, aryl (phenyl mercury) and long-chain alkyl mercury compounds differ from the short-chain organic mercury compounds
(methylmercury) in an important way—the former possess a labile carbon–mercury bond, which is subsequently cleaved, releasing the inorganic
mercuric ion. Thus, the distribution pattern and toxicologic manifestations produced by the aryl and long-chain alkyl compounds that occur beyond
the immediate postabsorptive phase are comparable to those of inorganic mercury, but organification has facilitated absorption and reduced the local

caustic effects.79 In contrast, short-chain alkyl mercury compounds possess relatively stable carbon–mercury bonds that survive the absorptive phase,

although conversion to the inorganic mercuric cation at a rate of less than 1% per day occurs after absorption.124 Because it is lipophilic,

methylmercury readily distributes across all tissues, including the blood–brain barrier and placenta.46 An important consequence of this property is
the devastating neurologic degeneration that develops in prenatally exposed infants with Minamata disease. The rapid decline of blood mercury
concentrations in both suckling rats and breastfeeding human infants is attributed to rapid growth of body volume combined with limited transport of

mercury by milk.76,97,98

After methylmercury is distributed to brain tissue, its fate is uncertain. Animal evidence indicates that methylmercury is converted to inorganic mercury

in brain tissue.63 Primates fed oral methylmercury daily for periods exceeding 1 year and then killed within days of the last exposure demonstrated an
average brain inorganic mercury fraction of only 19%. By contrast, when the postexposure period was extended to between 150 and 650 days, the
inorganic mercury fraction increased to 88%. Similarly, long-term survivors of methylmercury poisoning had a higher ratio of inorganic mercury to

total mercury in their brains.29 In one patient who survived 22 years after methylmercury ingestion, autopsy revealed that the brain mercury was nearly
completely in the inorganic form.

Methylmercury concentrates in RBCs to a much greater degree than do mercuric ions, with an RBC-to-plasma ratio of about 10:1 (in contrast to 1:1 RBC-

to-plasma ratio for inorganic mercury).124 However, despite this apparent affinity for nervous tissue and RBCs, the greatest methylmercury
concentrations are found in the kidneys and liver. In addition, because of the extensive sulfhydryl bonds in hair, methylmercury deposits in hair at

concentrations approximately 250 times that found in whole blood.55

ELIMINATION

Elemental Mercury and Inorganic Mercury

Mercuric ions are excreted through the kidney by both glomerular filtration and tubular secretion and in the GI tract by transfer across gut mesenteric
vessels into feces. Small amounts are reduced to elemental mercury vapor and volatilized from skin and lungs. The total-body half-life of elemental

mercury and inorganic mercury was previously estimated at approximately 30 to 60 days.22,66 However, a recent review of case studies indicates that

the half-life of inorganic mercury in human brains is on the order of several years to several decades.92

Organic Mercury

In contrast to elemental mercury and inorganic mercury, the elimination of short-chain alkyl mercury compounds (such as methylmercury) is
predominantly fecal. Enterohepatic recirculation contributes to its somewhat longer total body half-life of about 70 days. Less than 10% of

methylmercury is excreted in urine and feces as the mercuric cation.124

PATHOPHYSIOLOGY

The pervasive disruption of normal cell physiology by mercury arises from its avid covalent binding to sulfur, replacing the hydrogen ion in the body’s
ubiquitous sulfhydryl groups. Mercury also reacts with phosphoryl, carboxyl, and amide groups, resulting in widespread dysfunction of enzymes,
transport mechanisms, membranes, and structural proteins.

Because mercury deposits in all tissues, the clinical manifestations of mercury toxicity involve multiple organ systems with variable features and
intensity. Necrosis of the GI mucosa and proximal renal tubules, which occurs shortly after mercury salt poisoning, is thought to result from the direct
oxidative effect of mercuric ions. An immune mechanism is attributed to membranous glomerulonephritis and acrodynia associated with the use of

mercurial ointments.13

Neurologic manifestations of methylmercury poisoning correlate with pathologic findings in the brains of both adults and children who were

prenatally exposed.68,113 Grossly, atrophy of the brain is more severe in children who had prenatally or postnatally acquired methylmercury compared
with the brains of those exposed as adults. In the adult brain, neuronal necrosis and glial proliferation are most prominent in the calcarine cortex of
the cerebrum and in the cerebellar cortex. In fetal Minamata disease, similar lesions are present but in a more diffuse and severe form. Atrophy of the
cerebellar hemispheres, postcentral gyri, and calcarine area of the brain demonstrated on magnetic resonance images in organic mercury–poisoned

patients correlates with clinical findings of ataxia, sensory neuropathy, and visual field constriction, respectively.58 Neuropathologic examination of
the brain of a scientist who died after unintentional dermal exposure to dimethylmercury revealed lesions in the cerebellum, temporal lobe, and visual

cortex.105

In rats, neuronal cytotoxicity of methylmercury may result partly from muscarinic receptor–mediated calcium release from smooth endoplasmic

reticulum of cerebellar granule cells.62 There is animal evidence that methylmercury may trigger reactive oxygen species production. In addition,
methylmercury inhibits astrocyte uptake of cysteine, the rate-limiting step in the production of glutathione, a major antioxidant in mammalian cell

systems.104 Cultured astrocytes accumulated methylmercury and exhibited increased mitochondrial permeability and oxidative injury.125 Complexing
of methyl- mercury with L-cysteine may enhance brain uptake by mimicry of methionine, a substrate of the endogenous L amino acid transport system.

Uptake of the L-isomer significantly exceeds that of methylmercury–D-cysteine. Careful selection of stereospecific thiol complexing agents may lead to

strategies to limit brain uptake of methylmercury.56,70

CLINICAL MANIFESTATIONS

Elemental Mercury

Symptoms of acute elemental mercury inhalation occur within hours of exposure and consist of cough, chills, fever, and shortness of breath.
Gastrointestinal complaints include nausea, vomiting, and diarrhea accompanied by a metallic taste, dysphagia, salivation, weakness, headaches, and
visual disturbances. Chest radiography during the acute phase reveals interstitial pneumonitis and both patchy atelectasis and emphysema.
Symptoms either resolve with lesser exposures or progress to acute respiratory distress syndrome (ARDS) with respiratory failure and death. Some
survivors of severe pulmonary toxicity develop interstitial fibrosis and residual restrictive pulmonary disease. The acute respiratory symptoms occur
concomitantly with or precede the development of subacute inorganic mercury poisoning manifested by tremor, kidney dysfunction, and

gingivostomatitis.17,54,94 Thrombocytopenia is also reported to occur during the acute phase.38

Although acute exposure to elemental mercury vapor occurs most commonly in the occupational setting, poisonings caused by mishandling of the

metal in the home are well reported.19,29,50,72,108 In fact, attempts at home metallurgy using metallic mercury have resulted in fatalities with ambient air

concentrations of mercury as high as 0.9 mg/m3. The current US Occupational Safety and Health Administration permissible exposure limit (PEL) for

mercury vapor is 0.1 mg/m3 of air as a ceiling limit.82

As with other inhaled toxins, children are likely to be more sensitive to the pulmonary toxicity of mercury vapor because of their ratio of minute

ventilation volume to body size.72 Although pulmonary toxicity from elemental mercury usually results from inhalation of vapor, massive

endobronchial hemorrhage followed by death has occurred secondary to direct aspiration of metallic mercury into the tracheobronchial tree.127

Gradual volatilization of elemental mercury results in chronic toxicity from improper handling, such as vacuuming spilled mercury.102

The clinical importance of volatilized metallic mercury from dental amalgams for both the dentist and patient is controversial. The preponderance of
evidence refutes the idea that dental amalgam causes mercury poisoning. Several comprehensive reviews of the subject conclude that (1) occupational
exposure to mercury from dental amalgam is acceptably low, provided that recommended preventive measures such as adequate ventilation are
adhered to; (2) the quantity of mercury vaporized from dental amalgam by mechanical forces, such as chewing, is clinically insignificant; and (3) only in
exceedingly rare cases will immunologic hypersensitivity to mercury amalgam (manifested as cutaneous signs and symptoms and confirmed by patch

testing) necessitate removal of the amalgam.33,34,37,61,107

Unusual cases of chronic toxicity have resulted from intentional subcutaneous or IV injection of elemental mercury (Figs. 8–6 and 95–1).49,74 Aside from
management of systemic mercury toxicity, local wound care and excision of deposits of mercury are additional therapeutic challenges presented by
these cases. Serial or repeat radiographs are useful in guiding the removal of the radiopaque deposits.

FIGURE 95–1.

Anteroposterior (A) and lateral (B) views of the elbow after an unsuccessful suicidal gesture involving an attempted intravenous injection of elemental
mercury in the antecubital fossa. Note the extensive subcutaneous mercury deposition, which was partially removed by surgical intervention. (Used
with permission from Diane Sauter, MD.)

Inorganic Mercury

Acute ingestion of mercuric salts produces a characteristic spectrum from severe irritant to caustic gastroenteritis. Immediately after the ingestion, a
grayish discoloration of mucous membranes and metallic taste typically accompany local oropharyngeal pain, nausea, vomiting, and diarrhea followed

by abdominal pain, hematemesis, and hematochezia. The lethal dose of mercuric chloride is estimated to be 30 to 50 mg/kg.116 The life-threatening
manifestations of severe acute mercuric salt ingestion are hemorrhagic gastroenteritis, massive fluid loss resulting in shock, and acute kidney

failure.100

Oropharyngeal injury, nausea, hematemesis, hematochezia, and abdominal pain were the most prominent symptoms in a series of 54 patients who

presented after ingesting up to 4 g of mercuric chloride.116 In this series, fatality was associated with the early development of oliguria (within 3 days)
likely due in large part to lack of routinely available hemodialysis at that time. The development of anuria appeared to be related to the dose of
mercuric chloride ingested. The histopathologic finding of proximal tubular necrosis after mercuric salt poisoning results both from direct toxicity to

renal tubules and from renal hypoperfusion caused by shock. Consequently, aggressive fluid therapy to maintain perfusion is recommended.101

Acute ingestion of mercuric salts is usually intentional, but unintentional ingestion occurs sporadically in both children and adults.51 Although
ingestion of older button batteries containing mercuric oxide was associated with a greater incidence of fragmentation than with other batteries,

clinically significant systemic mercury toxicity by this route was not reported.64,67 Mercuric chloride–containing stool preservatives are another
potential source of unintentional inorganic mercury poisoning. Ingestion of 10 to 20 mL of a polyvinyl alcohol preservative that contained 4.5%

mercuric chloride resulted in bloody gastroenteritis and proteinuria.103 Nonprescription49 and Ayurvedic99 medicines are also associated with

unintentional inorganic mercury poisoning (Chap. 43).53 These xenobiotics are not subject to US Food and Drug Administration (FDA) regulation,
available without prescription, of variable composition, and are often inadequately labeled (Chap. 43).

Subacute or chronic mercury poisoning occurs after inhalation, aspiration, or injection of elemental mercury; ingestion or application of mercury salts;
or ingestion of aryl or long-chain alkyl mercury compounds. Slow in vivo oxidation of elemental mercury and dissociation of the carbon–mercury bond
of aryl or long-chain alkyl mercury compounds result in the production of the inorganic mercurous and mercuric ions.

The predominant manifestations of subacute or chronic mercury toxicity include GI symptoms, neurologic abnormalities, and renal dysfunction.
Gastrointestinal symptoms consist of a metallic taste and burning sensation in the mouth, loose teeth and gingivostomatitis, excessive salivation

(ptyalism), and nausea.122 The neurologic manifestations of chronic inorganic mercurialism include tremor, as well as the syndromes of neurasthenia
and erethism. Neurasthenia is a symptom complex that includes fatigue, depression, headaches, hypersensitivity to stimuli, psychosomatic
complaints, weakness, and loss of concentrating ability. Erethism, derived from the Greek word red, describes the easy blushing and extreme shyness
of affected individuals. Other symptoms of erethism include anxiety, emotional lability, irritability, insomnia, anorexia, weight loss, and delirium.
Mercury produces a characteristic central intention tremor (Chap. 22) that is abolished during sleep. In the most severe forms of mercury-associated
tremor, choreoathetosis and spasmodic ballismus are also reported. Other neurologic manifestations of inorganic mercurialism include a mixed
sensorimotor neuropathy, ataxia, concentric constriction of visual fields (“tunnel vision”), and anosmia.

Chronic poisoning with mercuric ions is associated with renal dysfunction, which ranges from asymptomatic, reversible proteinuria to nephrotic
syndrome with edema and hypoproteinemia. An idiosyncratic hypersensitivity to mercury ions is thought to be responsible for acrodynia, or “pink
disease,” which is an erythematous, edematous, and hyperkeratotic induration of the palms, soles, and face, and a pink papular rash that was first

described in a subset of children exposed to mercurous chloride powders.122 The rash is described as morbilliform, urticarial, vesicular, and
hemorrhagic. This symptom complex also includes excessive sweating, tachycardia, irritability, anorexia, photophobia, insomnia, tremors,
paresthesias, decreased deep tendon reflexes, and weakness. The acral rash frequently progresses to desquamation and ulceration. The prognosis is
favorable after withdrawal from mercury exposure. Childhood acrodynia has become uncommon since the abandonment of mercurial teething
powders and diaper rinses. Occasional case reports still implicate improperly disposed fluorescent light bulbs and phenylmercuric acetate–containing

paint.3,117

Thimerosal is an example of an aryl mercury compound that results in chronic inorganic mercury toxicity. It is a compound that was widely used as a
preservative in the pharmaceutical industry (Chap. 46). Although initial kinetics suggested a stable ethyl–mercury bond, the later elimination phase
more closely resembles that of the inorganic mercury compounds. Thimerosal is approximately 50% mercury by weight. Although generally
considered safe, toxicity and death can occur after both intentional overdose and excessive therapeutic application of merthiolate (0.1% thimerosal or

600 mcg/mL mercury).87,95

Concern that the cumulative dose of thimerosal in childhood immunizations exceeded federally recommended maximum mercury doses (EPA, 0.1
mcg/kg/day; Agency for Toxic Substances and Disease Registry, 0.3 mcg/kg/day; FDA, 0.4 mcg/kg/day) led to a call by the American Academy of

Pediatrics to reduce or eliminate thimerosal from vaccines.4 Thimerosal continues to be used in medically underserved nations as a preservative in

multidose vials in areas with inadequate refrigeration.31 Nevertheless, since 2001, routinely administered childhood vaccines in the United States no

longer contain thimerosal.4,47

Although sensitization after use in vaccinations has been reported in atopic children,86 clinical mercury toxicity has not been reported in appropriately

immunized children. The claim that thimerosal-containing vaccines causes autism has been refuted by numerous studies and meta-analyses.8,65,84,109

No causal association with early thimerosal exposure and adverse neuropsychological outcomes was shown in children tested at 7 to 10 years of

age.115 Clearly, the risk to child health from the diseases targeted for prevention by vaccines far exceeds the risk from thimerosal preservative in

vaccines.39,114,119 In 2010, US courts rejected a causal relationship between thimerosal and autism.32

Organic Mercury Compounds

In contrast to the inorganic mercurials, methylmercury produces an almost purely neurologic disease that is usually permanent except in the mildest of
cases. Although the predominant syndrome associated with methylmercury is that of a delayed neurotoxicity, acute GI symptoms, tremor, respiratory

distress, and dermatitis are also reported.124 In addition, ST segment changes on electrocardiography and renal tubular dysfunction are associated

with this poisoning.45 However, no increase in cardiovascular disease risk was reported with mercury exposure in a large cohort of US adults.73

The lipophilic property and slower elimination of methylmercury likely contribute to its profound neurologic effects. Characteristically, clinical
manifestations occur after the initial poisoning by a latent period of weeks to months. Consequently, the lethal dose of methylmercury is difficult to
determine. As noted previously, infants exposed prenatally to methylmercury were the most severely affected individuals in Minamata. Often born to
mothers with little or no manifestation of methylmercury toxicity themselves, exposed infants exhibited decreased birth weight and muscle tone,
profound developmental delay, seizure disorders, deafness, blindness, and severe spasticity.

Several weeks after methylmercury contaminated grain was ingested in Iraq, patients began to appear with paresthesias involving the lips, nose, and
distal extremities. Symptomatic patients also noted headaches, fatigue, and tremor. More serious cases progressed to ataxia, dysarthria, visual field
constriction, and blindness. Other neurologic deficits included hyperreflexia, hearing disturbances, movement disorders, salivation, and dementia.
The most severely affected patients lay in a mute, rigid posture punctuated only by spontaneous crying, primitive reflexive movements, or feeding

efforts.96

Although the outlook for methylmercury neurotoxicity is generally considered dismal, observations over the subsequent 2 years in 49 Iraqi children

poisoned during the 1971 outbreak revealed complete resolution or partial improvement in all but the most severely affected.5 Of the 40 symptomatic
children, 33 mildly to severely affected children showed partial to complete resolution of symptoms, but the 7 children classified as “very severely
poisoned” remained dysarthric, ataxic, blind, and bedridden.

An important route of organic mercury exposure is through seafood consumption. The safe amount of methylmercury in seafood remains
controversial. The FDA action concentration of 1 ppm for methylmercury in fish was set to limit consumption of methylmercury to less than 1/10th of

amounts found in cases of symptomatic poisoning. The EPA established a reference dose for methylmercury of 0.1 mcg/kg/day.90,118 Although
elevated blood concentrations (19–53 mcg/L) of mercury were found in one group of self-reported high consumers of seafood, increased incidence of

cognitive and GI complaints were not.52 Even so, concentrations at which fetuses experience adverse effects are unknown. Longitudinal studies of fish-
eating populations are conflicting. No effect of a high prenatal fish diet was found on developmental markers in children followed to 19 years of age in

the Seychelles Islands.27,28,120

However, in the studies done in the Faroe Islands and New Zealand, a subtle but significant effect on neuropsychological development was

reported.25,42,110 In the Faroe Islands, this effect persisted when children were retested at 22 years of age.30,31

One reason for the discrepancy that occurs between the 2 populations may be the different patterns of seafood consumption and concentrations of
methylmercury in the seafood consumed by each. The Faroese consume low level mercury–containing fish 1 to 3 times a week with episodic feasts of
highly contaminated pilot whale, whereas the Seychellois consume a more steady diet of low level–contaminated fish on average 12 times per week.
The pilot whales consumed in the Faroe Islands are also contaminated with neurotoxic polychlorinated biphenyls (PCBs), although these compounds
were measured and considered a potential confounding variable. The mean concentration of methylmercury in the whale meat consumed in the Faroe
Islands was 1.6 mcg/g, and the mean concentration of mercury found in New Zealand shark was 2.2 mcg/g. By contrast, the mean methylmercury

content of Seychellois fish was 0.3 mcg/g.75 The threshold concentration for neuropsychological effects may lie between these concentrations.

The development of neurologic symptoms in infants exclusively breastfed by women exposed to methylmercury after delivery and the detection of

mercury in the milk of lactating women implies a risk for mercury poisoning via breast milk.57 In one series of lactating women, mercury concentrations

in milk were approximately 30% of the concentrations found in blood.83 Perhaps because of high levels of PCBs in pilot whale meat, 7-year-old children
from the Faroe Islands, who have a diet traditionally high in the mercury-containing sea mammals and were breast-fed as infants, exhibited a

diminished benefit (but not deficit) on neuropsychological testing when compared with their counterparts fed formula.48

Further complicating findings in a cohort of Faroese children, the neurobehavioral deficits from methylmercury may be underestimated unless the

protective effects of long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, also found in fish) are included in the analysis.21 Likewise, the Seychelles
Child Development Study Nutrition Cohort 2 found no overall adverse association between prenatal methylmercury exposure and

neurodevelopmental outcomes in children with high maternal n-3 PUFA concentrations.111 The net neuropsychological effects of prenatal and dietary
methylmercury result from dose and timing of fish in the diet as well as the concentrations of methylmercury, neurotoxic PCBs, and neuroprotective

PUFA in the consumed fish.111

The FDA recommends that at-risk populations (pregnant women and women who may become pregnant, nursing mothers, and young children) avoid
large predator fish (shark, swordfish, tilefish, and king mackerel) that contain concentrations of methylmercury approaching 1 ppm (1 mcg/g). The
2004 FDA/EPA consumer advisory emphasizes the health benefits of eating fish and allow for up to 12 ounces per week of fish and shellfish lower in
mercury such as shrimp, canned light tuna, salmon, pollock and catfish and up to 6 ounces of albacore tuna per week. Given the beneficial effects of

seafood, efforts should be aimed at decreasing anthropogenic release of mercury rather than elimination of dietary exposure.91

Although methylmercury has greater importance worldwide, the extreme toxicity of another organic mercurial, dimethylmercury, was tragically
demonstrated by the delayed fatal neurotoxicity that developed in a chemist who inadvertently spilled dimethylmercury on a break in the gloves on her

hands.77 Over a period of several days, she developed progressive difficulty with speech, vision, and gait. Despite chelation and exchange transfusion,
she died of mercury neurotoxicity within several months of the exposure.

DIAGNOSTIC TESTING

The dual findings of unexplained neuropsychiatric and kidney abnormalities in an individual should alert the clinician to the possibility of
mercurialism, as should an at-risk occupation or access by the patient to a mercurial product (Table 95–1). Occupational or environmental exposure
and a consistent clinical scenario are suggestive of mercury poisoning, but demonstration of mercury in blood, urine, or tissues is necessary for
confirmation of exposure. Of the many methods available to measure mercury, cold atomic absorption spectrometry is rapid, sensitive, and accurate
but cannot distinguish the various forms of mercury. Thin-layer and gas chromatographic techniques are recommended to distinguish organic from
inorganic mercury. Whole blood should be collected into a trace element collection tube obtained from the laboratory performing the assay. Urine
should be collected for 24 hours into an acid-washed container obtained from a laboratory. Spot collections must be adjusted for creatinine
concentration. Attempts to measure or otherwise handle the specimen should be avoided to prevent external contamination (Table 95–4).

TABLE 95–4

Diagnostic Testing for Mercury

Whole  Blood 24-hour Urine Hair Clinical

Elemental/Inorganic (+)

Acute, transient

(++)

Confirm exposure

Monitor chelation

Poor correlation to

TBB

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Early detection

Organic (++)

Best reflects

TBB

(–)

Fecal elimination

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Reflects irreversible CNS

toxicity

Early detection

There is considerable overlap among concentrations of mercury found in the normal population, asymptomatic exposed individuals, and patients with
clinical evidence of poisoning. There is no definitive correlation between either whole blood or urine mercury concentration and mercury toxicity.
However, mercury serves no useful role in human physiology, and concentrations of 1.0 mcg/L or less for whole blood and 0.5 mcg/L for urine are
generally considered to reflect background exposure in nonpoisoned individuals. The inconsistencies of the values found in the literature for mercury
exposure are a recurrent issue in metal testing. A credible and qualified laboratory should be employed and their reference ranges accepted when

testing is desired.20

For inorganic mercury poisoning, urine mercury concentrations correlate roughly with exposure severity and neuropsychiatric symptoms,93 but the
relationship to total body burden is probably poor. Urine mercury determinations have their greatest usefulness in confirming exposure and
monitoring the efficacy of chelation therapy. Whole blood mercury concentrations reflect intense, acute inorganic mercury exposure but become less
reliable as redistribution to tissues takes place.

Because organic mercury is eliminated via the fecal route, urine mercury concentrations are not useful in methylmercury poisoning. Because
methylmercury concentrates in RBCs, the total-body methylmercury burden is best reflected acutely by whole-blood concentrations. As methylmercury
distributes to and accumulates in brain, the severity of clinical manifestations probably more closely reflects the degree of the irreversible neuronal
destruction that has taken place rather than the current body burden of mercury. Correlation of increasing whole-blood mercury concentrations with

prevalence of paresthesias was suggested in a population of Iraqis studied early in the course of methylmercury poisoning.24 However, in another

group of patients, whole-blood concentrations did not correlate with severity of methylmercury poisoning.96 This apparent discrepancy may have
resulted from the finding that paresthesias are among the earliest reported symptoms of methylmercury poisoning.

Because mercury accumulates in the hair, hair analysis has been used as a tool for measuring mercury burden. However, because metal incorporation
reflects past exposure and hair avidly binds to noningested environmental mercury, the reliability of this method is questionable and is not

recommended.89 In addition to mercury assays, neuropsychiatric testing, nerve conduction studies, and urine assays for N-acetyl-β-D-glucosaminidase

and β2-microglobulin are advocated for early detection of subclinical inorganic and organic mercury toxicity.34,45,93

GENERAL MANAGEMENT

After the initial assessment and stabilization, the early toxicologic management of a patient with mercury poisoning includes termination of exposure
by removal from vapors, washing exposed skin, GI decontamination, supportive measures (eg, hydration, humidified oxygen), baseline diagnostic
studies (eg, complete blood count, serum chemistries, venous blood gas, radiography, ECG), specific analysis of whole blood and urine for mercury,
evaluation of possible cointoxicants, and meticulous monitoring.

Elemental Mercury

Inhalation of mercury vapors or aspiration of metallic mercury may result in life-threatening respiratory failure; in this situation, stabilization of
cardiorespiratory function is the initial priority. Postural drainage and endotracheal suction are a reasonable technique to attempt to remove
aspirated metallic mercury. Parenteral deposition of subcutaneous or intramuscular (IM) mercury is amenable to surgical excision, if well localized
(Fig. 95–1).

An adjunct to the initial management of patients with mercury poisoning is environmental decontamination. Elemental mercury that spills onto solid
surfaces should be adsorbed to sand and the resulting mixture then swept into tightly sealed containers. Ideally, a mercury decontamination kit should
be used. The kit consists of calcium polysulfide, which contains excess sulfur to convert mercury to water-insoluble mercuric sulfide. Absorbent
surfaces, such as carpets, should be removed. Spilled mercury compounds should not be vacuumed because vacuuming could volatilize the

mercury.18 Broken compact fluorescent light bulbs should be handled and disposed of according to EPA guidelines and local requirements.2

Recommendations for decontamination after breakage include opening windows to release vapor, using adhesive tape to pick up visible fragments,
and discarding contaminated material in double-wrapped bags. Guidance for decontamination of major spills and disposal of materials can be
provided by local and federal hazardous materials agencies.

Inorganic Mercury

Because ingestion of inorganic mercuric may lead to cardiovascular collapse caused by severe gastroenteritis and third-space fluid loss, fluid
resuscitation is a priority. Gastrointestinal decontamination of ingested inorganic mercury is particularly problematic because of its causticity and risk
for perforating injury. Nevertheless, one series of patients with mercuric chloride ingestion of up to 4 g reported recovery without long-term GI

sequelae in patients who did not succumb to kidney failure.116 Therefore, unless there is high suspicion for penetrating GI mucosal injury, removal of
mercury from absorptive surfaces should take priority over endoscopic evaluation. The prominence of vomiting makes gastric lavage unnecessary for
most patients with inorganic mercury poisoning.

Metals are among the substances that are often considered to be poorly adsorbed to activated charcoal. Nevertheless, the serious nature of late
sequelae after mercury absorption, the typically small quantities of mercury ingested, and evidence that inorganic mercuric salts actually have
substantial adsorption to activated charcoal (800 mg mercuric chloride can be adsorbed to 1 g activated charcoal) justify the routine administration of

activated charcoal.6 Whole-bowel irrigation with polyethylene glycol solution is a reasonable adjunct to remove residual mercury, and its progress can
be followed with serial radiographs.

Organic Mercury

Organic mercury exposures do not typically present as single acute ingestions but rather as chronic or subacute ingestion of contaminated food.
Therefore, GI decontamination is generally moot with respect to organic mercury poisoning. Nevertheless, its irreversible toxicity coupled with
unsatisfactory treatments calls for aggressive decontamination when acute ingestions or dermal exposures occur.

CHELATION

After initial stabilization and decontamination, early institution of chelators minimizes or prevents the widespread effects of poisoning. Dimercaprol
was developed during World War II as an antidote against lewisite, an arsenical warfare agent. The water-soluble analogs DMPS and succimer were

developed in the 1950s, and the 3 chelators have remained the mainstay of therapy for mercury poisoning.59 A high degree of protein binding and
distribution to the brain are responsible for the lack of efficacy of other measures to increase mercury clearance, such as peritoneal dialysis and

hemodialysis.100 In one report of the use of continuous venovenous hemodiafiltration in combination with a chelator in a patient with severe inorganic

mercury poisoning, 12.7% of the ingested dose was recovered in the ultrafiltrate.26 Hemodialysis may nevertheless ultimately be necessary because of
the acute kidney failure that often occurs after mercuric chloride poisoning.

Chelators have thiol groups that compete with endogenous sulfhydryl groups for the binding of mercury, thereby preventing inactivation of sulfhydryl-
containing enzymes and other essential proteins (Antidotes in Depth: A28 and A29). A history of significant mercury exposure combined with the
presence of typical symptoms of mercury poisoning is an appropriate indication for the institution of chelation therapy. Elevated whole-blood and
urine mercury concentrations help support the decision to begin chelation therapy in unclear cases and can also be used to guide the duration of
therapy. Provocative chelation, in which urinary mercury excretion before and after a chelating dose is compared to determine the degree of mercury

poisoning, is of no value.52 Chelation tends to increase urinary elimination of mercury, regardless of exposure history and baseline excretion.

Elemental Mercury and Inorganic Mercury Salts

For patients with symptomatic acute inorganic mercury poisoning, dimercaprol should be administered for 10 days in dosages of 5 mg/kg/dose every 4
hours IM for 48 hours, then 2.5 mg/kg every 6 hours for 48 hours, followed by 2.5 mg/kg every 12 hours for 7 days. It is reasonable to adjust this dosing
regimen, which was derived from lead poisoning, according to clinical response and the occurrence of adverse reactions.

When a patient can take oral medications, we recommend that dimercaprol be replaced with succimer at 10 mg/kg orally 3 times a day for 5 days, then
twice a day for 14 days if the GI tract is clear. Because headache, nausea, vomiting, abdominal pain, and diaphoresis are common reactions during
dimercaprol chelation therapy, oral succimer is recommended in patients who are not acutely ill or who have been chronically poisoned.

Either dimercaprol or succimer is considered the treatment of choice for inorganic mercury poisoning in the United States, but a few other chelators
deserve mention. 2,3-Dimercapto-1-propanesulfonic acid (DMPS) is a water-soluble dimercaprol derivative that is used in Europe. It is administered
both IV and orally. D-Penicillamine is an orally administered monothiol. Its adverse events—GI distress, rashes, leukopenia, thrombocytopenia, and

proteinuria—although uncommon in therapeutic doses, seriously limit the usefulness of the drug. N-acetyl-D,L-penicillamine (NAP), an investigational

analog of D-penicillamine, is thought to be a more effective chelator of mercury than is D-penicillamine, perhaps because of its greater stability.11,40,43

Organic Mercury Compounds

The neurotoxicity of methylmercury and other organic mercury compounds is resistant to treatment, and therapeutic options are less than
satisfactory. In rats, both dimercaprol and D-penicillamine effectively reduced tissue mercury and prevented neurologic toxicity if administered within

the first day of a methylmercury injection.126 Neither treatment reversed neurologic toxicity when administered 12 days after methylmercury injection.
2,3-Dimercapto-1-propanesulphonate, D-penicillamine, NAP, and a thiolated resin all led to a marked reduction of blood half-life of mercury (ie, 10, 24,

23, and 19 days, respectively, versus 60 days) during the outbreak of methylmercury poisoning in Iraq in 1971.24 Clinical improvement was not
observed in any treatment group, but it is reasonable to postulate that reducing the total-body burden of methylmercury may prevent or limit the

progression of disease. When studied in mice poisoned with methylmercury,1 succimer was superior to NAP, DMPS, and a thiolated resin in decreasing
brain mercury and increasing urinary excretion. Brain mercury was decreased to 35% of control, and the total-body burden fell to 19%. Some animal

evidence suggests that dimercaprol increases mercury mobilization into the brain.7,10,15 For this reason, and the lack of serious GI symptoms
necessitating parenteral chelation, We recommend against the use of dimercaprol the treatment of patients with organic mercury poisoning.

Because the neurologic impairment associated with methylmercury is both profound and essentially irreversible, early recognition of poisoning and
prevention of neurotoxicity are essential to a successful outcome. At this time, succimer is the most reasonable treatment for methylmercury
poisoning because of its apparently low toxicity and reported efficacy in animal trials.

SUMMARY

Mercury poisoning by any of the 3 major forms—elemental, inorganic, and organic—presents a complex toxicologic problem associated with a
large variety of clinical presentations.

An ever present awareness of the signs and symptoms coupled with the knowledge of the differing clinical forms is essential for both early
recognition and effective treatment.

Although some chelators show promise in the treatment of mercury poisoning, neurologic sequelae, particularly those resulting from organic
mercury exposures, remain largely irreversible.

Dietary fish remains an important source of mercury exposure and mercurial neuropsychologic illness.

There is no evidence for the role of mercury in the pathogenesis of autism.

Promotion of public education regarding the dangers of mercury, its avoidance, and proper disposal may aid in the prevention of mercury
poisoning.
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ATN = acute tubular necrosis; BAL = British anti-Lewisite; CNS = central nervous system; GI = gastrointestinal; + to +++ = present with increasing importance; - =

absent.

CNS = central nervous system; TBB = total body burden; + to ++ = useful testing specimen; - = lack of utility.
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Chapter 95: Mercury

Young-Jin Sue

INTRODUCTION

HISTORY AND EPIDEMIOLOGY

Mercury is a metal that is widely toxic to multiple organ systems. Its toxicologic manifestations are well known as a result of thousands of years of

medicinal applications, industrial use, and environmental disasters.69,112 Mercury occurs naturally in small amounts as the elemental (Hg0) silver-

colored liquid (quicksilver); as inorganic compounds such as mercuric (Hg2+) sulfide (cinnabar), mercurous (Hg+) chloride (calomel), mercuric chloride
(corrosive sublimate), and mercuric oxide; and as organic compounds (methylmercury and dimethylmercury). Mercury’s gastroenteric irritant effects
led to its use as a therapy for constipation. In recent (16th–19th), centuries, mercury-containing preparations, advocated for their potent diuretic and

sialogogic properties, were widely used to treat syphilis to “flush” the “virus” out.81 The musician Paganini was one of several famous persons whose
gingivitis, dental decay, ptyalism (excessive salivation), and erethism (pathologic irritability and emotional instability) were attributed to mercury

therapy.80 In the 1800s, the United States witnessed an epidemic of “hatters’ shakes” or “Danbury shakes” and “mercurial salivation” in hat industry

workers.123 Danbury, Connecticut, was a US center of felt hat manufacturing in which mercuric nitrate was used to mat animal furs into felt.112,123

In the early 1900s, acrodynia, a painful dusky pink discoloration of the hands and feet, or “pink disease,” was described in children who received

calomel for ascariasis or teething discomfort.16 Vividly described in a series of 41 children, the development of acrodynia was more common in

younger children, did not seem to correlate with mercury dose, and was not necessarily related to urine concentrations of mercury.122

One of the most devastating epidemics of mercury poisoning occurred as the result of a decade of contamination of Minamata Bay in Japan by a
nearby vinyl chloride plant during the 1940s. Methylmercury accumulated in the bay’s marine life and poisoned the inhabitants of the local fishing
community. Although officially only 121 victims were reported, thousands more are believed to have been affected by what has subsequently been

named Minamata disease.88,113 The largest outbreak of methylmercury poisoning to date occurred in Iraq in late 1971. Approximately 95,000 tons of
seed grain intended for planting and treated with methylmercury as a fungicide were baked into bread for direct consumption, resulting in widespread

neurologic symptoms, 6,530 hospital admissions, and more than 400 deaths.5,23,96

In 1990, the US Environmental Protection Agency (EPA) banned mercury-containing compounds from interior paints.3 However, mercury-containing
paints manufactured before that ruling may still be on interior walls, and mercury-containing paint can still be sold for outdoor use. In 1997, a scientist

succumbed to delayed, progressive neurologic deterioration after a minute dermal exposure to dimethylmercury.77 Contemporary exposures occur in

the form of mercury-tainted seafood, mercury-based preservatives (thimerosal), and artisanal gold mining.36

However, a once widely feared source of potential poisoning, mercury-containing dental amalgam does not result in clinical poisoning.14 Occasionally,
exposure to mercury from broken thermometers leads to poisoning in the home, but such thermometers are becoming less common because of

recent efforts to replace mercury with digital thermometers and other electronic devices.78

More recently, the ongoing movement to replace incandescent light bulbs with compact fluorescent bulbs has once again raised the concern of
exposure to mercury in the home and environment. Promoted to reduce greenhouse gas emissions, each bulb contains about 4 mg of elemental

mercury.2

Table 95–1 lists some potential sources of mercury exposure.

TABLE 95–1

Exposures to Mercury

Elemental Inorganic Organic

Manufacturing/Industrial Barometers

Bronzing

Ceramics

Chlorine manufacture

Electroplating

Jewelry

Metal refineries

Paints

Paper pulp

Photography

Batteries

Chemistry sets

Dyes

Explosives

Fireworks

Laboratory reagents

Tanneries

Taxidermy

Vinyl chloride manufacture

Agriculture

Embalming

Fungicides

Laboratory reagents

Pesticides

Wood preservatives

Medical/Medicinal Amalgam

Sphygmomanometry

Tissue fixatives

Thermometers

Weighted nasogastric tubes

Antiseptics

Calomel

Disinfectants

Laxatives

Nonprescription medications

Bactericidals

Pharmaceuticals

Preservatives

Food/Other Ritualistic, complementary Aesthetic, cosmetic

Ayurvedic

Grains (contaminated)

Seafood

FORMS OF MERCURY AND TOXICOKINETICS

The 3 clinically important forms of mercury—elemental, inorganic, and organic—differ with respect to their toxicodynamics and toxicokinetics (Table
95–2). Each produces distinct clinical patterns of poisoning stemming in part from their unique kinetic features (Table 95–3). For each form, the
specific manifestations are determined by the route of exposure, rate of exposure, distribution, biotransformation of mercury within the body, and
relative accumulation or elimination of mercury by the target organ systems. Whereas elemental mercury produces pulmonary toxicity, inorganic
mercury initially causes gastrointestinal (GI) symptoms followed by nephrotoxicity. A nearly pure neurologic toxicity results from organic
(methylmercury) exposure.

TABLE 95–2

Classes of  Mercury Compounds

Nomenclature Example

Elemental Hg0 Quicksilver

Inorganic Hg+

HgCl

Hg2+

HgCl2

Mercurous ion

Calomel, mercurous chloride

Mercuric ion

Mercuric chloride

Organic Short-chain alkyl–mercury compounds

Long-chain mercury compounds

Aryl mercury compounds

Methylmercury

Ethylmercury

Dimethylmercury

Methoxyethylmercury

Phenylmercury

TABLE 95–3

Differential Characteristics of Mercury Exposure

Elemental Inorganic Organic

Primary route of exposure Inhalation Oral Oral

Primary tissue distribution CNS, kidney Blood (transient, acute)

Kidney

CNS (delayed)

CNS, kidney, liver, blood, hair

Clearance Kidney, GI Kidney, GI Methyl: GI

Aryl: kidney, GI

Clinical effects

 CNS Tremor Tremor, erethism Paresthesias, ataxia, tremor, tunnel vision, dysarthria

 Pulmonary +++ – –

 Gastrointestinal + +++ (caustic) +

 Renal + +++ (ATN) +

 Acrodynia + ++ –

Therapy BAL, succimer BAL, succimer Succimer (early)

ABSORPTION

Elemental Mercury

Elemental mercury (Hg0) is absorbed primarily via inhalation of vapor, although slow absorption after aspiration, subcutaneous deposition, and direct

intravenous (IV) embolization occurs.60,74,121 Volatility, moderate at room temperature, increases significantly with heating or aerosolization, both of

which occur with vacuuming.44,102 When inhaled by human volunteers, 75% to 80% of mercury vapor is absorbed.44 However, elemental mercury is
negligibly absorbed from an anatomically and functionally normal GI tract, and it is usually considered nontoxic when ingested. Abnormal GI motility
prolongs mucosal exposure to elemental mercury, and massive ingestion increases subsequent ionization to more readily absorbed forms. Similarly,
anatomic GI abnormalities such as fistulae or perforation are associated with extravasation of mercury into the peritoneal in which where elemental
mercury is oxidized to more readily absorbed inorganic forms.

Inorganic Mercury

The principal route of absorption for inorganic mercury is the GI tract. Approximately 10% of soluble divalent (Hg2+) mercuric salts such as mercuric

chloride (HgCl2) are absorbed following ingestion and dissociation.66 Absorption of a relatively insoluble monovalent (Hg+) mercurous compound,

such as mercurous chloride (calomel; HgCl), is dependent on its oxidation to the divalent form.79 Inorganic mercury is also absorbed across the skin
and mucous membranes, as evidenced by urinary excretion of mercury after dermal application of skin-lightening mercurial ointments and powders

containing HgCl.106,122

The degree of dermal absorption varies by the concentration of mercury, skin integrity, and lipid solubility of the vehicle. With substantial dermal
exposures to mercury salts, skin absorption may be difficult to distinguish from concomitant absorption via other routes, such as ingestion.

Organic Mercury

As in the case of inorganic mercury, organic mercury is primarily absorbed from the GI tract. Methylmercury, considered the prototype of the short-

chain alkyl compounds, is approximately 90% absorbed from the gut. Aryl and long-chain alkyl compounds have more than 50% GI absorption.79

Although both dermal and inhalational absorption of organic mercury is reported, precise quantitation and exclusion of concomitant absorption by
ingestion are difficult to determine.

DISTRIBUTION AND BIOTRANSFORMATION

After absorption, mercury distributes widely to all tissues, predominantly the kidneys, liver, spleen, and central nervous system (CNS). The initial
distributive pattern into nervous tissue of elemental and organic mercury differs from that of the inorganic compounds because of their greater lipid
solubility.

Elemental Mercury

Although peak concentrations of elemental mercury are delayed in the CNS as compared with other organs (2–3 days versus 1 day),44 significant
accumulation in the CNS occurs after an acute, intense exposure to elemental mercury vapor. Conversion of elemental mercury to the charged

mercuric (Hg2+) cation within the CNS favors retention and local accumulation. Because elemental mercury does not covalently bind to other

compounds, its toxicity depends on its oxidation initially to the mercurous ion (Hg+) and then to the mercuric ion (Hg2+) by the enzyme catalase.66

Because this oxidation–reduction reaction favors the mercuric cation at steady state, the distribution and late manifestations of metallic mercury
toxicity eventually resemble those of inorganic mercury poisoning. Conversely, and to a lesser extent, inorganic mercuric ions are reduced to the

elemental state (Hg0), although the site and mechanism of this reaction are not well understood.79

Inorganic Mercury

The greatest concentration of mercuric ions is found in the kidneys, particularly within the renal tubules. At least in animal studies, administration of

mercury induces the renal synthesis of metallothionein, a compound that binds to and detoxifies mercuric ions.12 Very little mercury is found as free
mercuric ions. In blood, mercuric ions are found both within the red blood cells (RBCs) and bound to plasma proteins in approximately equal
proportions. Blood concentrations are greatest immediately after inorganic mercury exposure, with rapid waning as distribution to other tissues
occurs. Although penetration of the blood–brain barrier is poor because of low lipid solubility, slow elimination and prolonged exposure contribute to
significant CNS accumulation of mercuric ions. Within the CNS, mercuric ions concentrate in the cerebellum and hippocampus, and to a lesser degree,

the cerebral cortex.35 Although inorganic mercurials undergo organification in marine life, as in the Minamata Bay disaster,9,85 the importance of this

conversion in humans is unknown. Animal studies demonstrate that the placenta functions as an effective barrier to mercuric ions.79

Organic Mercury

Once absorbed, aryl (phenyl mercury) and long-chain alkyl mercury compounds differ from the short-chain organic mercury compounds
(methylmercury) in an important way—the former possess a labile carbon–mercury bond, which is subsequently cleaved, releasing the inorganic
mercuric ion. Thus, the distribution pattern and toxicologic manifestations produced by the aryl and long-chain alkyl compounds that occur beyond
the immediate postabsorptive phase are comparable to those of inorganic mercury, but organification has facilitated absorption and reduced the local

caustic effects.79 In contrast, short-chain alkyl mercury compounds possess relatively stable carbon–mercury bonds that survive the absorptive phase,

although conversion to the inorganic mercuric cation at a rate of less than 1% per day occurs after absorption.124 Because it is lipophilic,

methylmercury readily distributes across all tissues, including the blood–brain barrier and placenta.46 An important consequence of this property is
the devastating neurologic degeneration that develops in prenatally exposed infants with Minamata disease. The rapid decline of blood mercury
concentrations in both suckling rats and breastfeeding human infants is attributed to rapid growth of body volume combined with limited transport of

mercury by milk.76,97,98

After methylmercury is distributed to brain tissue, its fate is uncertain. Animal evidence indicates that methylmercury is converted to inorganic mercury

in brain tissue.63 Primates fed oral methylmercury daily for periods exceeding 1 year and then killed within days of the last exposure demonstrated an
average brain inorganic mercury fraction of only 19%. By contrast, when the postexposure period was extended to between 150 and 650 days, the
inorganic mercury fraction increased to 88%. Similarly, long-term survivors of methylmercury poisoning had a higher ratio of inorganic mercury to

total mercury in their brains.29 In one patient who survived 22 years after methylmercury ingestion, autopsy revealed that the brain mercury was nearly
completely in the inorganic form.

Methylmercury concentrates in RBCs to a much greater degree than do mercuric ions, with an RBC-to-plasma ratio of about 10:1 (in contrast to 1:1 RBC-

to-plasma ratio for inorganic mercury).124 However, despite this apparent affinity for nervous tissue and RBCs, the greatest methylmercury
concentrations are found in the kidneys and liver. In addition, because of the extensive sulfhydryl bonds in hair, methylmercury deposits in hair at

concentrations approximately 250 times that found in whole blood.55

ELIMINATION

Elemental Mercury and Inorganic Mercury

Mercuric ions are excreted through the kidney by both glomerular filtration and tubular secretion and in the GI tract by transfer across gut mesenteric
vessels into feces. Small amounts are reduced to elemental mercury vapor and volatilized from skin and lungs. The total-body half-life of elemental

mercury and inorganic mercury was previously estimated at approximately 30 to 60 days.22,66 However, a recent review of case studies indicates that

the half-life of inorganic mercury in human brains is on the order of several years to several decades.92

Organic Mercury

In contrast to elemental mercury and inorganic mercury, the elimination of short-chain alkyl mercury compounds (such as methylmercury) is
predominantly fecal. Enterohepatic recirculation contributes to its somewhat longer total body half-life of about 70 days. Less than 10% of

methylmercury is excreted in urine and feces as the mercuric cation.124

PATHOPHYSIOLOGY

The pervasive disruption of normal cell physiology by mercury arises from its avid covalent binding to sulfur, replacing the hydrogen ion in the body’s
ubiquitous sulfhydryl groups. Mercury also reacts with phosphoryl, carboxyl, and amide groups, resulting in widespread dysfunction of enzymes,
transport mechanisms, membranes, and structural proteins.

Because mercury deposits in all tissues, the clinical manifestations of mercury toxicity involve multiple organ systems with variable features and
intensity. Necrosis of the GI mucosa and proximal renal tubules, which occurs shortly after mercury salt poisoning, is thought to result from the direct
oxidative effect of mercuric ions. An immune mechanism is attributed to membranous glomerulonephritis and acrodynia associated with the use of

mercurial ointments.13

Neurologic manifestations of methylmercury poisoning correlate with pathologic findings in the brains of both adults and children who were

prenatally exposed.68,113 Grossly, atrophy of the brain is more severe in children who had prenatally or postnatally acquired methylmercury compared
with the brains of those exposed as adults. In the adult brain, neuronal necrosis and glial proliferation are most prominent in the calcarine cortex of
the cerebrum and in the cerebellar cortex. In fetal Minamata disease, similar lesions are present but in a more diffuse and severe form. Atrophy of the
cerebellar hemispheres, postcentral gyri, and calcarine area of the brain demonstrated on magnetic resonance images in organic mercury–poisoned

patients correlates with clinical findings of ataxia, sensory neuropathy, and visual field constriction, respectively.58 Neuropathologic examination of
the brain of a scientist who died after unintentional dermal exposure to dimethylmercury revealed lesions in the cerebellum, temporal lobe, and visual

cortex.105

In rats, neuronal cytotoxicity of methylmercury may result partly from muscarinic receptor–mediated calcium release from smooth endoplasmic

reticulum of cerebellar granule cells.62 There is animal evidence that methylmercury may trigger reactive oxygen species production. In addition,
methylmercury inhibits astrocyte uptake of cysteine, the rate-limiting step in the production of glutathione, a major antioxidant in mammalian cell

systems.104 Cultured astrocytes accumulated methylmercury and exhibited increased mitochondrial permeability and oxidative injury.125 Complexing
of methyl- mercury with L-cysteine may enhance brain uptake by mimicry of methionine, a substrate of the endogenous L amino acid transport system.

Uptake of the L-isomer significantly exceeds that of methylmercury–D-cysteine. Careful selection of stereospecific thiol complexing agents may lead to

strategies to limit brain uptake of methylmercury.56,70

CLINICAL MANIFESTATIONS

Elemental Mercury

Symptoms of acute elemental mercury inhalation occur within hours of exposure and consist of cough, chills, fever, and shortness of breath.
Gastrointestinal complaints include nausea, vomiting, and diarrhea accompanied by a metallic taste, dysphagia, salivation, weakness, headaches, and
visual disturbances. Chest radiography during the acute phase reveals interstitial pneumonitis and both patchy atelectasis and emphysema.
Symptoms either resolve with lesser exposures or progress to acute respiratory distress syndrome (ARDS) with respiratory failure and death. Some
survivors of severe pulmonary toxicity develop interstitial fibrosis and residual restrictive pulmonary disease. The acute respiratory symptoms occur
concomitantly with or precede the development of subacute inorganic mercury poisoning manifested by tremor, kidney dysfunction, and

gingivostomatitis.17,54,94 Thrombocytopenia is also reported to occur during the acute phase.38

Although acute exposure to elemental mercury vapor occurs most commonly in the occupational setting, poisonings caused by mishandling of the

metal in the home are well reported.19,29,50,72,108 In fact, attempts at home metallurgy using metallic mercury have resulted in fatalities with ambient air

concentrations of mercury as high as 0.9 mg/m3. The current US Occupational Safety and Health Administration permissible exposure limit (PEL) for

mercury vapor is 0.1 mg/m3 of air as a ceiling limit.82

As with other inhaled toxins, children are likely to be more sensitive to the pulmonary toxicity of mercury vapor because of their ratio of minute

ventilation volume to body size.72 Although pulmonary toxicity from elemental mercury usually results from inhalation of vapor, massive

endobronchial hemorrhage followed by death has occurred secondary to direct aspiration of metallic mercury into the tracheobronchial tree.127

Gradual volatilization of elemental mercury results in chronic toxicity from improper handling, such as vacuuming spilled mercury.102

The clinical importance of volatilized metallic mercury from dental amalgams for both the dentist and patient is controversial. The preponderance of
evidence refutes the idea that dental amalgam causes mercury poisoning. Several comprehensive reviews of the subject conclude that (1) occupational
exposure to mercury from dental amalgam is acceptably low, provided that recommended preventive measures such as adequate ventilation are
adhered to; (2) the quantity of mercury vaporized from dental amalgam by mechanical forces, such as chewing, is clinically insignificant; and (3) only in
exceedingly rare cases will immunologic hypersensitivity to mercury amalgam (manifested as cutaneous signs and symptoms and confirmed by patch

testing) necessitate removal of the amalgam.33,34,37,61,107

Unusual cases of chronic toxicity have resulted from intentional subcutaneous or IV injection of elemental mercury (Figs. 8–6 and 95–1).49,74 Aside from
management of systemic mercury toxicity, local wound care and excision of deposits of mercury are additional therapeutic challenges presented by
these cases. Serial or repeat radiographs are useful in guiding the removal of the radiopaque deposits.

FIGURE 95–1.

Anteroposterior (A) and lateral (B) views of the elbow after an unsuccessful suicidal gesture involving an attempted intravenous injection of elemental
mercury in the antecubital fossa. Note the extensive subcutaneous mercury deposition, which was partially removed by surgical intervention. (Used
with permission from Diane Sauter, MD.)

Inorganic Mercury

Acute ingestion of mercuric salts produces a characteristic spectrum from severe irritant to caustic gastroenteritis. Immediately after the ingestion, a
grayish discoloration of mucous membranes and metallic taste typically accompany local oropharyngeal pain, nausea, vomiting, and diarrhea followed

by abdominal pain, hematemesis, and hematochezia. The lethal dose of mercuric chloride is estimated to be 30 to 50 mg/kg.116 The life-threatening
manifestations of severe acute mercuric salt ingestion are hemorrhagic gastroenteritis, massive fluid loss resulting in shock, and acute kidney

failure.100

Oropharyngeal injury, nausea, hematemesis, hematochezia, and abdominal pain were the most prominent symptoms in a series of 54 patients who

presented after ingesting up to 4 g of mercuric chloride.116 In this series, fatality was associated with the early development of oliguria (within 3 days)
likely due in large part to lack of routinely available hemodialysis at that time. The development of anuria appeared to be related to the dose of
mercuric chloride ingested. The histopathologic finding of proximal tubular necrosis after mercuric salt poisoning results both from direct toxicity to

renal tubules and from renal hypoperfusion caused by shock. Consequently, aggressive fluid therapy to maintain perfusion is recommended.101

Acute ingestion of mercuric salts is usually intentional, but unintentional ingestion occurs sporadically in both children and adults.51 Although
ingestion of older button batteries containing mercuric oxide was associated with a greater incidence of fragmentation than with other batteries,

clinically significant systemic mercury toxicity by this route was not reported.64,67 Mercuric chloride–containing stool preservatives are another
potential source of unintentional inorganic mercury poisoning. Ingestion of 10 to 20 mL of a polyvinyl alcohol preservative that contained 4.5%

mercuric chloride resulted in bloody gastroenteritis and proteinuria.103 Nonprescription49 and Ayurvedic99 medicines are also associated with

unintentional inorganic mercury poisoning (Chap. 43).53 These xenobiotics are not subject to US Food and Drug Administration (FDA) regulation,
available without prescription, of variable composition, and are often inadequately labeled (Chap. 43).

Subacute or chronic mercury poisoning occurs after inhalation, aspiration, or injection of elemental mercury; ingestion or application of mercury salts;
or ingestion of aryl or long-chain alkyl mercury compounds. Slow in vivo oxidation of elemental mercury and dissociation of the carbon–mercury bond
of aryl or long-chain alkyl mercury compounds result in the production of the inorganic mercurous and mercuric ions.

The predominant manifestations of subacute or chronic mercury toxicity include GI symptoms, neurologic abnormalities, and renal dysfunction.
Gastrointestinal symptoms consist of a metallic taste and burning sensation in the mouth, loose teeth and gingivostomatitis, excessive salivation

(ptyalism), and nausea.122 The neurologic manifestations of chronic inorganic mercurialism include tremor, as well as the syndromes of neurasthenia
and erethism. Neurasthenia is a symptom complex that includes fatigue, depression, headaches, hypersensitivity to stimuli, psychosomatic
complaints, weakness, and loss of concentrating ability. Erethism, derived from the Greek word red, describes the easy blushing and extreme shyness
of affected individuals. Other symptoms of erethism include anxiety, emotional lability, irritability, insomnia, anorexia, weight loss, and delirium.
Mercury produces a characteristic central intention tremor (Chap. 22) that is abolished during sleep. In the most severe forms of mercury-associated
tremor, choreoathetosis and spasmodic ballismus are also reported. Other neurologic manifestations of inorganic mercurialism include a mixed
sensorimotor neuropathy, ataxia, concentric constriction of visual fields (“tunnel vision”), and anosmia.

Chronic poisoning with mercuric ions is associated with renal dysfunction, which ranges from asymptomatic, reversible proteinuria to nephrotic
syndrome with edema and hypoproteinemia. An idiosyncratic hypersensitivity to mercury ions is thought to be responsible for acrodynia, or “pink
disease,” which is an erythematous, edematous, and hyperkeratotic induration of the palms, soles, and face, and a pink papular rash that was first

described in a subset of children exposed to mercurous chloride powders.122 The rash is described as morbilliform, urticarial, vesicular, and
hemorrhagic. This symptom complex also includes excessive sweating, tachycardia, irritability, anorexia, photophobia, insomnia, tremors,
paresthesias, decreased deep tendon reflexes, and weakness. The acral rash frequently progresses to desquamation and ulceration. The prognosis is
favorable after withdrawal from mercury exposure. Childhood acrodynia has become uncommon since the abandonment of mercurial teething
powders and diaper rinses. Occasional case reports still implicate improperly disposed fluorescent light bulbs and phenylmercuric acetate–containing

paint.3,117

Thimerosal is an example of an aryl mercury compound that results in chronic inorganic mercury toxicity. It is a compound that was widely used as a
preservative in the pharmaceutical industry (Chap. 46). Although initial kinetics suggested a stable ethyl–mercury bond, the later elimination phase
more closely resembles that of the inorganic mercury compounds. Thimerosal is approximately 50% mercury by weight. Although generally
considered safe, toxicity and death can occur after both intentional overdose and excessive therapeutic application of merthiolate (0.1% thimerosal or

600 mcg/mL mercury).87,95

Concern that the cumulative dose of thimerosal in childhood immunizations exceeded federally recommended maximum mercury doses (EPA, 0.1
mcg/kg/day; Agency for Toxic Substances and Disease Registry, 0.3 mcg/kg/day; FDA, 0.4 mcg/kg/day) led to a call by the American Academy of

Pediatrics to reduce or eliminate thimerosal from vaccines.4 Thimerosal continues to be used in medically underserved nations as a preservative in

multidose vials in areas with inadequate refrigeration.31 Nevertheless, since 2001, routinely administered childhood vaccines in the United States no

longer contain thimerosal.4,47

Although sensitization after use in vaccinations has been reported in atopic children,86 clinical mercury toxicity has not been reported in appropriately

immunized children. The claim that thimerosal-containing vaccines causes autism has been refuted by numerous studies and meta-analyses.8,65,84,109

No causal association with early thimerosal exposure and adverse neuropsychological outcomes was shown in children tested at 7 to 10 years of

age.115 Clearly, the risk to child health from the diseases targeted for prevention by vaccines far exceeds the risk from thimerosal preservative in

vaccines.39,114,119 In 2010, US courts rejected a causal relationship between thimerosal and autism.32

Organic Mercury Compounds

In contrast to the inorganic mercurials, methylmercury produces an almost purely neurologic disease that is usually permanent except in the mildest of
cases. Although the predominant syndrome associated with methylmercury is that of a delayed neurotoxicity, acute GI symptoms, tremor, respiratory

distress, and dermatitis are also reported.124 In addition, ST segment changes on electrocardiography and renal tubular dysfunction are associated

with this poisoning.45 However, no increase in cardiovascular disease risk was reported with mercury exposure in a large cohort of US adults.73

The lipophilic property and slower elimination of methylmercury likely contribute to its profound neurologic effects. Characteristically, clinical
manifestations occur after the initial poisoning by a latent period of weeks to months. Consequently, the lethal dose of methylmercury is difficult to
determine. As noted previously, infants exposed prenatally to methylmercury were the most severely affected individuals in Minamata. Often born to
mothers with little or no manifestation of methylmercury toxicity themselves, exposed infants exhibited decreased birth weight and muscle tone,
profound developmental delay, seizure disorders, deafness, blindness, and severe spasticity.

Several weeks after methylmercury contaminated grain was ingested in Iraq, patients began to appear with paresthesias involving the lips, nose, and
distal extremities. Symptomatic patients also noted headaches, fatigue, and tremor. More serious cases progressed to ataxia, dysarthria, visual field
constriction, and blindness. Other neurologic deficits included hyperreflexia, hearing disturbances, movement disorders, salivation, and dementia.
The most severely affected patients lay in a mute, rigid posture punctuated only by spontaneous crying, primitive reflexive movements, or feeding

efforts.96

Although the outlook for methylmercury neurotoxicity is generally considered dismal, observations over the subsequent 2 years in 49 Iraqi children

poisoned during the 1971 outbreak revealed complete resolution or partial improvement in all but the most severely affected.5 Of the 40 symptomatic
children, 33 mildly to severely affected children showed partial to complete resolution of symptoms, but the 7 children classified as “very severely
poisoned” remained dysarthric, ataxic, blind, and bedridden.

An important route of organic mercury exposure is through seafood consumption. The safe amount of methylmercury in seafood remains
controversial. The FDA action concentration of 1 ppm for methylmercury in fish was set to limit consumption of methylmercury to less than 1/10th of

amounts found in cases of symptomatic poisoning. The EPA established a reference dose for methylmercury of 0.1 mcg/kg/day.90,118 Although
elevated blood concentrations (19–53 mcg/L) of mercury were found in one group of self-reported high consumers of seafood, increased incidence of

cognitive and GI complaints were not.52 Even so, concentrations at which fetuses experience adverse effects are unknown. Longitudinal studies of fish-
eating populations are conflicting. No effect of a high prenatal fish diet was found on developmental markers in children followed to 19 years of age in

the Seychelles Islands.27,28,120

However, in the studies done in the Faroe Islands and New Zealand, a subtle but significant effect on neuropsychological development was

reported.25,42,110 In the Faroe Islands, this effect persisted when children were retested at 22 years of age.30,31

One reason for the discrepancy that occurs between the 2 populations may be the different patterns of seafood consumption and concentrations of
methylmercury in the seafood consumed by each. The Faroese consume low level mercury–containing fish 1 to 3 times a week with episodic feasts of
highly contaminated pilot whale, whereas the Seychellois consume a more steady diet of low level–contaminated fish on average 12 times per week.
The pilot whales consumed in the Faroe Islands are also contaminated with neurotoxic polychlorinated biphenyls (PCBs), although these compounds
were measured and considered a potential confounding variable. The mean concentration of methylmercury in the whale meat consumed in the Faroe
Islands was 1.6 mcg/g, and the mean concentration of mercury found in New Zealand shark was 2.2 mcg/g. By contrast, the mean methylmercury

content of Seychellois fish was 0.3 mcg/g.75 The threshold concentration for neuropsychological effects may lie between these concentrations.

The development of neurologic symptoms in infants exclusively breastfed by women exposed to methylmercury after delivery and the detection of

mercury in the milk of lactating women implies a risk for mercury poisoning via breast milk.57 In one series of lactating women, mercury concentrations

in milk were approximately 30% of the concentrations found in blood.83 Perhaps because of high levels of PCBs in pilot whale meat, 7-year-old children
from the Faroe Islands, who have a diet traditionally high in the mercury-containing sea mammals and were breast-fed as infants, exhibited a

diminished benefit (but not deficit) on neuropsychological testing when compared with their counterparts fed formula.48

Further complicating findings in a cohort of Faroese children, the neurobehavioral deficits from methylmercury may be underestimated unless the

protective effects of long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, also found in fish) are included in the analysis.21 Likewise, the Seychelles
Child Development Study Nutrition Cohort 2 found no overall adverse association between prenatal methylmercury exposure and

neurodevelopmental outcomes in children with high maternal n-3 PUFA concentrations.111 The net neuropsychological effects of prenatal and dietary
methylmercury result from dose and timing of fish in the diet as well as the concentrations of methylmercury, neurotoxic PCBs, and neuroprotective

PUFA in the consumed fish.111

The FDA recommends that at-risk populations (pregnant women and women who may become pregnant, nursing mothers, and young children) avoid
large predator fish (shark, swordfish, tilefish, and king mackerel) that contain concentrations of methylmercury approaching 1 ppm (1 mcg/g). The
2004 FDA/EPA consumer advisory emphasizes the health benefits of eating fish and allow for up to 12 ounces per week of fish and shellfish lower in
mercury such as shrimp, canned light tuna, salmon, pollock and catfish and up to 6 ounces of albacore tuna per week. Given the beneficial effects of

seafood, efforts should be aimed at decreasing anthropogenic release of mercury rather than elimination of dietary exposure.91

Although methylmercury has greater importance worldwide, the extreme toxicity of another organic mercurial, dimethylmercury, was tragically
demonstrated by the delayed fatal neurotoxicity that developed in a chemist who inadvertently spilled dimethylmercury on a break in the gloves on her

hands.77 Over a period of several days, she developed progressive difficulty with speech, vision, and gait. Despite chelation and exchange transfusion,
she died of mercury neurotoxicity within several months of the exposure.

DIAGNOSTIC TESTING

The dual findings of unexplained neuropsychiatric and kidney abnormalities in an individual should alert the clinician to the possibility of
mercurialism, as should an at-risk occupation or access by the patient to a mercurial product (Table 95–1). Occupational or environmental exposure
and a consistent clinical scenario are suggestive of mercury poisoning, but demonstration of mercury in blood, urine, or tissues is necessary for
confirmation of exposure. Of the many methods available to measure mercury, cold atomic absorption spectrometry is rapid, sensitive, and accurate
but cannot distinguish the various forms of mercury. Thin-layer and gas chromatographic techniques are recommended to distinguish organic from
inorganic mercury. Whole blood should be collected into a trace element collection tube obtained from the laboratory performing the assay. Urine
should be collected for 24 hours into an acid-washed container obtained from a laboratory. Spot collections must be adjusted for creatinine
concentration. Attempts to measure or otherwise handle the specimen should be avoided to prevent external contamination (Table 95–4).

TABLE 95–4

Diagnostic Testing for Mercury

Whole  Blood 24-hour Urine Hair Clinical

Elemental/Inorganic (+)

Acute, transient

(++)

Confirm exposure

Monitor chelation

Poor correlation to

TBB

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Early detection

Organic (++)

Best reflects

TBB

(–)

Fecal elimination

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Reflects irreversible CNS

toxicity

Early detection

There is considerable overlap among concentrations of mercury found in the normal population, asymptomatic exposed individuals, and patients with
clinical evidence of poisoning. There is no definitive correlation between either whole blood or urine mercury concentration and mercury toxicity.
However, mercury serves no useful role in human physiology, and concentrations of 1.0 mcg/L or less for whole blood and 0.5 mcg/L for urine are
generally considered to reflect background exposure in nonpoisoned individuals. The inconsistencies of the values found in the literature for mercury
exposure are a recurrent issue in metal testing. A credible and qualified laboratory should be employed and their reference ranges accepted when

testing is desired.20

For inorganic mercury poisoning, urine mercury concentrations correlate roughly with exposure severity and neuropsychiatric symptoms,93 but the
relationship to total body burden is probably poor. Urine mercury determinations have their greatest usefulness in confirming exposure and
monitoring the efficacy of chelation therapy. Whole blood mercury concentrations reflect intense, acute inorganic mercury exposure but become less
reliable as redistribution to tissues takes place.

Because organic mercury is eliminated via the fecal route, urine mercury concentrations are not useful in methylmercury poisoning. Because
methylmercury concentrates in RBCs, the total-body methylmercury burden is best reflected acutely by whole-blood concentrations. As methylmercury
distributes to and accumulates in brain, the severity of clinical manifestations probably more closely reflects the degree of the irreversible neuronal
destruction that has taken place rather than the current body burden of mercury. Correlation of increasing whole-blood mercury concentrations with

prevalence of paresthesias was suggested in a population of Iraqis studied early in the course of methylmercury poisoning.24 However, in another

group of patients, whole-blood concentrations did not correlate with severity of methylmercury poisoning.96 This apparent discrepancy may have
resulted from the finding that paresthesias are among the earliest reported symptoms of methylmercury poisoning.

Because mercury accumulates in the hair, hair analysis has been used as a tool for measuring mercury burden. However, because metal incorporation
reflects past exposure and hair avidly binds to noningested environmental mercury, the reliability of this method is questionable and is not

recommended.89 In addition to mercury assays, neuropsychiatric testing, nerve conduction studies, and urine assays for N-acetyl-β-D-glucosaminidase

and β2-microglobulin are advocated for early detection of subclinical inorganic and organic mercury toxicity.34,45,93

GENERAL MANAGEMENT

After the initial assessment and stabilization, the early toxicologic management of a patient with mercury poisoning includes termination of exposure
by removal from vapors, washing exposed skin, GI decontamination, supportive measures (eg, hydration, humidified oxygen), baseline diagnostic
studies (eg, complete blood count, serum chemistries, venous blood gas, radiography, ECG), specific analysis of whole blood and urine for mercury,
evaluation of possible cointoxicants, and meticulous monitoring.

Elemental Mercury

Inhalation of mercury vapors or aspiration of metallic mercury may result in life-threatening respiratory failure; in this situation, stabilization of
cardiorespiratory function is the initial priority. Postural drainage and endotracheal suction are a reasonable technique to attempt to remove
aspirated metallic mercury. Parenteral deposition of subcutaneous or intramuscular (IM) mercury is amenable to surgical excision, if well localized
(Fig. 95–1).

An adjunct to the initial management of patients with mercury poisoning is environmental decontamination. Elemental mercury that spills onto solid
surfaces should be adsorbed to sand and the resulting mixture then swept into tightly sealed containers. Ideally, a mercury decontamination kit should
be used. The kit consists of calcium polysulfide, which contains excess sulfur to convert mercury to water-insoluble mercuric sulfide. Absorbent
surfaces, such as carpets, should be removed. Spilled mercury compounds should not be vacuumed because vacuuming could volatilize the

mercury.18 Broken compact fluorescent light bulbs should be handled and disposed of according to EPA guidelines and local requirements.2

Recommendations for decontamination after breakage include opening windows to release vapor, using adhesive tape to pick up visible fragments,
and discarding contaminated material in double-wrapped bags. Guidance for decontamination of major spills and disposal of materials can be
provided by local and federal hazardous materials agencies.

Inorganic Mercury

Because ingestion of inorganic mercuric may lead to cardiovascular collapse caused by severe gastroenteritis and third-space fluid loss, fluid
resuscitation is a priority. Gastrointestinal decontamination of ingested inorganic mercury is particularly problematic because of its causticity and risk
for perforating injury. Nevertheless, one series of patients with mercuric chloride ingestion of up to 4 g reported recovery without long-term GI

sequelae in patients who did not succumb to kidney failure.116 Therefore, unless there is high suspicion for penetrating GI mucosal injury, removal of
mercury from absorptive surfaces should take priority over endoscopic evaluation. The prominence of vomiting makes gastric lavage unnecessary for
most patients with inorganic mercury poisoning.

Metals are among the substances that are often considered to be poorly adsorbed to activated charcoal. Nevertheless, the serious nature of late
sequelae after mercury absorption, the typically small quantities of mercury ingested, and evidence that inorganic mercuric salts actually have
substantial adsorption to activated charcoal (800 mg mercuric chloride can be adsorbed to 1 g activated charcoal) justify the routine administration of

activated charcoal.6 Whole-bowel irrigation with polyethylene glycol solution is a reasonable adjunct to remove residual mercury, and its progress can
be followed with serial radiographs.

Organic Mercury

Organic mercury exposures do not typically present as single acute ingestions but rather as chronic or subacute ingestion of contaminated food.
Therefore, GI decontamination is generally moot with respect to organic mercury poisoning. Nevertheless, its irreversible toxicity coupled with
unsatisfactory treatments calls for aggressive decontamination when acute ingestions or dermal exposures occur.

CHELATION

After initial stabilization and decontamination, early institution of chelators minimizes or prevents the widespread effects of poisoning. Dimercaprol
was developed during World War II as an antidote against lewisite, an arsenical warfare agent. The water-soluble analogs DMPS and succimer were

developed in the 1950s, and the 3 chelators have remained the mainstay of therapy for mercury poisoning.59 A high degree of protein binding and
distribution to the brain are responsible for the lack of efficacy of other measures to increase mercury clearance, such as peritoneal dialysis and

hemodialysis.100 In one report of the use of continuous venovenous hemodiafiltration in combination with a chelator in a patient with severe inorganic

mercury poisoning, 12.7% of the ingested dose was recovered in the ultrafiltrate.26 Hemodialysis may nevertheless ultimately be necessary because of
the acute kidney failure that often occurs after mercuric chloride poisoning.

Chelators have thiol groups that compete with endogenous sulfhydryl groups for the binding of mercury, thereby preventing inactivation of sulfhydryl-
containing enzymes and other essential proteins (Antidotes in Depth: A28 and A29). A history of significant mercury exposure combined with the
presence of typical symptoms of mercury poisoning is an appropriate indication for the institution of chelation therapy. Elevated whole-blood and
urine mercury concentrations help support the decision to begin chelation therapy in unclear cases and can also be used to guide the duration of
therapy. Provocative chelation, in which urinary mercury excretion before and after a chelating dose is compared to determine the degree of mercury

poisoning, is of no value.52 Chelation tends to increase urinary elimination of mercury, regardless of exposure history and baseline excretion.

Elemental Mercury and Inorganic Mercury Salts

For patients with symptomatic acute inorganic mercury poisoning, dimercaprol should be administered for 10 days in dosages of 5 mg/kg/dose every 4
hours IM for 48 hours, then 2.5 mg/kg every 6 hours for 48 hours, followed by 2.5 mg/kg every 12 hours for 7 days. It is reasonable to adjust this dosing
regimen, which was derived from lead poisoning, according to clinical response and the occurrence of adverse reactions.

When a patient can take oral medications, we recommend that dimercaprol be replaced with succimer at 10 mg/kg orally 3 times a day for 5 days, then
twice a day for 14 days if the GI tract is clear. Because headache, nausea, vomiting, abdominal pain, and diaphoresis are common reactions during
dimercaprol chelation therapy, oral succimer is recommended in patients who are not acutely ill or who have been chronically poisoned.

Either dimercaprol or succimer is considered the treatment of choice for inorganic mercury poisoning in the United States, but a few other chelators
deserve mention. 2,3-Dimercapto-1-propanesulfonic acid (DMPS) is a water-soluble dimercaprol derivative that is used in Europe. It is administered
both IV and orally. D-Penicillamine is an orally administered monothiol. Its adverse events—GI distress, rashes, leukopenia, thrombocytopenia, and

proteinuria—although uncommon in therapeutic doses, seriously limit the usefulness of the drug. N-acetyl-D,L-penicillamine (NAP), an investigational

analog of D-penicillamine, is thought to be a more effective chelator of mercury than is D-penicillamine, perhaps because of its greater stability.11,40,43

Organic Mercury Compounds

The neurotoxicity of methylmercury and other organic mercury compounds is resistant to treatment, and therapeutic options are less than
satisfactory. In rats, both dimercaprol and D-penicillamine effectively reduced tissue mercury and prevented neurologic toxicity if administered within

the first day of a methylmercury injection.126 Neither treatment reversed neurologic toxicity when administered 12 days after methylmercury injection.
2,3-Dimercapto-1-propanesulphonate, D-penicillamine, NAP, and a thiolated resin all led to a marked reduction of blood half-life of mercury (ie, 10, 24,

23, and 19 days, respectively, versus 60 days) during the outbreak of methylmercury poisoning in Iraq in 1971.24 Clinical improvement was not
observed in any treatment group, but it is reasonable to postulate that reducing the total-body burden of methylmercury may prevent or limit the

progression of disease. When studied in mice poisoned with methylmercury,1 succimer was superior to NAP, DMPS, and a thiolated resin in decreasing
brain mercury and increasing urinary excretion. Brain mercury was decreased to 35% of control, and the total-body burden fell to 19%. Some animal

evidence suggests that dimercaprol increases mercury mobilization into the brain.7,10,15 For this reason, and the lack of serious GI symptoms
necessitating parenteral chelation, We recommend against the use of dimercaprol the treatment of patients with organic mercury poisoning.

Because the neurologic impairment associated with methylmercury is both profound and essentially irreversible, early recognition of poisoning and
prevention of neurotoxicity are essential to a successful outcome. At this time, succimer is the most reasonable treatment for methylmercury
poisoning because of its apparently low toxicity and reported efficacy in animal trials.

SUMMARY

Mercury poisoning by any of the 3 major forms—elemental, inorganic, and organic—presents a complex toxicologic problem associated with a
large variety of clinical presentations.

An ever present awareness of the signs and symptoms coupled with the knowledge of the differing clinical forms is essential for both early
recognition and effective treatment.

Although some chelators show promise in the treatment of mercury poisoning, neurologic sequelae, particularly those resulting from organic
mercury exposures, remain largely irreversible.

Dietary fish remains an important source of mercury exposure and mercurial neuropsychologic illness.

There is no evidence for the role of mercury in the pathogenesis of autism.

Promotion of public education regarding the dangers of mercury, its avoidance, and proper disposal may aid in the prevention of mercury
poisoning.

REFERENCES

Aaseth  J, Frieheim  EA. Treatment of methyl mercury poisoning in mice with 2,3-dimercaptosuccinic acid and other complexing thiols. Acta
Pharmacol Toxicol (Copenh).  1978;42:248–252. [PubMed: 580671] 

Agency USEP. Cleaning up a broken CFL. http://www2.epa.gov/cfl/cleaning-broken-cfl.

Agocs  MM, et al. Mercury exposure from interior latex paint. N Engl J Med.  1990; 323:1096–1101. [PubMed: 2215577] 

American Academy of Pediatrics Committee on Infectious Diseases and Committee on Environmental Health. Thimerosal in vaccines—an interim
report to clinicians. Pediatrics.  1999;104:570–574. [PubMed: 10469789] 

Amin-zaki  L, et al. Methylmercury poisoning in Iraqi children: clinical observations over two years. Br Med J.  1978;1:613–616. [PubMed: 630256] 

Andersen  A. Experimental studies on the pharmacology of activated charcoal. III: adsorption from gastrointestinal contents. Acta Pharmacol
Toxicol.  1948;4:275–284.

Andersen  O, Aaseth  J. Molecular mechanisms of in vivo metal chelation: implications for clinical treatment of metal intoxications. Environ Health
Perspect.  2002;110(suppl 5):887–890. [PubMed: 12426153] 

Andrews  N, et al. Thimerosal exposure in infants and developmental disorders: a retrospective cohort study in the United Kingdom does not
support a causal association. Pediatrics.  2004;114:584–591. [PubMed: 15342825] 

Poulain  AJ, Barkay  T. Cracking the mercury methylation code. Science.  2013;339:1280. [PubMed: 23493700] 

Aposhian  HV, et al. Mobilization of heavy metals by newer therapeutically useful chelating agents. Toxicology . 1995;97:23–38. [PubMed: 7716789] 

Aronow  R, Fleischmann  LE. Mercury poisoning in children. The value of N -acetyl-D,L-penicillamine in a combined therapeutic approach. Clin

Pediatr (Phila).  1976;15:936–937, 943-945. [PubMed: 971568] 

Asano  S, et al. Review article: acute inorganic mercury vapor inhalation poisoning. Pathol Int.  2000;50:169–174. [PubMed: 10792779] 

Becker  CG, et al. Nephrotic syndrome after contact with mercury. A report of five cases, three after the use of ammoniated mercury ointment. Arch
Intern Med.  1962;110:178–186. [PubMed: 13866316] 

Bellinger  DC, et al. Neuropsychological and renal effects of dental amalgam in children. A randomized clinical trial. JAMA.  2006;295:1775–1783. 
[PubMed: 16622139] 

Berlin  M, Rylander  R. Increased brain uptake of mercury induced by 2,3-dimercaptopropanol (BAL) in mice exposed to phenylmercuric acetate. J
Pharmacol Exp Ther.  1964;146:236–240. [PubMed: 14236935] 

Black  J. The puzzle of pink disease. J R Soc Med.  1999;92:478–481. [PubMed: 10645305] 

Bluhm  RE, et al. Elemental mercury vapour toxicity, treatment, and prognosis after acute, intensive exposure in chloralkali plant workers. Part I:
history, neuropsychological findings and chelator effects. Hum Exp Toxicol.  1992;11:201–210. [PubMed: 1352115] 

Caldwell  KL, et al. Total blood mercury concentrations in the U.S. population: 1999–2006. Int J Hyg Environ Health.  2009;212:588–598. [PubMed:
19481974] 

Centers for Disease Control and Prevention. Epidemiologic notes and reports elemental mercury poisoning in a household—Ohio, 1989. MMWR
Morb Mortal Wkly Rep.  1990;39:424–425. [PubMed: 2113168] 

Centers for Disease Control and Prevention. Fourth National Report on Human Exposure to Environmental Chemicals.  July 26, 2012. 2009.

Choi  AL, et al. Negative confounding by essential fatty acids in methylmercury neurotoxicity associations. Neurotoxicol Teratol.  2014;42:85–92. 
[PubMed: 24561639] 

Clarkson  T. Mercury. J Am Coll Toxicol.  1989;8:1291–1296.

Clarkson  TW, et al. An outbreak of methylmercury poisoning due to consumption of contaminated grain. Fed Proc.  1976;35:2395–2399. [PubMed:
964390] 

Clarkson  TW, et al. Tests of efficacy of antidotes for removal of methylmercury in human poisoning during the Iraq outbreak. J Pharmacol Exp
Ther.  1981;218:74–83. [PubMed: 7241391] 

Crump  KS, et al. Influence of prenatal mercury exposure upon scholastic and psychological test performance: benchmark analysis of a New
Zealand cohort. Risk Anal.  1998;18:701–713. [PubMed: 9972579] 

Dargan  PI, et al. Case report: severe mercuric sulphate poisoning treated with 2,3-dimercaptopropane-1-sulphonate and haemodiafiltration. Crit
Care.  2003;7:R1–R6. [PubMed: 12793883] 

Davidson  PW, et al. Fish consumption and prenatal methylmercury exposure: cognitive and behavioral outcomes in the main cohort at 17 years
from the Seychelles child development study. Neurotoxicology.  2011;32:711–717. [PubMed: 21889535] 

Davidson  PW, et al. Fish consumption, mercury exposure, and their associations with scholastic achievement in the Seychelles Child Development
Study. Neurotoxicology.  2010;31:439–447. [PubMed: 20576509] 

Davis  LE, et al. Methylmercury poisoning: long-term clinical, radiological, toxicological, and pathological studies of an affected family. Ann Neurol.
1994;35:680–688. [PubMed: 8210224] 

Debes  F, et al. Impact of prenatal methylmercury exposure on neurobehavioral function at age 14 years. Neurotoxicol Teratol.  2006;28:536–547. 
[PubMed: 17067778] 

Debes  F, et al. Cognitive deficits at age 22 years associated with prenatal exposure to methylmercury. Cortex.  2016;74:358–369. [PubMed:
26109549] 

Dyer  C. Thiomersal does not cause autism, US court finds. BMJ.  2010;340:c1518. [PubMed: 20233774] 

Eley  BM, Cox  SW. Mercury from dental amalgam fillings in patients. Br Dent J.  1987;163:221–226. [PubMed: 3314942] 

Eti  S, et al. Slight renal effect of mercury from amalgam fillings. Pharmacol Toxicol.  1995;76:47–49. [PubMed: 7753757] 

Feng  W, et al. Mercury and trace element distribution in organic tissues and regional brain of fetal rat after in utero and weaning exposure to low
dose of inorganic mercury. Toxicol Lett.  2004;152:223–234. [PubMed: 15331131] 

Fraser  B. Peru’s gold rush prompts public-health emergency. Nature.  2016;534:162. [PubMed: 27279188] 

Fung  YK, Molvar  MP. Toxicity of mercury from dental environment and from amalgam restorations. J Toxicol Clin Toxicol.  1992;30:49–61. 
[PubMed: 1542149] 

Fuortes  LJ, et al. Immune thrombocytopenia and elemental mercury poisoning. J Toxicol Clin Toxicol.  1995;33:449–455. [PubMed: 7650769] 

Gadad  BS, et al. Administration of thimerosal-containing vaccines to infant rhesus macaques does not result in autism-like behavior or
neuropathology. Proc Natl Acad Sci U S A . 2015;112:12498–12503. [PubMed: 26417083] 

Gledhill  RF, Hopkins  AP. Chronic inorganic mercury poisoning treated with N -acetyl-D-penicillamine. Br J Ind Med.  1972;29:225–228. [PubMed:

5022002] 

Global Alliance for Vaccines and Immunisation. Report to the GAVI Alliance Board Report of the Chief Executive Officer.  2012.

Grandjean  P, et al. Cognitive deficit in 7-year-old children with prenatal exposure to methylmercury. Neurotoxicol Teratol.  1997;19:417–428. 
[PubMed: 9392777] 

Hryhorczuk  DO, et al. Treatment of mercury intoxication in a dentist with N -acetyl-D,L-penicillamine. J Toxicol Clin Toxicol.  1982;19:401–408. 

[PubMed: 7143525] 

Hursh  JB, et al. Clearance of mercury (HG-197, HG-203) vapor inhaled by human subjects. Arch Environ Health.  1976;31:302–309. [PubMed: 999343]

Iesato  K, et al. Renal tubular dysfunction in Minamata disease: detection of renal tubular antigen and beta-2-microglobulin in the urine. Ann Intern
Med.  1977;86:731–737. [PubMed: 68693] 

Inouye  M, Kajiwara  Y. Developmental disturbances of the fetal brain in guinea-pigs caused by methylmercury. Arch Toxicol.  1988;62:15–21. 
[PubMed: 3190452] 

Jacobson  R. Vaccine safety. Immunol Allergy Clin North Am.  2003;23:589–603. [PubMed: 14753382] 

Jensen  TK, et al. Effects of breast feeding on neuropsychological development in a community with methylmercury exposure from seafood. J Expo
Anal Environ Epidemiol.  2005;15:423–430. [PubMed: 15674318] 

Johnson  HR, Koumides  O. Unusual case of mercury poisoning. Br Med J.  1967;1:340–341. [PubMed: 6017490] 

Jung  RC, Aaronson  J. Death following inhalation of mercury vapor at home. West J Med.  1980;132:539–543. [PubMed: 7405205] 

Kahn  A, et al. Accidental ingestion of mercuric sulphate in a 4-year-old child. Management with BAL and peritoneal dialysis. Clin Pediatr (Phila).
1977;16:956–958. [PubMed: 891074] 

Kales  SN, Goldman  RH. Mercury exposure: current concepts, controversies, and a clinic’s experience. J Occup Environ Med.  2002;44:143–154. 
[PubMed: 11851215] 

Kang-Yum  E, Oransky  SH. Chinese patent medicine as a potential source of mercury poisoning. Vet Hum Toxicol.  1992;34:235–238. [PubMed:
1609495] 

Kanluen  S, Gottlieb  CA. A clinical pathologic study of four adult cases of acute mercury inhalation toxicity. Arch Pathol Lab Med.  1991;115:56–60. 
[PubMed: 1987914] 

Katz  SA, Katz  RB. Use of hair analysis for evaluating mercury intoxication of the human body: a review. J Appl Toxicol.  1992;12:79–84. [PubMed:
1556385] 

Kerper  LE, et al. Methylmercury transport across the blood-brain barrier by an amino acid carrier. Am J Physiol.  1992;262(5, pt 2):R761–R765. 
[PubMed: 1590471] 

Koos  BJ, Longo  LD. Mercury toxicity in the pregnant woman, fetus, and newborn infant. A review. Am J Obstet Gynecol.  1976;126:390–409. 
[PubMed: 786026] 

Korogi  Y, et al. MR findings in seven patients with organic mercury poisoning (Minamata disease). AJNR Am J Neuroradiol.  1994;15:1575–1578. 
[PubMed: 7985580] 

Kosnett  MJ. The role of chelation in the treatment of arsenic and mercury poisoning. J Med Toxicol.  2013;9:347–354. [PubMed: 24178900] 

Krohn  IT, et al. Subcutaneous injection of metallic mercury. JAMA.  1980;243:548–549. [PubMed: 7351787] 

Langan  DC, et al. The use of mercury in dentistry: critical review of the recent literature. J Am Dent Assoc.  1987;115:867–879. [PubMed: 3320152] 

Limke  TL, et al. Acute exposure to methylmercury causes Ca2+ dysregulation and neuronal death in rat cerebellar granule cells through an M3
muscarinic receptor-linked pathway. Toxicol Sci.  2004;80:60–68. [PubMed: 15141107] 

Lind  B FL, Nylander  M. Preliminary studies on methylmercury biotransformation and clearance in the brain of primates: II. Demethylation of
mercury in brain. J Trace Elem Exp Med.  1988;1:49–56.

Litovitz  T, Schmitz  BF. Ingestion of cylindrical and button batteries: an analysis of 2382 cases. Pediatrics.  1992;89:747–757. [PubMed: 1557273] 

Madsen  KM, et al. Thimerosal and the occurrence of autism: negative ecological evidence from Danish population-based data. Pediatrics.
2003;112:604–606. [PubMed: 12949291] 

Magos  L. Mercury. In: Seiler  HG, ed. Handbook on Toxicity of Inorganic Compounds. New York, NY: Marcel Dekker; 1988:419–436.

Mant  TGK, et al. Mercury poisoning after disc-battery ingestion. Hum Toxicol.  1987;6:179–181. [PubMed: 3557477] 

Matsumoto  H, et al. Fetal Minamata disease: a neuropathological study of two cases of intrauterine intoxication by a methyl mercury compound. J
Neuropathol Exp Neurol.  1964;24:563–574.

Maurissen  J. History of mercury and mercurialism. N Y State J Med.  1981;81:1902–1909.

Mokrzan  EM, et al. Methylmercury-thiol uptake into cultured brain capillary endothelial cells on amino acid system L. J Pharmacol Exp Ther.
1995;272:1277–1284. [PubMed: 7891344] 

Mostafazadeh  B, et al. Mercury exposure of gold mining workers in the northwest of Iran. Pak J Pharm Sci.  2013;26:1267–1270. [PubMed:
24191337] 

Moutinho  ME, et al. Acute mercury vapor poisoning. Fatality in an infant. Am J Dis Child.  1981;135:42–44. [PubMed: 7457442] 

Mozaffarian  D, et al. Mercury exposure and risk of cardiovascular disease in two U.S. cohorts. N Engl J Med.  2011;364:1116–1125. [PubMed:
21428767] 

Murray  KM, Hedgepeth  JC. Intravenous self-administration of elemental mercury: efficacy of dimercaprol therapy. Drug Intell Clin Pharm.
1988;22:972–975. [PubMed: 3243178] 

Myers  G. Prenatal methylmercury exposure from ocean fish consumption in the Seychelles child development study. Lancet.  2003;361:1686–1692. 
[PubMed: 12767734] 

Newland  MC, Reile  PA. Blood and brain mercury levels after chronic gestational exposure to methylmercury in rats. Toxicol Sci.  1999;50:106–116. 
[PubMed: 10445759] 

Nierenberg  DW, et al. Delayed cerebellar disease and death after accidental exposure to dimethylmercury. N Engl J Med.  1998;338:1672–1676. 
[PubMed: 9614258] 

NIST. End of an era: NIST to cease calibrating mercury thermometers. February 02, 2011 https://www.nist.gov/news-events/news/2011/02/end-era-
nist-cease-calibrating-mercury-thermometers. Created February 01, 2011. Updated September 21, 2016.

Nordberg  GF, Skerfving  S. Metabolism. In: Friberg  L, Vostal  J, eds. Mercury in the Environment: An Epidemiological and Toxicological Appraisal .
Cleveland, OH: CRC Press; 1972:29–90.

O’Shea  J. Was Paganini poisoned with mercury? J R Soc Med.  1988;81:594–597. [PubMed: 3054102] 

O’Shea  JG. Two minutes with venus, two years with mercury—mercury as an antisyphilitic chemotherapeutic agent. J R Soc Med.  1990;83:392–395. 
[PubMed: 2199676] 

Occupational Safety and Health Administration. Occupational Safety and Health Guideline for Mercury Vapor. Occupational Safety and Health
Guidelines. http://www.osha.gov/SLTC/healthguidelines/mercuryvapor/recognition.html.

Oskarsson  A, et al. Exposure to toxic elements via breast milk. Analyst.  1995;120:765–770. [PubMed: 7741226] 

Parker  SK, et al. Thimerosal-containing vaccines and autistic spectrum disorder: a critical review of published original data. Pediatrics.
2004;114:793–804. [PubMed: 15342856] 

Parks  JM, et al. The genetic basis for bacterial mercury methylation. Science.  2013;339:1332–1335. [PubMed: 23393089] 

Patrizi  A, et al. Sensitization to thimerosal in atopic children. Contact Dermatitis.  1999;40:94–97. [PubMed: 10048654] 

Pfab  R, et al. Clinical course of severe poisoning with thimerosal. J Toxicol Clin Toxicol.  1996;34:453–460. [PubMed: 8699562] 

Powell  P. Minamata disease: a story of mercury’s malevolence. South Med J.  1991; 84:1352–1358. [PubMed: 1948221] 

Queipo  Abad S, et al. Evidence of the direct adsorption of mercury in human hair during occupational exposure to mercury vapour. J Trace Elem
Med Biol.  2016;36:16–21. [PubMed: 27259347] 

Rice  D. Methods and rationale for derivation of a reference dose for methylmercury by the US EPA. Risk Anal.  2003;23:107–115. [PubMed:
12635727] 

Rice  DC. The US EPA reference dose for methylmercury: sources of uncertainty Backgrounder for the 2004 FDA/EPA Consumer Advisory: what you
need to know about mercury in fish and shellfish. Environ Res.  2004;406–413.
http://water.epa.gov/scitech/swguidance/fishshellfish/outreach/factsheet.cfm.

Rooney  JP. The retention time of inorganic mercury in the brain—a systematic review of the evidence. Toxicol Appl Pharmacol.  2014;274:425–435. 
[PubMed: 24368178] 

Rosenman  KD, et al. Sensitive indicators of inorganic mercury toxicity. Arch Environ Health.  1986;41:208–215. [PubMed: 3767430] 

Rowens  B, et al. Respiratory failure and death following acute inhalation of mercury vapor. A clinical and histologic perspective. Chest.
1991;99:185–190. [PubMed: 1984951] 

Royhans  J, et al. Mercury toxicity following Merthiolate ear irrigations. J Pediatr.  1984;104:311–313. [PubMed: 6694031] 

Rustam  H, Hamdi  T. Methyl mercury poisoning in Iraq. A neurological study. Brain.  1974;97:500–510. [PubMed: 4425451] 

Sakamoto  M, et al. Evaluation of changes in methylmercury accumulation in the developing rat brain and its effects: a study with consecutive and
moderate dose exposure throughout gestation and lactation periods. Brain Res.  2002;949:51–59. [PubMed: 12213299] 

Sakamoto  M, et al. Declining risk of methylmercury exposure to infants during lactation. Environ Res.  2002;90:185–189. [PubMed: 12477463] 

Saper  RB, et al. Lead, mercury, and arsenic in US- and Indian-manufactured Ayurvedic medicines sold via the Internet. JAMA.  2008;300:915–923. 
[PubMed: 18728265] 

Sauder  P, et al. Acute mercury chloride intoxication. Effects of hemodialysis and plasma exchange on mercury kinetic. J Toxicol Clin Toxicol.
1988;26:189–197. [PubMed: 3418774] 

Schnellmann  R. Toxic responses of the kidney. In: Klaassen  CD, Casarett  LJ, eds. Casarett and Doull’s Toxicology: The Basic Science of Poisons .
6th ed. New York, NY: McGraw-Hill; 2001:491–514.

Schwartz  JG, et al. Toxicity of a family from vacuumed mercury. Am J Emerg Med.  1992;10:258–261. [PubMed: 1316757] 

Seidel  J. Acute mercury poisoning after polyvinyl alcohol preservative ingestion. Pediatrics.  1980;66:132–134. [PubMed: 7402778] 

Shanker  G, Aschner  M. Identification and characterization of uptake systems for cystine and cysteine in cultured astrocytes and neurons:
evidence for methylmercury-targeted disruption of astrocyte transport. J Neurosci Res.  2001;66:998–1002. [PubMed: 11746429] 

Siegler  RW, et al. Fatal poisoning from liquid dimethylmercury: a neuropathologic study. Hum Pathol.  1999;30:720–723. [PubMed: 10374784] 

Sin  KW, Tsang  HS. Large-scale mercury exposure due to a cream cosmetic: community-wide case series. Hong Kong Med J.  2003;9:329–334. 
[PubMed: 14530526] 

Snapp  KR, et al. The contribution of dental amalgam to mercury in blood. J Dent Res.  1989;68:780–785. [PubMed: 2715470] 

Snodgrass  W, et al. Mercury poisoning from home gold ore processing. Use of penicillamine and dimercaprol. JAMA.  1981;246:1929–1931. 
[PubMed: 7288970] 

Stehr-Green  P. Autism and thimerosal-containing vaccines: lack of consistent evidence for an association. Am J Prev Med.  2003;25:101–106. 
[PubMed: 12880876] 

Stern  A, et al. Do recent data from the Seychelles Islands alter the conclusions of the NRC report on the toxicologic effects of methylmercury?
Environ Health.  2004;3.

Strain  JJ, et al. Prenatal exposure to methyl mercury from fish consumption and polyunsaturated fatty acids: associations with child development
at 20 mo of age in an observational study in the Republic of Seychelles. Am J Clin Nutr.  2015;101:530–537. [PubMed: 25733638] 

Sunderman  FW. Perils of mercury. Ann Clin Lab Sci.  1988;18:89–101. [PubMed: 3289472] 

Takeuchi  T. Pathology of Minamata disease. With special reference to its pathogenesis. Acta Pathol Jpn.  1982;32(suppl 1):73–99. [PubMed:
6765001] 

Taylor  LE, et al. Vaccines are not associated with autism: an evidence-based meta-analysis of case-control and cohort studies. Vaccine.
2014;32:3623–3629. [PubMed: 24814559] 

Thompson  W, et al. Early Thimerosal exposure and neuropsychological outcomes at 7-10 years. N Engl J Med.  2007;357:1281–1292. [PubMed:
17898097] 

Troen  P, et al. Mercuric bichloride poisoning. N Engl J Med.  1951;244:459–463. [PubMed: 14806784] 

Tunnessen  WW Jr, et al. Acrodynia: exposure to mercury from fluorescent light bulbs. Pediatrics.  1987;79:786–789. [PubMed: 3575038] 

United States Environmental Protection Agency. Characterization of Human Health and Wildlife Risks from Anthropogenic Mercury Emissions in
the United States . Washington, DC: US EPA; 1997.

Uno  Y, et al. Early exposure to the combined measles-mumps-rubella vaccine and thimerosal-containing vaccines and risk of autism spectrum
disorder. Vaccine.  2015;33:2511–2516. [PubMed: 25562790] 

van Wijngaarden  E, et al. Prenatal methyl mercury exposure in relation to neurodevelopment and behavior at 19 years of age in the Seychelles
Child Development Study. Neurotoxicol Teratol.  2013;39:19–25. [PubMed: 23770126] 

Wallach  L. Aspiration of elemental mercury—evidence of absorption without toxicity. N Engl J Med.  1972;287:178–179. [PubMed: 5033527] 

Warkany  J, Hubbard  DM. Adverse mercurial reactions in the form of acrodynia and related conditions. AMA Am J Dis Child.  1951;81:335–373. 
[PubMed: 14810170] 

Wedeen  R. Were the hatters of New Jersey “mad”? Am J Ind Meds.  1989;16:225–233.

Winship  K. Organic mercury compounds and their toxicity. Adverse Drug React Toxicol Rev.  1986;3:141–180.

Yin  Z, et al. Methylmercury induces oxidative injury, alterations in permeability and glutamine transport in cultured astrocytes. Brain Res.
2007;1131:1–10. [PubMed: 17182013] 

Zimmer  L, Carter  DE. The effect of 2,3-dimercaptopropanol and D-penicillamine on methyl mercury induced neurological signs and weight loss.

Life Sci.  1978;23: 1025–1034. [PubMed: 713681] 

Zimmerman  JE. Fatality following metallic mercury aspiration during removal of a long intestinal tube. JAMA.  1969;208:2158–2160. [PubMed:
5818993] 

Emory University

Access Provided by:

Downloaded 2021­3­15 4:13 P  Your IP is 170.140.142.252
Chapter 95: Mercury, Young­Jin Sue
©2021 McGraw Hill. All Rights Reserved.   Terms of Use • Privacy Policy • Notice • Accessibility

Page 6 / 21

http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf76
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf97
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf98
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf63
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf29
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf124
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf55
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf22
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf66
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf92
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf124
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf13
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf68
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf113
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf58
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf105
http://accessemergencymedicine.mhmedical.com/ss/terms.aspx
http://accessemergencymedicine.mhmedical.com/privacy
http://accessemergencymedicine.mhmedical.com/ss/notice.aspx
http://accessemergencymedicine.mhmedical.com/about/accessibility.html


ATN = acute tubular necrosis; BAL = British anti-Lewisite; CNS = central nervous system; GI = gastrointestinal; + to +++ = present with increasing importance; - =

absent.

CNS = central nervous system; TBB = total body burden; + to ++ = useful testing specimen; - = lack of utility.
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Chapter 95: Mercury

Young-Jin Sue

INTRODUCTION

HISTORY AND EPIDEMIOLOGY

Mercury is a metal that is widely toxic to multiple organ systems. Its toxicologic manifestations are well known as a result of thousands of years of

medicinal applications, industrial use, and environmental disasters.69,112 Mercury occurs naturally in small amounts as the elemental (Hg0) silver-

colored liquid (quicksilver); as inorganic compounds such as mercuric (Hg2+) sulfide (cinnabar), mercurous (Hg+) chloride (calomel), mercuric chloride
(corrosive sublimate), and mercuric oxide; and as organic compounds (methylmercury and dimethylmercury). Mercury’s gastroenteric irritant effects
led to its use as a therapy for constipation. In recent (16th–19th), centuries, mercury-containing preparations, advocated for their potent diuretic and

sialogogic properties, were widely used to treat syphilis to “flush” the “virus” out.81 The musician Paganini was one of several famous persons whose
gingivitis, dental decay, ptyalism (excessive salivation), and erethism (pathologic irritability and emotional instability) were attributed to mercury

therapy.80 In the 1800s, the United States witnessed an epidemic of “hatters’ shakes” or “Danbury shakes” and “mercurial salivation” in hat industry

workers.123 Danbury, Connecticut, was a US center of felt hat manufacturing in which mercuric nitrate was used to mat animal furs into felt.112,123

In the early 1900s, acrodynia, a painful dusky pink discoloration of the hands and feet, or “pink disease,” was described in children who received

calomel for ascariasis or teething discomfort.16 Vividly described in a series of 41 children, the development of acrodynia was more common in

younger children, did not seem to correlate with mercury dose, and was not necessarily related to urine concentrations of mercury.122

One of the most devastating epidemics of mercury poisoning occurred as the result of a decade of contamination of Minamata Bay in Japan by a
nearby vinyl chloride plant during the 1940s. Methylmercury accumulated in the bay’s marine life and poisoned the inhabitants of the local fishing
community. Although officially only 121 victims were reported, thousands more are believed to have been affected by what has subsequently been

named Minamata disease.88,113 The largest outbreak of methylmercury poisoning to date occurred in Iraq in late 1971. Approximately 95,000 tons of
seed grain intended for planting and treated with methylmercury as a fungicide were baked into bread for direct consumption, resulting in widespread

neurologic symptoms, 6,530 hospital admissions, and more than 400 deaths.5,23,96

In 1990, the US Environmental Protection Agency (EPA) banned mercury-containing compounds from interior paints.3 However, mercury-containing
paints manufactured before that ruling may still be on interior walls, and mercury-containing paint can still be sold for outdoor use. In 1997, a scientist

succumbed to delayed, progressive neurologic deterioration after a minute dermal exposure to dimethylmercury.77 Contemporary exposures occur in

the form of mercury-tainted seafood, mercury-based preservatives (thimerosal), and artisanal gold mining.36

However, a once widely feared source of potential poisoning, mercury-containing dental amalgam does not result in clinical poisoning.14 Occasionally,
exposure to mercury from broken thermometers leads to poisoning in the home, but such thermometers are becoming less common because of

recent efforts to replace mercury with digital thermometers and other electronic devices.78

More recently, the ongoing movement to replace incandescent light bulbs with compact fluorescent bulbs has once again raised the concern of
exposure to mercury in the home and environment. Promoted to reduce greenhouse gas emissions, each bulb contains about 4 mg of elemental

mercury.2

Table 95–1 lists some potential sources of mercury exposure.

TABLE 95–1

Exposures to Mercury

Elemental Inorganic Organic

Manufacturing/Industrial Barometers

Bronzing

Ceramics

Chlorine manufacture

Electroplating

Jewelry

Metal refineries

Paints

Paper pulp

Photography

Batteries

Chemistry sets

Dyes

Explosives

Fireworks

Laboratory reagents

Tanneries

Taxidermy

Vinyl chloride manufacture

Agriculture

Embalming

Fungicides

Laboratory reagents

Pesticides

Wood preservatives

Medical/Medicinal Amalgam

Sphygmomanometry

Tissue fixatives

Thermometers

Weighted nasogastric tubes

Antiseptics

Calomel

Disinfectants

Laxatives

Nonprescription medications

Bactericidals

Pharmaceuticals

Preservatives

Food/Other Ritualistic, complementary Aesthetic, cosmetic

Ayurvedic

Grains (contaminated)

Seafood

FORMS OF MERCURY AND TOXICOKINETICS

The 3 clinically important forms of mercury—elemental, inorganic, and organic—differ with respect to their toxicodynamics and toxicokinetics (Table
95–2). Each produces distinct clinical patterns of poisoning stemming in part from their unique kinetic features (Table 95–3). For each form, the
specific manifestations are determined by the route of exposure, rate of exposure, distribution, biotransformation of mercury within the body, and
relative accumulation or elimination of mercury by the target organ systems. Whereas elemental mercury produces pulmonary toxicity, inorganic
mercury initially causes gastrointestinal (GI) symptoms followed by nephrotoxicity. A nearly pure neurologic toxicity results from organic
(methylmercury) exposure.

TABLE 95–2

Classes of  Mercury Compounds

Nomenclature Example

Elemental Hg0 Quicksilver

Inorganic Hg+

HgCl

Hg2+

HgCl2

Mercurous ion

Calomel, mercurous chloride

Mercuric ion

Mercuric chloride

Organic Short-chain alkyl–mercury compounds

Long-chain mercury compounds

Aryl mercury compounds

Methylmercury

Ethylmercury

Dimethylmercury

Methoxyethylmercury

Phenylmercury

TABLE 95–3

Differential Characteristics of Mercury Exposure

Elemental Inorganic Organic

Primary route of exposure Inhalation Oral Oral

Primary tissue distribution CNS, kidney Blood (transient, acute)

Kidney

CNS (delayed)

CNS, kidney, liver, blood, hair

Clearance Kidney, GI Kidney, GI Methyl: GI

Aryl: kidney, GI

Clinical effects

 CNS Tremor Tremor, erethism Paresthesias, ataxia, tremor, tunnel vision, dysarthria

 Pulmonary +++ – –

 Gastrointestinal + +++ (caustic) +

 Renal + +++ (ATN) +

 Acrodynia + ++ –

Therapy BAL, succimer BAL, succimer Succimer (early)

ABSORPTION

Elemental Mercury

Elemental mercury (Hg0) is absorbed primarily via inhalation of vapor, although slow absorption after aspiration, subcutaneous deposition, and direct

intravenous (IV) embolization occurs.60,74,121 Volatility, moderate at room temperature, increases significantly with heating or aerosolization, both of

which occur with vacuuming.44,102 When inhaled by human volunteers, 75% to 80% of mercury vapor is absorbed.44 However, elemental mercury is
negligibly absorbed from an anatomically and functionally normal GI tract, and it is usually considered nontoxic when ingested. Abnormal GI motility
prolongs mucosal exposure to elemental mercury, and massive ingestion increases subsequent ionization to more readily absorbed forms. Similarly,
anatomic GI abnormalities such as fistulae or perforation are associated with extravasation of mercury into the peritoneal in which where elemental
mercury is oxidized to more readily absorbed inorganic forms.

Inorganic Mercury

The principal route of absorption for inorganic mercury is the GI tract. Approximately 10% of soluble divalent (Hg2+) mercuric salts such as mercuric

chloride (HgCl2) are absorbed following ingestion and dissociation.66 Absorption of a relatively insoluble monovalent (Hg+) mercurous compound,

such as mercurous chloride (calomel; HgCl), is dependent on its oxidation to the divalent form.79 Inorganic mercury is also absorbed across the skin
and mucous membranes, as evidenced by urinary excretion of mercury after dermal application of skin-lightening mercurial ointments and powders

containing HgCl.106,122

The degree of dermal absorption varies by the concentration of mercury, skin integrity, and lipid solubility of the vehicle. With substantial dermal
exposures to mercury salts, skin absorption may be difficult to distinguish from concomitant absorption via other routes, such as ingestion.

Organic Mercury

As in the case of inorganic mercury, organic mercury is primarily absorbed from the GI tract. Methylmercury, considered the prototype of the short-

chain alkyl compounds, is approximately 90% absorbed from the gut. Aryl and long-chain alkyl compounds have more than 50% GI absorption.79

Although both dermal and inhalational absorption of organic mercury is reported, precise quantitation and exclusion of concomitant absorption by
ingestion are difficult to determine.

DISTRIBUTION AND BIOTRANSFORMATION

After absorption, mercury distributes widely to all tissues, predominantly the kidneys, liver, spleen, and central nervous system (CNS). The initial
distributive pattern into nervous tissue of elemental and organic mercury differs from that of the inorganic compounds because of their greater lipid
solubility.

Elemental Mercury

Although peak concentrations of elemental mercury are delayed in the CNS as compared with other organs (2–3 days versus 1 day),44 significant
accumulation in the CNS occurs after an acute, intense exposure to elemental mercury vapor. Conversion of elemental mercury to the charged

mercuric (Hg2+) cation within the CNS favors retention and local accumulation. Because elemental mercury does not covalently bind to other

compounds, its toxicity depends on its oxidation initially to the mercurous ion (Hg+) and then to the mercuric ion (Hg2+) by the enzyme catalase.66

Because this oxidation–reduction reaction favors the mercuric cation at steady state, the distribution and late manifestations of metallic mercury
toxicity eventually resemble those of inorganic mercury poisoning. Conversely, and to a lesser extent, inorganic mercuric ions are reduced to the

elemental state (Hg0), although the site and mechanism of this reaction are not well understood.79

Inorganic Mercury

The greatest concentration of mercuric ions is found in the kidneys, particularly within the renal tubules. At least in animal studies, administration of

mercury induces the renal synthesis of metallothionein, a compound that binds to and detoxifies mercuric ions.12 Very little mercury is found as free
mercuric ions. In blood, mercuric ions are found both within the red blood cells (RBCs) and bound to plasma proteins in approximately equal
proportions. Blood concentrations are greatest immediately after inorganic mercury exposure, with rapid waning as distribution to other tissues
occurs. Although penetration of the blood–brain barrier is poor because of low lipid solubility, slow elimination and prolonged exposure contribute to
significant CNS accumulation of mercuric ions. Within the CNS, mercuric ions concentrate in the cerebellum and hippocampus, and to a lesser degree,

the cerebral cortex.35 Although inorganic mercurials undergo organification in marine life, as in the Minamata Bay disaster,9,85 the importance of this

conversion in humans is unknown. Animal studies demonstrate that the placenta functions as an effective barrier to mercuric ions.79

Organic Mercury

Once absorbed, aryl (phenyl mercury) and long-chain alkyl mercury compounds differ from the short-chain organic mercury compounds
(methylmercury) in an important way—the former possess a labile carbon–mercury bond, which is subsequently cleaved, releasing the inorganic
mercuric ion. Thus, the distribution pattern and toxicologic manifestations produced by the aryl and long-chain alkyl compounds that occur beyond
the immediate postabsorptive phase are comparable to those of inorganic mercury, but organification has facilitated absorption and reduced the local

caustic effects.79 In contrast, short-chain alkyl mercury compounds possess relatively stable carbon–mercury bonds that survive the absorptive phase,

although conversion to the inorganic mercuric cation at a rate of less than 1% per day occurs after absorption.124 Because it is lipophilic,

methylmercury readily distributes across all tissues, including the blood–brain barrier and placenta.46 An important consequence of this property is
the devastating neurologic degeneration that develops in prenatally exposed infants with Minamata disease. The rapid decline of blood mercury
concentrations in both suckling rats and breastfeeding human infants is attributed to rapid growth of body volume combined with limited transport of

mercury by milk.76,97,98

After methylmercury is distributed to brain tissue, its fate is uncertain. Animal evidence indicates that methylmercury is converted to inorganic mercury

in brain tissue.63 Primates fed oral methylmercury daily for periods exceeding 1 year and then killed within days of the last exposure demonstrated an
average brain inorganic mercury fraction of only 19%. By contrast, when the postexposure period was extended to between 150 and 650 days, the
inorganic mercury fraction increased to 88%. Similarly, long-term survivors of methylmercury poisoning had a higher ratio of inorganic mercury to

total mercury in their brains.29 In one patient who survived 22 years after methylmercury ingestion, autopsy revealed that the brain mercury was nearly
completely in the inorganic form.

Methylmercury concentrates in RBCs to a much greater degree than do mercuric ions, with an RBC-to-plasma ratio of about 10:1 (in contrast to 1:1 RBC-

to-plasma ratio for inorganic mercury).124 However, despite this apparent affinity for nervous tissue and RBCs, the greatest methylmercury
concentrations are found in the kidneys and liver. In addition, because of the extensive sulfhydryl bonds in hair, methylmercury deposits in hair at

concentrations approximately 250 times that found in whole blood.55

ELIMINATION

Elemental Mercury and Inorganic Mercury

Mercuric ions are excreted through the kidney by both glomerular filtration and tubular secretion and in the GI tract by transfer across gut mesenteric
vessels into feces. Small amounts are reduced to elemental mercury vapor and volatilized from skin and lungs. The total-body half-life of elemental

mercury and inorganic mercury was previously estimated at approximately 30 to 60 days.22,66 However, a recent review of case studies indicates that

the half-life of inorganic mercury in human brains is on the order of several years to several decades.92

Organic Mercury

In contrast to elemental mercury and inorganic mercury, the elimination of short-chain alkyl mercury compounds (such as methylmercury) is
predominantly fecal. Enterohepatic recirculation contributes to its somewhat longer total body half-life of about 70 days. Less than 10% of

methylmercury is excreted in urine and feces as the mercuric cation.124

PATHOPHYSIOLOGY

The pervasive disruption of normal cell physiology by mercury arises from its avid covalent binding to sulfur, replacing the hydrogen ion in the body’s
ubiquitous sulfhydryl groups. Mercury also reacts with phosphoryl, carboxyl, and amide groups, resulting in widespread dysfunction of enzymes,
transport mechanisms, membranes, and structural proteins.

Because mercury deposits in all tissues, the clinical manifestations of mercury toxicity involve multiple organ systems with variable features and
intensity. Necrosis of the GI mucosa and proximal renal tubules, which occurs shortly after mercury salt poisoning, is thought to result from the direct
oxidative effect of mercuric ions. An immune mechanism is attributed to membranous glomerulonephritis and acrodynia associated with the use of

mercurial ointments.13

Neurologic manifestations of methylmercury poisoning correlate with pathologic findings in the brains of both adults and children who were

prenatally exposed.68,113 Grossly, atrophy of the brain is more severe in children who had prenatally or postnatally acquired methylmercury compared
with the brains of those exposed as adults. In the adult brain, neuronal necrosis and glial proliferation are most prominent in the calcarine cortex of
the cerebrum and in the cerebellar cortex. In fetal Minamata disease, similar lesions are present but in a more diffuse and severe form. Atrophy of the
cerebellar hemispheres, postcentral gyri, and calcarine area of the brain demonstrated on magnetic resonance images in organic mercury–poisoned

patients correlates with clinical findings of ataxia, sensory neuropathy, and visual field constriction, respectively.58 Neuropathologic examination of
the brain of a scientist who died after unintentional dermal exposure to dimethylmercury revealed lesions in the cerebellum, temporal lobe, and visual

cortex.105

In rats, neuronal cytotoxicity of methylmercury may result partly from muscarinic receptor–mediated calcium release from smooth endoplasmic

reticulum of cerebellar granule cells.62 There is animal evidence that methylmercury may trigger reactive oxygen species production. In addition,
methylmercury inhibits astrocyte uptake of cysteine, the rate-limiting step in the production of glutathione, a major antioxidant in mammalian cell

systems.104 Cultured astrocytes accumulated methylmercury and exhibited increased mitochondrial permeability and oxidative injury.125 Complexing
of methyl- mercury with L-cysteine may enhance brain uptake by mimicry of methionine, a substrate of the endogenous L amino acid transport system.

Uptake of the L-isomer significantly exceeds that of methylmercury–D-cysteine. Careful selection of stereospecific thiol complexing agents may lead to

strategies to limit brain uptake of methylmercury.56,70

CLINICAL MANIFESTATIONS

Elemental Mercury

Symptoms of acute elemental mercury inhalation occur within hours of exposure and consist of cough, chills, fever, and shortness of breath.
Gastrointestinal complaints include nausea, vomiting, and diarrhea accompanied by a metallic taste, dysphagia, salivation, weakness, headaches, and
visual disturbances. Chest radiography during the acute phase reveals interstitial pneumonitis and both patchy atelectasis and emphysema.
Symptoms either resolve with lesser exposures or progress to acute respiratory distress syndrome (ARDS) with respiratory failure and death. Some
survivors of severe pulmonary toxicity develop interstitial fibrosis and residual restrictive pulmonary disease. The acute respiratory symptoms occur
concomitantly with or precede the development of subacute inorganic mercury poisoning manifested by tremor, kidney dysfunction, and

gingivostomatitis.17,54,94 Thrombocytopenia is also reported to occur during the acute phase.38

Although acute exposure to elemental mercury vapor occurs most commonly in the occupational setting, poisonings caused by mishandling of the

metal in the home are well reported.19,29,50,72,108 In fact, attempts at home metallurgy using metallic mercury have resulted in fatalities with ambient air

concentrations of mercury as high as 0.9 mg/m3. The current US Occupational Safety and Health Administration permissible exposure limit (PEL) for

mercury vapor is 0.1 mg/m3 of air as a ceiling limit.82

As with other inhaled toxins, children are likely to be more sensitive to the pulmonary toxicity of mercury vapor because of their ratio of minute

ventilation volume to body size.72 Although pulmonary toxicity from elemental mercury usually results from inhalation of vapor, massive

endobronchial hemorrhage followed by death has occurred secondary to direct aspiration of metallic mercury into the tracheobronchial tree.127

Gradual volatilization of elemental mercury results in chronic toxicity from improper handling, such as vacuuming spilled mercury.102

The clinical importance of volatilized metallic mercury from dental amalgams for both the dentist and patient is controversial. The preponderance of
evidence refutes the idea that dental amalgam causes mercury poisoning. Several comprehensive reviews of the subject conclude that (1) occupational
exposure to mercury from dental amalgam is acceptably low, provided that recommended preventive measures such as adequate ventilation are
adhered to; (2) the quantity of mercury vaporized from dental amalgam by mechanical forces, such as chewing, is clinically insignificant; and (3) only in
exceedingly rare cases will immunologic hypersensitivity to mercury amalgam (manifested as cutaneous signs and symptoms and confirmed by patch

testing) necessitate removal of the amalgam.33,34,37,61,107

Unusual cases of chronic toxicity have resulted from intentional subcutaneous or IV injection of elemental mercury (Figs. 8–6 and 95–1).49,74 Aside from
management of systemic mercury toxicity, local wound care and excision of deposits of mercury are additional therapeutic challenges presented by
these cases. Serial or repeat radiographs are useful in guiding the removal of the radiopaque deposits.

FIGURE 95–1.

Anteroposterior (A) and lateral (B) views of the elbow after an unsuccessful suicidal gesture involving an attempted intravenous injection of elemental
mercury in the antecubital fossa. Note the extensive subcutaneous mercury deposition, which was partially removed by surgical intervention. (Used
with permission from Diane Sauter, MD.)

Inorganic Mercury

Acute ingestion of mercuric salts produces a characteristic spectrum from severe irritant to caustic gastroenteritis. Immediately after the ingestion, a
grayish discoloration of mucous membranes and metallic taste typically accompany local oropharyngeal pain, nausea, vomiting, and diarrhea followed

by abdominal pain, hematemesis, and hematochezia. The lethal dose of mercuric chloride is estimated to be 30 to 50 mg/kg.116 The life-threatening
manifestations of severe acute mercuric salt ingestion are hemorrhagic gastroenteritis, massive fluid loss resulting in shock, and acute kidney

failure.100

Oropharyngeal injury, nausea, hematemesis, hematochezia, and abdominal pain were the most prominent symptoms in a series of 54 patients who

presented after ingesting up to 4 g of mercuric chloride.116 In this series, fatality was associated with the early development of oliguria (within 3 days)
likely due in large part to lack of routinely available hemodialysis at that time. The development of anuria appeared to be related to the dose of
mercuric chloride ingested. The histopathologic finding of proximal tubular necrosis after mercuric salt poisoning results both from direct toxicity to

renal tubules and from renal hypoperfusion caused by shock. Consequently, aggressive fluid therapy to maintain perfusion is recommended.101

Acute ingestion of mercuric salts is usually intentional, but unintentional ingestion occurs sporadically in both children and adults.51 Although
ingestion of older button batteries containing mercuric oxide was associated with a greater incidence of fragmentation than with other batteries,

clinically significant systemic mercury toxicity by this route was not reported.64,67 Mercuric chloride–containing stool preservatives are another
potential source of unintentional inorganic mercury poisoning. Ingestion of 10 to 20 mL of a polyvinyl alcohol preservative that contained 4.5%

mercuric chloride resulted in bloody gastroenteritis and proteinuria.103 Nonprescription49 and Ayurvedic99 medicines are also associated with

unintentional inorganic mercury poisoning (Chap. 43).53 These xenobiotics are not subject to US Food and Drug Administration (FDA) regulation,
available without prescription, of variable composition, and are often inadequately labeled (Chap. 43).

Subacute or chronic mercury poisoning occurs after inhalation, aspiration, or injection of elemental mercury; ingestion or application of mercury salts;
or ingestion of aryl or long-chain alkyl mercury compounds. Slow in vivo oxidation of elemental mercury and dissociation of the carbon–mercury bond
of aryl or long-chain alkyl mercury compounds result in the production of the inorganic mercurous and mercuric ions.

The predominant manifestations of subacute or chronic mercury toxicity include GI symptoms, neurologic abnormalities, and renal dysfunction.
Gastrointestinal symptoms consist of a metallic taste and burning sensation in the mouth, loose teeth and gingivostomatitis, excessive salivation

(ptyalism), and nausea.122 The neurologic manifestations of chronic inorganic mercurialism include tremor, as well as the syndromes of neurasthenia
and erethism. Neurasthenia is a symptom complex that includes fatigue, depression, headaches, hypersensitivity to stimuli, psychosomatic
complaints, weakness, and loss of concentrating ability. Erethism, derived from the Greek word red, describes the easy blushing and extreme shyness
of affected individuals. Other symptoms of erethism include anxiety, emotional lability, irritability, insomnia, anorexia, weight loss, and delirium.
Mercury produces a characteristic central intention tremor (Chap. 22) that is abolished during sleep. In the most severe forms of mercury-associated
tremor, choreoathetosis and spasmodic ballismus are also reported. Other neurologic manifestations of inorganic mercurialism include a mixed
sensorimotor neuropathy, ataxia, concentric constriction of visual fields (“tunnel vision”), and anosmia.

Chronic poisoning with mercuric ions is associated with renal dysfunction, which ranges from asymptomatic, reversible proteinuria to nephrotic
syndrome with edema and hypoproteinemia. An idiosyncratic hypersensitivity to mercury ions is thought to be responsible for acrodynia, or “pink
disease,” which is an erythematous, edematous, and hyperkeratotic induration of the palms, soles, and face, and a pink papular rash that was first

described in a subset of children exposed to mercurous chloride powders.122 The rash is described as morbilliform, urticarial, vesicular, and
hemorrhagic. This symptom complex also includes excessive sweating, tachycardia, irritability, anorexia, photophobia, insomnia, tremors,
paresthesias, decreased deep tendon reflexes, and weakness. The acral rash frequently progresses to desquamation and ulceration. The prognosis is
favorable after withdrawal from mercury exposure. Childhood acrodynia has become uncommon since the abandonment of mercurial teething
powders and diaper rinses. Occasional case reports still implicate improperly disposed fluorescent light bulbs and phenylmercuric acetate–containing

paint.3,117

Thimerosal is an example of an aryl mercury compound that results in chronic inorganic mercury toxicity. It is a compound that was widely used as a
preservative in the pharmaceutical industry (Chap. 46). Although initial kinetics suggested a stable ethyl–mercury bond, the later elimination phase
more closely resembles that of the inorganic mercury compounds. Thimerosal is approximately 50% mercury by weight. Although generally
considered safe, toxicity and death can occur after both intentional overdose and excessive therapeutic application of merthiolate (0.1% thimerosal or

600 mcg/mL mercury).87,95

Concern that the cumulative dose of thimerosal in childhood immunizations exceeded federally recommended maximum mercury doses (EPA, 0.1
mcg/kg/day; Agency for Toxic Substances and Disease Registry, 0.3 mcg/kg/day; FDA, 0.4 mcg/kg/day) led to a call by the American Academy of

Pediatrics to reduce or eliminate thimerosal from vaccines.4 Thimerosal continues to be used in medically underserved nations as a preservative in

multidose vials in areas with inadequate refrigeration.31 Nevertheless, since 2001, routinely administered childhood vaccines in the United States no

longer contain thimerosal.4,47

Although sensitization after use in vaccinations has been reported in atopic children,86 clinical mercury toxicity has not been reported in appropriately

immunized children. The claim that thimerosal-containing vaccines causes autism has been refuted by numerous studies and meta-analyses.8,65,84,109

No causal association with early thimerosal exposure and adverse neuropsychological outcomes was shown in children tested at 7 to 10 years of

age.115 Clearly, the risk to child health from the diseases targeted for prevention by vaccines far exceeds the risk from thimerosal preservative in

vaccines.39,114,119 In 2010, US courts rejected a causal relationship between thimerosal and autism.32

Organic Mercury Compounds

In contrast to the inorganic mercurials, methylmercury produces an almost purely neurologic disease that is usually permanent except in the mildest of
cases. Although the predominant syndrome associated with methylmercury is that of a delayed neurotoxicity, acute GI symptoms, tremor, respiratory

distress, and dermatitis are also reported.124 In addition, ST segment changes on electrocardiography and renal tubular dysfunction are associated

with this poisoning.45 However, no increase in cardiovascular disease risk was reported with mercury exposure in a large cohort of US adults.73

The lipophilic property and slower elimination of methylmercury likely contribute to its profound neurologic effects. Characteristically, clinical
manifestations occur after the initial poisoning by a latent period of weeks to months. Consequently, the lethal dose of methylmercury is difficult to
determine. As noted previously, infants exposed prenatally to methylmercury were the most severely affected individuals in Minamata. Often born to
mothers with little or no manifestation of methylmercury toxicity themselves, exposed infants exhibited decreased birth weight and muscle tone,
profound developmental delay, seizure disorders, deafness, blindness, and severe spasticity.

Several weeks after methylmercury contaminated grain was ingested in Iraq, patients began to appear with paresthesias involving the lips, nose, and
distal extremities. Symptomatic patients also noted headaches, fatigue, and tremor. More serious cases progressed to ataxia, dysarthria, visual field
constriction, and blindness. Other neurologic deficits included hyperreflexia, hearing disturbances, movement disorders, salivation, and dementia.
The most severely affected patients lay in a mute, rigid posture punctuated only by spontaneous crying, primitive reflexive movements, or feeding

efforts.96

Although the outlook for methylmercury neurotoxicity is generally considered dismal, observations over the subsequent 2 years in 49 Iraqi children

poisoned during the 1971 outbreak revealed complete resolution or partial improvement in all but the most severely affected.5 Of the 40 symptomatic
children, 33 mildly to severely affected children showed partial to complete resolution of symptoms, but the 7 children classified as “very severely
poisoned” remained dysarthric, ataxic, blind, and bedridden.

An important route of organic mercury exposure is through seafood consumption. The safe amount of methylmercury in seafood remains
controversial. The FDA action concentration of 1 ppm for methylmercury in fish was set to limit consumption of methylmercury to less than 1/10th of

amounts found in cases of symptomatic poisoning. The EPA established a reference dose for methylmercury of 0.1 mcg/kg/day.90,118 Although
elevated blood concentrations (19–53 mcg/L) of mercury were found in one group of self-reported high consumers of seafood, increased incidence of

cognitive and GI complaints were not.52 Even so, concentrations at which fetuses experience adverse effects are unknown. Longitudinal studies of fish-
eating populations are conflicting. No effect of a high prenatal fish diet was found on developmental markers in children followed to 19 years of age in

the Seychelles Islands.27,28,120

However, in the studies done in the Faroe Islands and New Zealand, a subtle but significant effect on neuropsychological development was

reported.25,42,110 In the Faroe Islands, this effect persisted when children were retested at 22 years of age.30,31

One reason for the discrepancy that occurs between the 2 populations may be the different patterns of seafood consumption and concentrations of
methylmercury in the seafood consumed by each. The Faroese consume low level mercury–containing fish 1 to 3 times a week with episodic feasts of
highly contaminated pilot whale, whereas the Seychellois consume a more steady diet of low level–contaminated fish on average 12 times per week.
The pilot whales consumed in the Faroe Islands are also contaminated with neurotoxic polychlorinated biphenyls (PCBs), although these compounds
were measured and considered a potential confounding variable. The mean concentration of methylmercury in the whale meat consumed in the Faroe
Islands was 1.6 mcg/g, and the mean concentration of mercury found in New Zealand shark was 2.2 mcg/g. By contrast, the mean methylmercury

content of Seychellois fish was 0.3 mcg/g.75 The threshold concentration for neuropsychological effects may lie between these concentrations.

The development of neurologic symptoms in infants exclusively breastfed by women exposed to methylmercury after delivery and the detection of

mercury in the milk of lactating women implies a risk for mercury poisoning via breast milk.57 In one series of lactating women, mercury concentrations

in milk were approximately 30% of the concentrations found in blood.83 Perhaps because of high levels of PCBs in pilot whale meat, 7-year-old children
from the Faroe Islands, who have a diet traditionally high in the mercury-containing sea mammals and were breast-fed as infants, exhibited a

diminished benefit (but not deficit) on neuropsychological testing when compared with their counterparts fed formula.48

Further complicating findings in a cohort of Faroese children, the neurobehavioral deficits from methylmercury may be underestimated unless the

protective effects of long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, also found in fish) are included in the analysis.21 Likewise, the Seychelles
Child Development Study Nutrition Cohort 2 found no overall adverse association between prenatal methylmercury exposure and

neurodevelopmental outcomes in children with high maternal n-3 PUFA concentrations.111 The net neuropsychological effects of prenatal and dietary
methylmercury result from dose and timing of fish in the diet as well as the concentrations of methylmercury, neurotoxic PCBs, and neuroprotective

PUFA in the consumed fish.111

The FDA recommends that at-risk populations (pregnant women and women who may become pregnant, nursing mothers, and young children) avoid
large predator fish (shark, swordfish, tilefish, and king mackerel) that contain concentrations of methylmercury approaching 1 ppm (1 mcg/g). The
2004 FDA/EPA consumer advisory emphasizes the health benefits of eating fish and allow for up to 12 ounces per week of fish and shellfish lower in
mercury such as shrimp, canned light tuna, salmon, pollock and catfish and up to 6 ounces of albacore tuna per week. Given the beneficial effects of

seafood, efforts should be aimed at decreasing anthropogenic release of mercury rather than elimination of dietary exposure.91

Although methylmercury has greater importance worldwide, the extreme toxicity of another organic mercurial, dimethylmercury, was tragically
demonstrated by the delayed fatal neurotoxicity that developed in a chemist who inadvertently spilled dimethylmercury on a break in the gloves on her

hands.77 Over a period of several days, she developed progressive difficulty with speech, vision, and gait. Despite chelation and exchange transfusion,
she died of mercury neurotoxicity within several months of the exposure.

DIAGNOSTIC TESTING

The dual findings of unexplained neuropsychiatric and kidney abnormalities in an individual should alert the clinician to the possibility of
mercurialism, as should an at-risk occupation or access by the patient to a mercurial product (Table 95–1). Occupational or environmental exposure
and a consistent clinical scenario are suggestive of mercury poisoning, but demonstration of mercury in blood, urine, or tissues is necessary for
confirmation of exposure. Of the many methods available to measure mercury, cold atomic absorption spectrometry is rapid, sensitive, and accurate
but cannot distinguish the various forms of mercury. Thin-layer and gas chromatographic techniques are recommended to distinguish organic from
inorganic mercury. Whole blood should be collected into a trace element collection tube obtained from the laboratory performing the assay. Urine
should be collected for 24 hours into an acid-washed container obtained from a laboratory. Spot collections must be adjusted for creatinine
concentration. Attempts to measure or otherwise handle the specimen should be avoided to prevent external contamination (Table 95–4).

TABLE 95–4

Diagnostic Testing for Mercury

Whole  Blood 24-hour Urine Hair Clinical

Elemental/Inorganic (+)

Acute, transient

(++)

Confirm exposure

Monitor chelation

Poor correlation to

TBB

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Early detection

Organic (++)

Best reflects

TBB

(–)

Fecal elimination

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Reflects irreversible CNS

toxicity

Early detection

There is considerable overlap among concentrations of mercury found in the normal population, asymptomatic exposed individuals, and patients with
clinical evidence of poisoning. There is no definitive correlation between either whole blood or urine mercury concentration and mercury toxicity.
However, mercury serves no useful role in human physiology, and concentrations of 1.0 mcg/L or less for whole blood and 0.5 mcg/L for urine are
generally considered to reflect background exposure in nonpoisoned individuals. The inconsistencies of the values found in the literature for mercury
exposure are a recurrent issue in metal testing. A credible and qualified laboratory should be employed and their reference ranges accepted when

testing is desired.20

For inorganic mercury poisoning, urine mercury concentrations correlate roughly with exposure severity and neuropsychiatric symptoms,93 but the
relationship to total body burden is probably poor. Urine mercury determinations have their greatest usefulness in confirming exposure and
monitoring the efficacy of chelation therapy. Whole blood mercury concentrations reflect intense, acute inorganic mercury exposure but become less
reliable as redistribution to tissues takes place.

Because organic mercury is eliminated via the fecal route, urine mercury concentrations are not useful in methylmercury poisoning. Because
methylmercury concentrates in RBCs, the total-body methylmercury burden is best reflected acutely by whole-blood concentrations. As methylmercury
distributes to and accumulates in brain, the severity of clinical manifestations probably more closely reflects the degree of the irreversible neuronal
destruction that has taken place rather than the current body burden of mercury. Correlation of increasing whole-blood mercury concentrations with

prevalence of paresthesias was suggested in a population of Iraqis studied early in the course of methylmercury poisoning.24 However, in another

group of patients, whole-blood concentrations did not correlate with severity of methylmercury poisoning.96 This apparent discrepancy may have
resulted from the finding that paresthesias are among the earliest reported symptoms of methylmercury poisoning.

Because mercury accumulates in the hair, hair analysis has been used as a tool for measuring mercury burden. However, because metal incorporation
reflects past exposure and hair avidly binds to noningested environmental mercury, the reliability of this method is questionable and is not

recommended.89 In addition to mercury assays, neuropsychiatric testing, nerve conduction studies, and urine assays for N-acetyl-β-D-glucosaminidase

and β2-microglobulin are advocated for early detection of subclinical inorganic and organic mercury toxicity.34,45,93

GENERAL MANAGEMENT

After the initial assessment and stabilization, the early toxicologic management of a patient with mercury poisoning includes termination of exposure
by removal from vapors, washing exposed skin, GI decontamination, supportive measures (eg, hydration, humidified oxygen), baseline diagnostic
studies (eg, complete blood count, serum chemistries, venous blood gas, radiography, ECG), specific analysis of whole blood and urine for mercury,
evaluation of possible cointoxicants, and meticulous monitoring.

Elemental Mercury

Inhalation of mercury vapors or aspiration of metallic mercury may result in life-threatening respiratory failure; in this situation, stabilization of
cardiorespiratory function is the initial priority. Postural drainage and endotracheal suction are a reasonable technique to attempt to remove
aspirated metallic mercury. Parenteral deposition of subcutaneous or intramuscular (IM) mercury is amenable to surgical excision, if well localized
(Fig. 95–1).

An adjunct to the initial management of patients with mercury poisoning is environmental decontamination. Elemental mercury that spills onto solid
surfaces should be adsorbed to sand and the resulting mixture then swept into tightly sealed containers. Ideally, a mercury decontamination kit should
be used. The kit consists of calcium polysulfide, which contains excess sulfur to convert mercury to water-insoluble mercuric sulfide. Absorbent
surfaces, such as carpets, should be removed. Spilled mercury compounds should not be vacuumed because vacuuming could volatilize the

mercury.18 Broken compact fluorescent light bulbs should be handled and disposed of according to EPA guidelines and local requirements.2

Recommendations for decontamination after breakage include opening windows to release vapor, using adhesive tape to pick up visible fragments,
and discarding contaminated material in double-wrapped bags. Guidance for decontamination of major spills and disposal of materials can be
provided by local and federal hazardous materials agencies.

Inorganic Mercury

Because ingestion of inorganic mercuric may lead to cardiovascular collapse caused by severe gastroenteritis and third-space fluid loss, fluid
resuscitation is a priority. Gastrointestinal decontamination of ingested inorganic mercury is particularly problematic because of its causticity and risk
for perforating injury. Nevertheless, one series of patients with mercuric chloride ingestion of up to 4 g reported recovery without long-term GI

sequelae in patients who did not succumb to kidney failure.116 Therefore, unless there is high suspicion for penetrating GI mucosal injury, removal of
mercury from absorptive surfaces should take priority over endoscopic evaluation. The prominence of vomiting makes gastric lavage unnecessary for
most patients with inorganic mercury poisoning.

Metals are among the substances that are often considered to be poorly adsorbed to activated charcoal. Nevertheless, the serious nature of late
sequelae after mercury absorption, the typically small quantities of mercury ingested, and evidence that inorganic mercuric salts actually have
substantial adsorption to activated charcoal (800 mg mercuric chloride can be adsorbed to 1 g activated charcoal) justify the routine administration of

activated charcoal.6 Whole-bowel irrigation with polyethylene glycol solution is a reasonable adjunct to remove residual mercury, and its progress can
be followed with serial radiographs.

Organic Mercury

Organic mercury exposures do not typically present as single acute ingestions but rather as chronic or subacute ingestion of contaminated food.
Therefore, GI decontamination is generally moot with respect to organic mercury poisoning. Nevertheless, its irreversible toxicity coupled with
unsatisfactory treatments calls for aggressive decontamination when acute ingestions or dermal exposures occur.

CHELATION

After initial stabilization and decontamination, early institution of chelators minimizes or prevents the widespread effects of poisoning. Dimercaprol
was developed during World War II as an antidote against lewisite, an arsenical warfare agent. The water-soluble analogs DMPS and succimer were

developed in the 1950s, and the 3 chelators have remained the mainstay of therapy for mercury poisoning.59 A high degree of protein binding and
distribution to the brain are responsible for the lack of efficacy of other measures to increase mercury clearance, such as peritoneal dialysis and

hemodialysis.100 In one report of the use of continuous venovenous hemodiafiltration in combination with a chelator in a patient with severe inorganic

mercury poisoning, 12.7% of the ingested dose was recovered in the ultrafiltrate.26 Hemodialysis may nevertheless ultimately be necessary because of
the acute kidney failure that often occurs after mercuric chloride poisoning.

Chelators have thiol groups that compete with endogenous sulfhydryl groups for the binding of mercury, thereby preventing inactivation of sulfhydryl-
containing enzymes and other essential proteins (Antidotes in Depth: A28 and A29). A history of significant mercury exposure combined with the
presence of typical symptoms of mercury poisoning is an appropriate indication for the institution of chelation therapy. Elevated whole-blood and
urine mercury concentrations help support the decision to begin chelation therapy in unclear cases and can also be used to guide the duration of
therapy. Provocative chelation, in which urinary mercury excretion before and after a chelating dose is compared to determine the degree of mercury

poisoning, is of no value.52 Chelation tends to increase urinary elimination of mercury, regardless of exposure history and baseline excretion.

Elemental Mercury and Inorganic Mercury Salts

For patients with symptomatic acute inorganic mercury poisoning, dimercaprol should be administered for 10 days in dosages of 5 mg/kg/dose every 4
hours IM for 48 hours, then 2.5 mg/kg every 6 hours for 48 hours, followed by 2.5 mg/kg every 12 hours for 7 days. It is reasonable to adjust this dosing
regimen, which was derived from lead poisoning, according to clinical response and the occurrence of adverse reactions.

When a patient can take oral medications, we recommend that dimercaprol be replaced with succimer at 10 mg/kg orally 3 times a day for 5 days, then
twice a day for 14 days if the GI tract is clear. Because headache, nausea, vomiting, abdominal pain, and diaphoresis are common reactions during
dimercaprol chelation therapy, oral succimer is recommended in patients who are not acutely ill or who have been chronically poisoned.

Either dimercaprol or succimer is considered the treatment of choice for inorganic mercury poisoning in the United States, but a few other chelators
deserve mention. 2,3-Dimercapto-1-propanesulfonic acid (DMPS) is a water-soluble dimercaprol derivative that is used in Europe. It is administered
both IV and orally. D-Penicillamine is an orally administered monothiol. Its adverse events—GI distress, rashes, leukopenia, thrombocytopenia, and

proteinuria—although uncommon in therapeutic doses, seriously limit the usefulness of the drug. N-acetyl-D,L-penicillamine (NAP), an investigational

analog of D-penicillamine, is thought to be a more effective chelator of mercury than is D-penicillamine, perhaps because of its greater stability.11,40,43

Organic Mercury Compounds

The neurotoxicity of methylmercury and other organic mercury compounds is resistant to treatment, and therapeutic options are less than
satisfactory. In rats, both dimercaprol and D-penicillamine effectively reduced tissue mercury and prevented neurologic toxicity if administered within

the first day of a methylmercury injection.126 Neither treatment reversed neurologic toxicity when administered 12 days after methylmercury injection.
2,3-Dimercapto-1-propanesulphonate, D-penicillamine, NAP, and a thiolated resin all led to a marked reduction of blood half-life of mercury (ie, 10, 24,

23, and 19 days, respectively, versus 60 days) during the outbreak of methylmercury poisoning in Iraq in 1971.24 Clinical improvement was not
observed in any treatment group, but it is reasonable to postulate that reducing the total-body burden of methylmercury may prevent or limit the

progression of disease. When studied in mice poisoned with methylmercury,1 succimer was superior to NAP, DMPS, and a thiolated resin in decreasing
brain mercury and increasing urinary excretion. Brain mercury was decreased to 35% of control, and the total-body burden fell to 19%. Some animal

evidence suggests that dimercaprol increases mercury mobilization into the brain.7,10,15 For this reason, and the lack of serious GI symptoms
necessitating parenteral chelation, We recommend against the use of dimercaprol the treatment of patients with organic mercury poisoning.

Because the neurologic impairment associated with methylmercury is both profound and essentially irreversible, early recognition of poisoning and
prevention of neurotoxicity are essential to a successful outcome. At this time, succimer is the most reasonable treatment for methylmercury
poisoning because of its apparently low toxicity and reported efficacy in animal trials.

SUMMARY

Mercury poisoning by any of the 3 major forms—elemental, inorganic, and organic—presents a complex toxicologic problem associated with a
large variety of clinical presentations.

An ever present awareness of the signs and symptoms coupled with the knowledge of the differing clinical forms is essential for both early
recognition and effective treatment.

Although some chelators show promise in the treatment of mercury poisoning, neurologic sequelae, particularly those resulting from organic
mercury exposures, remain largely irreversible.

Dietary fish remains an important source of mercury exposure and mercurial neuropsychologic illness.

There is no evidence for the role of mercury in the pathogenesis of autism.

Promotion of public education regarding the dangers of mercury, its avoidance, and proper disposal may aid in the prevention of mercury
poisoning.
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ATN = acute tubular necrosis; BAL = British anti-Lewisite; CNS = central nervous system; GI = gastrointestinal; + to +++ = present with increasing importance; - =

absent.

CNS = central nervous system; TBB = total body burden; + to ++ = useful testing specimen; - = lack of utility.
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Chapter 95: Mercury

Young-Jin Sue

INTRODUCTION

HISTORY AND EPIDEMIOLOGY

Mercury is a metal that is widely toxic to multiple organ systems. Its toxicologic manifestations are well known as a result of thousands of years of

medicinal applications, industrial use, and environmental disasters.69,112 Mercury occurs naturally in small amounts as the elemental (Hg0) silver-

colored liquid (quicksilver); as inorganic compounds such as mercuric (Hg2+) sulfide (cinnabar), mercurous (Hg+) chloride (calomel), mercuric chloride
(corrosive sublimate), and mercuric oxide; and as organic compounds (methylmercury and dimethylmercury). Mercury’s gastroenteric irritant effects
led to its use as a therapy for constipation. In recent (16th–19th), centuries, mercury-containing preparations, advocated for their potent diuretic and

sialogogic properties, were widely used to treat syphilis to “flush” the “virus” out.81 The musician Paganini was one of several famous persons whose
gingivitis, dental decay, ptyalism (excessive salivation), and erethism (pathologic irritability and emotional instability) were attributed to mercury

therapy.80 In the 1800s, the United States witnessed an epidemic of “hatters’ shakes” or “Danbury shakes” and “mercurial salivation” in hat industry

workers.123 Danbury, Connecticut, was a US center of felt hat manufacturing in which mercuric nitrate was used to mat animal furs into felt.112,123

In the early 1900s, acrodynia, a painful dusky pink discoloration of the hands and feet, or “pink disease,” was described in children who received

calomel for ascariasis or teething discomfort.16 Vividly described in a series of 41 children, the development of acrodynia was more common in

younger children, did not seem to correlate with mercury dose, and was not necessarily related to urine concentrations of mercury.122

One of the most devastating epidemics of mercury poisoning occurred as the result of a decade of contamination of Minamata Bay in Japan by a
nearby vinyl chloride plant during the 1940s. Methylmercury accumulated in the bay’s marine life and poisoned the inhabitants of the local fishing
community. Although officially only 121 victims were reported, thousands more are believed to have been affected by what has subsequently been

named Minamata disease.88,113 The largest outbreak of methylmercury poisoning to date occurred in Iraq in late 1971. Approximately 95,000 tons of
seed grain intended for planting and treated with methylmercury as a fungicide were baked into bread for direct consumption, resulting in widespread

neurologic symptoms, 6,530 hospital admissions, and more than 400 deaths.5,23,96

In 1990, the US Environmental Protection Agency (EPA) banned mercury-containing compounds from interior paints.3 However, mercury-containing
paints manufactured before that ruling may still be on interior walls, and mercury-containing paint can still be sold for outdoor use. In 1997, a scientist

succumbed to delayed, progressive neurologic deterioration after a minute dermal exposure to dimethylmercury.77 Contemporary exposures occur in

the form of mercury-tainted seafood, mercury-based preservatives (thimerosal), and artisanal gold mining.36

However, a once widely feared source of potential poisoning, mercury-containing dental amalgam does not result in clinical poisoning.14 Occasionally,
exposure to mercury from broken thermometers leads to poisoning in the home, but such thermometers are becoming less common because of

recent efforts to replace mercury with digital thermometers and other electronic devices.78

More recently, the ongoing movement to replace incandescent light bulbs with compact fluorescent bulbs has once again raised the concern of
exposure to mercury in the home and environment. Promoted to reduce greenhouse gas emissions, each bulb contains about 4 mg of elemental

mercury.2

Table 95–1 lists some potential sources of mercury exposure.

TABLE 95–1

Exposures to Mercury

Elemental Inorganic Organic

Manufacturing/Industrial Barometers

Bronzing

Ceramics

Chlorine manufacture

Electroplating

Jewelry

Metal refineries

Paints

Paper pulp

Photography

Batteries

Chemistry sets

Dyes

Explosives

Fireworks

Laboratory reagents

Tanneries

Taxidermy

Vinyl chloride manufacture

Agriculture

Embalming

Fungicides

Laboratory reagents

Pesticides

Wood preservatives

Medical/Medicinal Amalgam

Sphygmomanometry

Tissue fixatives

Thermometers

Weighted nasogastric tubes

Antiseptics

Calomel

Disinfectants

Laxatives

Nonprescription medications

Bactericidals

Pharmaceuticals

Preservatives

Food/Other Ritualistic, complementary Aesthetic, cosmetic

Ayurvedic

Grains (contaminated)

Seafood

FORMS OF MERCURY AND TOXICOKINETICS

The 3 clinically important forms of mercury—elemental, inorganic, and organic—differ with respect to their toxicodynamics and toxicokinetics (Table
95–2). Each produces distinct clinical patterns of poisoning stemming in part from their unique kinetic features (Table 95–3). For each form, the
specific manifestations are determined by the route of exposure, rate of exposure, distribution, biotransformation of mercury within the body, and
relative accumulation or elimination of mercury by the target organ systems. Whereas elemental mercury produces pulmonary toxicity, inorganic
mercury initially causes gastrointestinal (GI) symptoms followed by nephrotoxicity. A nearly pure neurologic toxicity results from organic
(methylmercury) exposure.

TABLE 95–2

Classes of  Mercury Compounds

Nomenclature Example

Elemental Hg0 Quicksilver

Inorganic Hg+

HgCl

Hg2+

HgCl2

Mercurous ion

Calomel, mercurous chloride

Mercuric ion

Mercuric chloride

Organic Short-chain alkyl–mercury compounds

Long-chain mercury compounds

Aryl mercury compounds

Methylmercury

Ethylmercury

Dimethylmercury

Methoxyethylmercury

Phenylmercury

TABLE 95–3

Differential Characteristics of Mercury Exposure

Elemental Inorganic Organic

Primary route of exposure Inhalation Oral Oral

Primary tissue distribution CNS, kidney Blood (transient, acute)

Kidney

CNS (delayed)

CNS, kidney, liver, blood, hair

Clearance Kidney, GI Kidney, GI Methyl: GI

Aryl: kidney, GI

Clinical effects

 CNS Tremor Tremor, erethism Paresthesias, ataxia, tremor, tunnel vision, dysarthria

 Pulmonary +++ – –

 Gastrointestinal + +++ (caustic) +

 Renal + +++ (ATN) +

 Acrodynia + ++ –

Therapy BAL, succimer BAL, succimer Succimer (early)

ABSORPTION

Elemental Mercury

Elemental mercury (Hg0) is absorbed primarily via inhalation of vapor, although slow absorption after aspiration, subcutaneous deposition, and direct

intravenous (IV) embolization occurs.60,74,121 Volatility, moderate at room temperature, increases significantly with heating or aerosolization, both of

which occur with vacuuming.44,102 When inhaled by human volunteers, 75% to 80% of mercury vapor is absorbed.44 However, elemental mercury is
negligibly absorbed from an anatomically and functionally normal GI tract, and it is usually considered nontoxic when ingested. Abnormal GI motility
prolongs mucosal exposure to elemental mercury, and massive ingestion increases subsequent ionization to more readily absorbed forms. Similarly,
anatomic GI abnormalities such as fistulae or perforation are associated with extravasation of mercury into the peritoneal in which where elemental
mercury is oxidized to more readily absorbed inorganic forms.

Inorganic Mercury

The principal route of absorption for inorganic mercury is the GI tract. Approximately 10% of soluble divalent (Hg2+) mercuric salts such as mercuric

chloride (HgCl2) are absorbed following ingestion and dissociation.66 Absorption of a relatively insoluble monovalent (Hg+) mercurous compound,

such as mercurous chloride (calomel; HgCl), is dependent on its oxidation to the divalent form.79 Inorganic mercury is also absorbed across the skin
and mucous membranes, as evidenced by urinary excretion of mercury after dermal application of skin-lightening mercurial ointments and powders

containing HgCl.106,122

The degree of dermal absorption varies by the concentration of mercury, skin integrity, and lipid solubility of the vehicle. With substantial dermal
exposures to mercury salts, skin absorption may be difficult to distinguish from concomitant absorption via other routes, such as ingestion.

Organic Mercury

As in the case of inorganic mercury, organic mercury is primarily absorbed from the GI tract. Methylmercury, considered the prototype of the short-

chain alkyl compounds, is approximately 90% absorbed from the gut. Aryl and long-chain alkyl compounds have more than 50% GI absorption.79

Although both dermal and inhalational absorption of organic mercury is reported, precise quantitation and exclusion of concomitant absorption by
ingestion are difficult to determine.

DISTRIBUTION AND BIOTRANSFORMATION

After absorption, mercury distributes widely to all tissues, predominantly the kidneys, liver, spleen, and central nervous system (CNS). The initial
distributive pattern into nervous tissue of elemental and organic mercury differs from that of the inorganic compounds because of their greater lipid
solubility.

Elemental Mercury

Although peak concentrations of elemental mercury are delayed in the CNS as compared with other organs (2–3 days versus 1 day),44 significant
accumulation in the CNS occurs after an acute, intense exposure to elemental mercury vapor. Conversion of elemental mercury to the charged

mercuric (Hg2+) cation within the CNS favors retention and local accumulation. Because elemental mercury does not covalently bind to other

compounds, its toxicity depends on its oxidation initially to the mercurous ion (Hg+) and then to the mercuric ion (Hg2+) by the enzyme catalase.66

Because this oxidation–reduction reaction favors the mercuric cation at steady state, the distribution and late manifestations of metallic mercury
toxicity eventually resemble those of inorganic mercury poisoning. Conversely, and to a lesser extent, inorganic mercuric ions are reduced to the

elemental state (Hg0), although the site and mechanism of this reaction are not well understood.79

Inorganic Mercury

The greatest concentration of mercuric ions is found in the kidneys, particularly within the renal tubules. At least in animal studies, administration of

mercury induces the renal synthesis of metallothionein, a compound that binds to and detoxifies mercuric ions.12 Very little mercury is found as free
mercuric ions. In blood, mercuric ions are found both within the red blood cells (RBCs) and bound to plasma proteins in approximately equal
proportions. Blood concentrations are greatest immediately after inorganic mercury exposure, with rapid waning as distribution to other tissues
occurs. Although penetration of the blood–brain barrier is poor because of low lipid solubility, slow elimination and prolonged exposure contribute to
significant CNS accumulation of mercuric ions. Within the CNS, mercuric ions concentrate in the cerebellum and hippocampus, and to a lesser degree,

the cerebral cortex.35 Although inorganic mercurials undergo organification in marine life, as in the Minamata Bay disaster,9,85 the importance of this

conversion in humans is unknown. Animal studies demonstrate that the placenta functions as an effective barrier to mercuric ions.79

Organic Mercury

Once absorbed, aryl (phenyl mercury) and long-chain alkyl mercury compounds differ from the short-chain organic mercury compounds
(methylmercury) in an important way—the former possess a labile carbon–mercury bond, which is subsequently cleaved, releasing the inorganic
mercuric ion. Thus, the distribution pattern and toxicologic manifestations produced by the aryl and long-chain alkyl compounds that occur beyond
the immediate postabsorptive phase are comparable to those of inorganic mercury, but organification has facilitated absorption and reduced the local

caustic effects.79 In contrast, short-chain alkyl mercury compounds possess relatively stable carbon–mercury bonds that survive the absorptive phase,

although conversion to the inorganic mercuric cation at a rate of less than 1% per day occurs after absorption.124 Because it is lipophilic,

methylmercury readily distributes across all tissues, including the blood–brain barrier and placenta.46 An important consequence of this property is
the devastating neurologic degeneration that develops in prenatally exposed infants with Minamata disease. The rapid decline of blood mercury
concentrations in both suckling rats and breastfeeding human infants is attributed to rapid growth of body volume combined with limited transport of

mercury by milk.76,97,98

After methylmercury is distributed to brain tissue, its fate is uncertain. Animal evidence indicates that methylmercury is converted to inorganic mercury

in brain tissue.63 Primates fed oral methylmercury daily for periods exceeding 1 year and then killed within days of the last exposure demonstrated an
average brain inorganic mercury fraction of only 19%. By contrast, when the postexposure period was extended to between 150 and 650 days, the
inorganic mercury fraction increased to 88%. Similarly, long-term survivors of methylmercury poisoning had a higher ratio of inorganic mercury to

total mercury in their brains.29 In one patient who survived 22 years after methylmercury ingestion, autopsy revealed that the brain mercury was nearly
completely in the inorganic form.

Methylmercury concentrates in RBCs to a much greater degree than do mercuric ions, with an RBC-to-plasma ratio of about 10:1 (in contrast to 1:1 RBC-

to-plasma ratio for inorganic mercury).124 However, despite this apparent affinity for nervous tissue and RBCs, the greatest methylmercury
concentrations are found in the kidneys and liver. In addition, because of the extensive sulfhydryl bonds in hair, methylmercury deposits in hair at

concentrations approximately 250 times that found in whole blood.55

ELIMINATION

Elemental Mercury and Inorganic Mercury

Mercuric ions are excreted through the kidney by both glomerular filtration and tubular secretion and in the GI tract by transfer across gut mesenteric
vessels into feces. Small amounts are reduced to elemental mercury vapor and volatilized from skin and lungs. The total-body half-life of elemental

mercury and inorganic mercury was previously estimated at approximately 30 to 60 days.22,66 However, a recent review of case studies indicates that

the half-life of inorganic mercury in human brains is on the order of several years to several decades.92

Organic Mercury

In contrast to elemental mercury and inorganic mercury, the elimination of short-chain alkyl mercury compounds (such as methylmercury) is
predominantly fecal. Enterohepatic recirculation contributes to its somewhat longer total body half-life of about 70 days. Less than 10% of

methylmercury is excreted in urine and feces as the mercuric cation.124

PATHOPHYSIOLOGY

The pervasive disruption of normal cell physiology by mercury arises from its avid covalent binding to sulfur, replacing the hydrogen ion in the body’s
ubiquitous sulfhydryl groups. Mercury also reacts with phosphoryl, carboxyl, and amide groups, resulting in widespread dysfunction of enzymes,
transport mechanisms, membranes, and structural proteins.

Because mercury deposits in all tissues, the clinical manifestations of mercury toxicity involve multiple organ systems with variable features and
intensity. Necrosis of the GI mucosa and proximal renal tubules, which occurs shortly after mercury salt poisoning, is thought to result from the direct
oxidative effect of mercuric ions. An immune mechanism is attributed to membranous glomerulonephritis and acrodynia associated with the use of

mercurial ointments.13

Neurologic manifestations of methylmercury poisoning correlate with pathologic findings in the brains of both adults and children who were

prenatally exposed.68,113 Grossly, atrophy of the brain is more severe in children who had prenatally or postnatally acquired methylmercury compared
with the brains of those exposed as adults. In the adult brain, neuronal necrosis and glial proliferation are most prominent in the calcarine cortex of
the cerebrum and in the cerebellar cortex. In fetal Minamata disease, similar lesions are present but in a more diffuse and severe form. Atrophy of the
cerebellar hemispheres, postcentral gyri, and calcarine area of the brain demonstrated on magnetic resonance images in organic mercury–poisoned

patients correlates with clinical findings of ataxia, sensory neuropathy, and visual field constriction, respectively.58 Neuropathologic examination of
the brain of a scientist who died after unintentional dermal exposure to dimethylmercury revealed lesions in the cerebellum, temporal lobe, and visual

cortex.105

In rats, neuronal cytotoxicity of methylmercury may result partly from muscarinic receptor–mediated calcium release from smooth endoplasmic

reticulum of cerebellar granule cells.62 There is animal evidence that methylmercury may trigger reactive oxygen species production. In addition,
methylmercury inhibits astrocyte uptake of cysteine, the rate-limiting step in the production of glutathione, a major antioxidant in mammalian cell

systems.104 Cultured astrocytes accumulated methylmercury and exhibited increased mitochondrial permeability and oxidative injury.125 Complexing
of methyl- mercury with L-cysteine may enhance brain uptake by mimicry of methionine, a substrate of the endogenous L amino acid transport system.

Uptake of the L-isomer significantly exceeds that of methylmercury–D-cysteine. Careful selection of stereospecific thiol complexing agents may lead to

strategies to limit brain uptake of methylmercury.56,70

CLINICAL MANIFESTATIONS

Elemental Mercury

Symptoms of acute elemental mercury inhalation occur within hours of exposure and consist of cough, chills, fever, and shortness of breath.
Gastrointestinal complaints include nausea, vomiting, and diarrhea accompanied by a metallic taste, dysphagia, salivation, weakness, headaches, and
visual disturbances. Chest radiography during the acute phase reveals interstitial pneumonitis and both patchy atelectasis and emphysema.
Symptoms either resolve with lesser exposures or progress to acute respiratory distress syndrome (ARDS) with respiratory failure and death. Some
survivors of severe pulmonary toxicity develop interstitial fibrosis and residual restrictive pulmonary disease. The acute respiratory symptoms occur
concomitantly with or precede the development of subacute inorganic mercury poisoning manifested by tremor, kidney dysfunction, and

gingivostomatitis.17,54,94 Thrombocytopenia is also reported to occur during the acute phase.38

Although acute exposure to elemental mercury vapor occurs most commonly in the occupational setting, poisonings caused by mishandling of the

metal in the home are well reported.19,29,50,72,108 In fact, attempts at home metallurgy using metallic mercury have resulted in fatalities with ambient air

concentrations of mercury as high as 0.9 mg/m3. The current US Occupational Safety and Health Administration permissible exposure limit (PEL) for

mercury vapor is 0.1 mg/m3 of air as a ceiling limit.82

As with other inhaled toxins, children are likely to be more sensitive to the pulmonary toxicity of mercury vapor because of their ratio of minute

ventilation volume to body size.72 Although pulmonary toxicity from elemental mercury usually results from inhalation of vapor, massive

endobronchial hemorrhage followed by death has occurred secondary to direct aspiration of metallic mercury into the tracheobronchial tree.127

Gradual volatilization of elemental mercury results in chronic toxicity from improper handling, such as vacuuming spilled mercury.102

The clinical importance of volatilized metallic mercury from dental amalgams for both the dentist and patient is controversial. The preponderance of
evidence refutes the idea that dental amalgam causes mercury poisoning. Several comprehensive reviews of the subject conclude that (1) occupational
exposure to mercury from dental amalgam is acceptably low, provided that recommended preventive measures such as adequate ventilation are
adhered to; (2) the quantity of mercury vaporized from dental amalgam by mechanical forces, such as chewing, is clinically insignificant; and (3) only in
exceedingly rare cases will immunologic hypersensitivity to mercury amalgam (manifested as cutaneous signs and symptoms and confirmed by patch

testing) necessitate removal of the amalgam.33,34,37,61,107

Unusual cases of chronic toxicity have resulted from intentional subcutaneous or IV injection of elemental mercury (Figs. 8–6 and 95–1).49,74 Aside from
management of systemic mercury toxicity, local wound care and excision of deposits of mercury are additional therapeutic challenges presented by
these cases. Serial or repeat radiographs are useful in guiding the removal of the radiopaque deposits.

FIGURE 95–1.

Anteroposterior (A) and lateral (B) views of the elbow after an unsuccessful suicidal gesture involving an attempted intravenous injection of elemental
mercury in the antecubital fossa. Note the extensive subcutaneous mercury deposition, which was partially removed by surgical intervention. (Used
with permission from Diane Sauter, MD.)

Inorganic Mercury

Acute ingestion of mercuric salts produces a characteristic spectrum from severe irritant to caustic gastroenteritis. Immediately after the ingestion, a
grayish discoloration of mucous membranes and metallic taste typically accompany local oropharyngeal pain, nausea, vomiting, and diarrhea followed

by abdominal pain, hematemesis, and hematochezia. The lethal dose of mercuric chloride is estimated to be 30 to 50 mg/kg.116 The life-threatening
manifestations of severe acute mercuric salt ingestion are hemorrhagic gastroenteritis, massive fluid loss resulting in shock, and acute kidney

failure.100

Oropharyngeal injury, nausea, hematemesis, hematochezia, and abdominal pain were the most prominent symptoms in a series of 54 patients who

presented after ingesting up to 4 g of mercuric chloride.116 In this series, fatality was associated with the early development of oliguria (within 3 days)
likely due in large part to lack of routinely available hemodialysis at that time. The development of anuria appeared to be related to the dose of
mercuric chloride ingested. The histopathologic finding of proximal tubular necrosis after mercuric salt poisoning results both from direct toxicity to

renal tubules and from renal hypoperfusion caused by shock. Consequently, aggressive fluid therapy to maintain perfusion is recommended.101

Acute ingestion of mercuric salts is usually intentional, but unintentional ingestion occurs sporadically in both children and adults.51 Although
ingestion of older button batteries containing mercuric oxide was associated with a greater incidence of fragmentation than with other batteries,

clinically significant systemic mercury toxicity by this route was not reported.64,67 Mercuric chloride–containing stool preservatives are another
potential source of unintentional inorganic mercury poisoning. Ingestion of 10 to 20 mL of a polyvinyl alcohol preservative that contained 4.5%

mercuric chloride resulted in bloody gastroenteritis and proteinuria.103 Nonprescription49 and Ayurvedic99 medicines are also associated with

unintentional inorganic mercury poisoning (Chap. 43).53 These xenobiotics are not subject to US Food and Drug Administration (FDA) regulation,
available without prescription, of variable composition, and are often inadequately labeled (Chap. 43).

Subacute or chronic mercury poisoning occurs after inhalation, aspiration, or injection of elemental mercury; ingestion or application of mercury salts;
or ingestion of aryl or long-chain alkyl mercury compounds. Slow in vivo oxidation of elemental mercury and dissociation of the carbon–mercury bond
of aryl or long-chain alkyl mercury compounds result in the production of the inorganic mercurous and mercuric ions.

The predominant manifestations of subacute or chronic mercury toxicity include GI symptoms, neurologic abnormalities, and renal dysfunction.
Gastrointestinal symptoms consist of a metallic taste and burning sensation in the mouth, loose teeth and gingivostomatitis, excessive salivation

(ptyalism), and nausea.122 The neurologic manifestations of chronic inorganic mercurialism include tremor, as well as the syndromes of neurasthenia
and erethism. Neurasthenia is a symptom complex that includes fatigue, depression, headaches, hypersensitivity to stimuli, psychosomatic
complaints, weakness, and loss of concentrating ability. Erethism, derived from the Greek word red, describes the easy blushing and extreme shyness
of affected individuals. Other symptoms of erethism include anxiety, emotional lability, irritability, insomnia, anorexia, weight loss, and delirium.
Mercury produces a characteristic central intention tremor (Chap. 22) that is abolished during sleep. In the most severe forms of mercury-associated
tremor, choreoathetosis and spasmodic ballismus are also reported. Other neurologic manifestations of inorganic mercurialism include a mixed
sensorimotor neuropathy, ataxia, concentric constriction of visual fields (“tunnel vision”), and anosmia.

Chronic poisoning with mercuric ions is associated with renal dysfunction, which ranges from asymptomatic, reversible proteinuria to nephrotic
syndrome with edema and hypoproteinemia. An idiosyncratic hypersensitivity to mercury ions is thought to be responsible for acrodynia, or “pink
disease,” which is an erythematous, edematous, and hyperkeratotic induration of the palms, soles, and face, and a pink papular rash that was first

described in a subset of children exposed to mercurous chloride powders.122 The rash is described as morbilliform, urticarial, vesicular, and
hemorrhagic. This symptom complex also includes excessive sweating, tachycardia, irritability, anorexia, photophobia, insomnia, tremors,
paresthesias, decreased deep tendon reflexes, and weakness. The acral rash frequently progresses to desquamation and ulceration. The prognosis is
favorable after withdrawal from mercury exposure. Childhood acrodynia has become uncommon since the abandonment of mercurial teething
powders and diaper rinses. Occasional case reports still implicate improperly disposed fluorescent light bulbs and phenylmercuric acetate–containing

paint.3,117

Thimerosal is an example of an aryl mercury compound that results in chronic inorganic mercury toxicity. It is a compound that was widely used as a
preservative in the pharmaceutical industry (Chap. 46). Although initial kinetics suggested a stable ethyl–mercury bond, the later elimination phase
more closely resembles that of the inorganic mercury compounds. Thimerosal is approximately 50% mercury by weight. Although generally
considered safe, toxicity and death can occur after both intentional overdose and excessive therapeutic application of merthiolate (0.1% thimerosal or

600 mcg/mL mercury).87,95

Concern that the cumulative dose of thimerosal in childhood immunizations exceeded federally recommended maximum mercury doses (EPA, 0.1
mcg/kg/day; Agency for Toxic Substances and Disease Registry, 0.3 mcg/kg/day; FDA, 0.4 mcg/kg/day) led to a call by the American Academy of

Pediatrics to reduce or eliminate thimerosal from vaccines.4 Thimerosal continues to be used in medically underserved nations as a preservative in

multidose vials in areas with inadequate refrigeration.31 Nevertheless, since 2001, routinely administered childhood vaccines in the United States no

longer contain thimerosal.4,47

Although sensitization after use in vaccinations has been reported in atopic children,86 clinical mercury toxicity has not been reported in appropriately

immunized children. The claim that thimerosal-containing vaccines causes autism has been refuted by numerous studies and meta-analyses.8,65,84,109

No causal association with early thimerosal exposure and adverse neuropsychological outcomes was shown in children tested at 7 to 10 years of

age.115 Clearly, the risk to child health from the diseases targeted for prevention by vaccines far exceeds the risk from thimerosal preservative in

vaccines.39,114,119 In 2010, US courts rejected a causal relationship between thimerosal and autism.32

Organic Mercury Compounds

In contrast to the inorganic mercurials, methylmercury produces an almost purely neurologic disease that is usually permanent except in the mildest of
cases. Although the predominant syndrome associated with methylmercury is that of a delayed neurotoxicity, acute GI symptoms, tremor, respiratory

distress, and dermatitis are also reported.124 In addition, ST segment changes on electrocardiography and renal tubular dysfunction are associated

with this poisoning.45 However, no increase in cardiovascular disease risk was reported with mercury exposure in a large cohort of US adults.73

The lipophilic property and slower elimination of methylmercury likely contribute to its profound neurologic effects. Characteristically, clinical
manifestations occur after the initial poisoning by a latent period of weeks to months. Consequently, the lethal dose of methylmercury is difficult to
determine. As noted previously, infants exposed prenatally to methylmercury were the most severely affected individuals in Minamata. Often born to
mothers with little or no manifestation of methylmercury toxicity themselves, exposed infants exhibited decreased birth weight and muscle tone,
profound developmental delay, seizure disorders, deafness, blindness, and severe spasticity.

Several weeks after methylmercury contaminated grain was ingested in Iraq, patients began to appear with paresthesias involving the lips, nose, and
distal extremities. Symptomatic patients also noted headaches, fatigue, and tremor. More serious cases progressed to ataxia, dysarthria, visual field
constriction, and blindness. Other neurologic deficits included hyperreflexia, hearing disturbances, movement disorders, salivation, and dementia.
The most severely affected patients lay in a mute, rigid posture punctuated only by spontaneous crying, primitive reflexive movements, or feeding

efforts.96

Although the outlook for methylmercury neurotoxicity is generally considered dismal, observations over the subsequent 2 years in 49 Iraqi children

poisoned during the 1971 outbreak revealed complete resolution or partial improvement in all but the most severely affected.5 Of the 40 symptomatic
children, 33 mildly to severely affected children showed partial to complete resolution of symptoms, but the 7 children classified as “very severely
poisoned” remained dysarthric, ataxic, blind, and bedridden.

An important route of organic mercury exposure is through seafood consumption. The safe amount of methylmercury in seafood remains
controversial. The FDA action concentration of 1 ppm for methylmercury in fish was set to limit consumption of methylmercury to less than 1/10th of

amounts found in cases of symptomatic poisoning. The EPA established a reference dose for methylmercury of 0.1 mcg/kg/day.90,118 Although
elevated blood concentrations (19–53 mcg/L) of mercury were found in one group of self-reported high consumers of seafood, increased incidence of

cognitive and GI complaints were not.52 Even so, concentrations at which fetuses experience adverse effects are unknown. Longitudinal studies of fish-
eating populations are conflicting. No effect of a high prenatal fish diet was found on developmental markers in children followed to 19 years of age in

the Seychelles Islands.27,28,120

However, in the studies done in the Faroe Islands and New Zealand, a subtle but significant effect on neuropsychological development was

reported.25,42,110 In the Faroe Islands, this effect persisted when children were retested at 22 years of age.30,31

One reason for the discrepancy that occurs between the 2 populations may be the different patterns of seafood consumption and concentrations of
methylmercury in the seafood consumed by each. The Faroese consume low level mercury–containing fish 1 to 3 times a week with episodic feasts of
highly contaminated pilot whale, whereas the Seychellois consume a more steady diet of low level–contaminated fish on average 12 times per week.
The pilot whales consumed in the Faroe Islands are also contaminated with neurotoxic polychlorinated biphenyls (PCBs), although these compounds
were measured and considered a potential confounding variable. The mean concentration of methylmercury in the whale meat consumed in the Faroe
Islands was 1.6 mcg/g, and the mean concentration of mercury found in New Zealand shark was 2.2 mcg/g. By contrast, the mean methylmercury

content of Seychellois fish was 0.3 mcg/g.75 The threshold concentration for neuropsychological effects may lie between these concentrations.

The development of neurologic symptoms in infants exclusively breastfed by women exposed to methylmercury after delivery and the detection of

mercury in the milk of lactating women implies a risk for mercury poisoning via breast milk.57 In one series of lactating women, mercury concentrations

in milk were approximately 30% of the concentrations found in blood.83 Perhaps because of high levels of PCBs in pilot whale meat, 7-year-old children
from the Faroe Islands, who have a diet traditionally high in the mercury-containing sea mammals and were breast-fed as infants, exhibited a

diminished benefit (but not deficit) on neuropsychological testing when compared with their counterparts fed formula.48

Further complicating findings in a cohort of Faroese children, the neurobehavioral deficits from methylmercury may be underestimated unless the

protective effects of long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, also found in fish) are included in the analysis.21 Likewise, the Seychelles
Child Development Study Nutrition Cohort 2 found no overall adverse association between prenatal methylmercury exposure and

neurodevelopmental outcomes in children with high maternal n-3 PUFA concentrations.111 The net neuropsychological effects of prenatal and dietary
methylmercury result from dose and timing of fish in the diet as well as the concentrations of methylmercury, neurotoxic PCBs, and neuroprotective

PUFA in the consumed fish.111

The FDA recommends that at-risk populations (pregnant women and women who may become pregnant, nursing mothers, and young children) avoid
large predator fish (shark, swordfish, tilefish, and king mackerel) that contain concentrations of methylmercury approaching 1 ppm (1 mcg/g). The
2004 FDA/EPA consumer advisory emphasizes the health benefits of eating fish and allow for up to 12 ounces per week of fish and shellfish lower in
mercury such as shrimp, canned light tuna, salmon, pollock and catfish and up to 6 ounces of albacore tuna per week. Given the beneficial effects of

seafood, efforts should be aimed at decreasing anthropogenic release of mercury rather than elimination of dietary exposure.91

Although methylmercury has greater importance worldwide, the extreme toxicity of another organic mercurial, dimethylmercury, was tragically
demonstrated by the delayed fatal neurotoxicity that developed in a chemist who inadvertently spilled dimethylmercury on a break in the gloves on her

hands.77 Over a period of several days, she developed progressive difficulty with speech, vision, and gait. Despite chelation and exchange transfusion,
she died of mercury neurotoxicity within several months of the exposure.

DIAGNOSTIC TESTING

The dual findings of unexplained neuropsychiatric and kidney abnormalities in an individual should alert the clinician to the possibility of
mercurialism, as should an at-risk occupation or access by the patient to a mercurial product (Table 95–1). Occupational or environmental exposure
and a consistent clinical scenario are suggestive of mercury poisoning, but demonstration of mercury in blood, urine, or tissues is necessary for
confirmation of exposure. Of the many methods available to measure mercury, cold atomic absorption spectrometry is rapid, sensitive, and accurate
but cannot distinguish the various forms of mercury. Thin-layer and gas chromatographic techniques are recommended to distinguish organic from
inorganic mercury. Whole blood should be collected into a trace element collection tube obtained from the laboratory performing the assay. Urine
should be collected for 24 hours into an acid-washed container obtained from a laboratory. Spot collections must be adjusted for creatinine
concentration. Attempts to measure or otherwise handle the specimen should be avoided to prevent external contamination (Table 95–4).

TABLE 95–4

Diagnostic Testing for Mercury

Whole  Blood 24-hour Urine Hair Clinical

Elemental/Inorganic (+)

Acute, transient

(++)

Confirm exposure

Monitor chelation

Poor correlation to

TBB

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Early detection

Organic (++)

Best reflects

TBB

(–)

Fecal elimination

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Reflects irreversible CNS

toxicity

Early detection

There is considerable overlap among concentrations of mercury found in the normal population, asymptomatic exposed individuals, and patients with
clinical evidence of poisoning. There is no definitive correlation between either whole blood or urine mercury concentration and mercury toxicity.
However, mercury serves no useful role in human physiology, and concentrations of 1.0 mcg/L or less for whole blood and 0.5 mcg/L for urine are
generally considered to reflect background exposure in nonpoisoned individuals. The inconsistencies of the values found in the literature for mercury
exposure are a recurrent issue in metal testing. A credible and qualified laboratory should be employed and their reference ranges accepted when

testing is desired.20

For inorganic mercury poisoning, urine mercury concentrations correlate roughly with exposure severity and neuropsychiatric symptoms,93 but the
relationship to total body burden is probably poor. Urine mercury determinations have their greatest usefulness in confirming exposure and
monitoring the efficacy of chelation therapy. Whole blood mercury concentrations reflect intense, acute inorganic mercury exposure but become less
reliable as redistribution to tissues takes place.

Because organic mercury is eliminated via the fecal route, urine mercury concentrations are not useful in methylmercury poisoning. Because
methylmercury concentrates in RBCs, the total-body methylmercury burden is best reflected acutely by whole-blood concentrations. As methylmercury
distributes to and accumulates in brain, the severity of clinical manifestations probably more closely reflects the degree of the irreversible neuronal
destruction that has taken place rather than the current body burden of mercury. Correlation of increasing whole-blood mercury concentrations with

prevalence of paresthesias was suggested in a population of Iraqis studied early in the course of methylmercury poisoning.24 However, in another

group of patients, whole-blood concentrations did not correlate with severity of methylmercury poisoning.96 This apparent discrepancy may have
resulted from the finding that paresthesias are among the earliest reported symptoms of methylmercury poisoning.

Because mercury accumulates in the hair, hair analysis has been used as a tool for measuring mercury burden. However, because metal incorporation
reflects past exposure and hair avidly binds to noningested environmental mercury, the reliability of this method is questionable and is not

recommended.89 In addition to mercury assays, neuropsychiatric testing, nerve conduction studies, and urine assays for N-acetyl-β-D-glucosaminidase

and β2-microglobulin are advocated for early detection of subclinical inorganic and organic mercury toxicity.34,45,93

GENERAL MANAGEMENT

After the initial assessment and stabilization, the early toxicologic management of a patient with mercury poisoning includes termination of exposure
by removal from vapors, washing exposed skin, GI decontamination, supportive measures (eg, hydration, humidified oxygen), baseline diagnostic
studies (eg, complete blood count, serum chemistries, venous blood gas, radiography, ECG), specific analysis of whole blood and urine for mercury,
evaluation of possible cointoxicants, and meticulous monitoring.

Elemental Mercury

Inhalation of mercury vapors or aspiration of metallic mercury may result in life-threatening respiratory failure; in this situation, stabilization of
cardiorespiratory function is the initial priority. Postural drainage and endotracheal suction are a reasonable technique to attempt to remove
aspirated metallic mercury. Parenteral deposition of subcutaneous or intramuscular (IM) mercury is amenable to surgical excision, if well localized
(Fig. 95–1).

An adjunct to the initial management of patients with mercury poisoning is environmental decontamination. Elemental mercury that spills onto solid
surfaces should be adsorbed to sand and the resulting mixture then swept into tightly sealed containers. Ideally, a mercury decontamination kit should
be used. The kit consists of calcium polysulfide, which contains excess sulfur to convert mercury to water-insoluble mercuric sulfide. Absorbent
surfaces, such as carpets, should be removed. Spilled mercury compounds should not be vacuumed because vacuuming could volatilize the

mercury.18 Broken compact fluorescent light bulbs should be handled and disposed of according to EPA guidelines and local requirements.2

Recommendations for decontamination after breakage include opening windows to release vapor, using adhesive tape to pick up visible fragments,
and discarding contaminated material in double-wrapped bags. Guidance for decontamination of major spills and disposal of materials can be
provided by local and federal hazardous materials agencies.

Inorganic Mercury

Because ingestion of inorganic mercuric may lead to cardiovascular collapse caused by severe gastroenteritis and third-space fluid loss, fluid
resuscitation is a priority. Gastrointestinal decontamination of ingested inorganic mercury is particularly problematic because of its causticity and risk
for perforating injury. Nevertheless, one series of patients with mercuric chloride ingestion of up to 4 g reported recovery without long-term GI

sequelae in patients who did not succumb to kidney failure.116 Therefore, unless there is high suspicion for penetrating GI mucosal injury, removal of
mercury from absorptive surfaces should take priority over endoscopic evaluation. The prominence of vomiting makes gastric lavage unnecessary for
most patients with inorganic mercury poisoning.

Metals are among the substances that are often considered to be poorly adsorbed to activated charcoal. Nevertheless, the serious nature of late
sequelae after mercury absorption, the typically small quantities of mercury ingested, and evidence that inorganic mercuric salts actually have
substantial adsorption to activated charcoal (800 mg mercuric chloride can be adsorbed to 1 g activated charcoal) justify the routine administration of

activated charcoal.6 Whole-bowel irrigation with polyethylene glycol solution is a reasonable adjunct to remove residual mercury, and its progress can
be followed with serial radiographs.

Organic Mercury

Organic mercury exposures do not typically present as single acute ingestions but rather as chronic or subacute ingestion of contaminated food.
Therefore, GI decontamination is generally moot with respect to organic mercury poisoning. Nevertheless, its irreversible toxicity coupled with
unsatisfactory treatments calls for aggressive decontamination when acute ingestions or dermal exposures occur.

CHELATION

After initial stabilization and decontamination, early institution of chelators minimizes or prevents the widespread effects of poisoning. Dimercaprol
was developed during World War II as an antidote against lewisite, an arsenical warfare agent. The water-soluble analogs DMPS and succimer were

developed in the 1950s, and the 3 chelators have remained the mainstay of therapy for mercury poisoning.59 A high degree of protein binding and
distribution to the brain are responsible for the lack of efficacy of other measures to increase mercury clearance, such as peritoneal dialysis and

hemodialysis.100 In one report of the use of continuous venovenous hemodiafiltration in combination with a chelator in a patient with severe inorganic

mercury poisoning, 12.7% of the ingested dose was recovered in the ultrafiltrate.26 Hemodialysis may nevertheless ultimately be necessary because of
the acute kidney failure that often occurs after mercuric chloride poisoning.

Chelators have thiol groups that compete with endogenous sulfhydryl groups for the binding of mercury, thereby preventing inactivation of sulfhydryl-
containing enzymes and other essential proteins (Antidotes in Depth: A28 and A29). A history of significant mercury exposure combined with the
presence of typical symptoms of mercury poisoning is an appropriate indication for the institution of chelation therapy. Elevated whole-blood and
urine mercury concentrations help support the decision to begin chelation therapy in unclear cases and can also be used to guide the duration of
therapy. Provocative chelation, in which urinary mercury excretion before and after a chelating dose is compared to determine the degree of mercury

poisoning, is of no value.52 Chelation tends to increase urinary elimination of mercury, regardless of exposure history and baseline excretion.

Elemental Mercury and Inorganic Mercury Salts

For patients with symptomatic acute inorganic mercury poisoning, dimercaprol should be administered for 10 days in dosages of 5 mg/kg/dose every 4
hours IM for 48 hours, then 2.5 mg/kg every 6 hours for 48 hours, followed by 2.5 mg/kg every 12 hours for 7 days. It is reasonable to adjust this dosing
regimen, which was derived from lead poisoning, according to clinical response and the occurrence of adverse reactions.

When a patient can take oral medications, we recommend that dimercaprol be replaced with succimer at 10 mg/kg orally 3 times a day for 5 days, then
twice a day for 14 days if the GI tract is clear. Because headache, nausea, vomiting, abdominal pain, and diaphoresis are common reactions during
dimercaprol chelation therapy, oral succimer is recommended in patients who are not acutely ill or who have been chronically poisoned.

Either dimercaprol or succimer is considered the treatment of choice for inorganic mercury poisoning in the United States, but a few other chelators
deserve mention. 2,3-Dimercapto-1-propanesulfonic acid (DMPS) is a water-soluble dimercaprol derivative that is used in Europe. It is administered
both IV and orally. D-Penicillamine is an orally administered monothiol. Its adverse events—GI distress, rashes, leukopenia, thrombocytopenia, and

proteinuria—although uncommon in therapeutic doses, seriously limit the usefulness of the drug. N-acetyl-D,L-penicillamine (NAP), an investigational

analog of D-penicillamine, is thought to be a more effective chelator of mercury than is D-penicillamine, perhaps because of its greater stability.11,40,43

Organic Mercury Compounds

The neurotoxicity of methylmercury and other organic mercury compounds is resistant to treatment, and therapeutic options are less than
satisfactory. In rats, both dimercaprol and D-penicillamine effectively reduced tissue mercury and prevented neurologic toxicity if administered within

the first day of a methylmercury injection.126 Neither treatment reversed neurologic toxicity when administered 12 days after methylmercury injection.
2,3-Dimercapto-1-propanesulphonate, D-penicillamine, NAP, and a thiolated resin all led to a marked reduction of blood half-life of mercury (ie, 10, 24,

23, and 19 days, respectively, versus 60 days) during the outbreak of methylmercury poisoning in Iraq in 1971.24 Clinical improvement was not
observed in any treatment group, but it is reasonable to postulate that reducing the total-body burden of methylmercury may prevent or limit the

progression of disease. When studied in mice poisoned with methylmercury,1 succimer was superior to NAP, DMPS, and a thiolated resin in decreasing
brain mercury and increasing urinary excretion. Brain mercury was decreased to 35% of control, and the total-body burden fell to 19%. Some animal

evidence suggests that dimercaprol increases mercury mobilization into the brain.7,10,15 For this reason, and the lack of serious GI symptoms
necessitating parenteral chelation, We recommend against the use of dimercaprol the treatment of patients with organic mercury poisoning.

Because the neurologic impairment associated with methylmercury is both profound and essentially irreversible, early recognition of poisoning and
prevention of neurotoxicity are essential to a successful outcome. At this time, succimer is the most reasonable treatment for methylmercury
poisoning because of its apparently low toxicity and reported efficacy in animal trials.

SUMMARY

Mercury poisoning by any of the 3 major forms—elemental, inorganic, and organic—presents a complex toxicologic problem associated with a
large variety of clinical presentations.

An ever present awareness of the signs and symptoms coupled with the knowledge of the differing clinical forms is essential for both early
recognition and effective treatment.

Although some chelators show promise in the treatment of mercury poisoning, neurologic sequelae, particularly those resulting from organic
mercury exposures, remain largely irreversible.

Dietary fish remains an important source of mercury exposure and mercurial neuropsychologic illness.

There is no evidence for the role of mercury in the pathogenesis of autism.

Promotion of public education regarding the dangers of mercury, its avoidance, and proper disposal may aid in the prevention of mercury
poisoning.

REFERENCES

Aaseth  J, Frieheim  EA. Treatment of methyl mercury poisoning in mice with 2,3-dimercaptosuccinic acid and other complexing thiols. Acta
Pharmacol Toxicol (Copenh).  1978;42:248–252. [PubMed: 580671] 

Agency USEP. Cleaning up a broken CFL. http://www2.epa.gov/cfl/cleaning-broken-cfl.

Agocs  MM, et al. Mercury exposure from interior latex paint. N Engl J Med.  1990; 323:1096–1101. [PubMed: 2215577] 

American Academy of Pediatrics Committee on Infectious Diseases and Committee on Environmental Health. Thimerosal in vaccines—an interim
report to clinicians. Pediatrics.  1999;104:570–574. [PubMed: 10469789] 

Amin-zaki  L, et al. Methylmercury poisoning in Iraqi children: clinical observations over two years. Br Med J.  1978;1:613–616. [PubMed: 630256] 

Andersen  A. Experimental studies on the pharmacology of activated charcoal. III: adsorption from gastrointestinal contents. Acta Pharmacol
Toxicol.  1948;4:275–284.

Andersen  O, Aaseth  J. Molecular mechanisms of in vivo metal chelation: implications for clinical treatment of metal intoxications. Environ Health
Perspect.  2002;110(suppl 5):887–890. [PubMed: 12426153] 

Andrews  N, et al. Thimerosal exposure in infants and developmental disorders: a retrospective cohort study in the United Kingdom does not
support a causal association. Pediatrics.  2004;114:584–591. [PubMed: 15342825] 

Poulain  AJ, Barkay  T. Cracking the mercury methylation code. Science.  2013;339:1280. [PubMed: 23493700] 

Aposhian  HV, et al. Mobilization of heavy metals by newer therapeutically useful chelating agents. Toxicology . 1995;97:23–38. [PubMed: 7716789] 

Aronow  R, Fleischmann  LE. Mercury poisoning in children. The value of N -acetyl-D,L-penicillamine in a combined therapeutic approach. Clin

Pediatr (Phila).  1976;15:936–937, 943-945. [PubMed: 971568] 

Asano  S, et al. Review article: acute inorganic mercury vapor inhalation poisoning. Pathol Int.  2000;50:169–174. [PubMed: 10792779] 

Becker  CG, et al. Nephrotic syndrome after contact with mercury. A report of five cases, three after the use of ammoniated mercury ointment. Arch
Intern Med.  1962;110:178–186. [PubMed: 13866316] 

Bellinger  DC, et al. Neuropsychological and renal effects of dental amalgam in children. A randomized clinical trial. JAMA.  2006;295:1775–1783. 
[PubMed: 16622139] 

Berlin  M, Rylander  R. Increased brain uptake of mercury induced by 2,3-dimercaptopropanol (BAL) in mice exposed to phenylmercuric acetate. J
Pharmacol Exp Ther.  1964;146:236–240. [PubMed: 14236935] 

Black  J. The puzzle of pink disease. J R Soc Med.  1999;92:478–481. [PubMed: 10645305] 

Bluhm  RE, et al. Elemental mercury vapour toxicity, treatment, and prognosis after acute, intensive exposure in chloralkali plant workers. Part I:
history, neuropsychological findings and chelator effects. Hum Exp Toxicol.  1992;11:201–210. [PubMed: 1352115] 

Caldwell  KL, et al. Total blood mercury concentrations in the U.S. population: 1999–2006. Int J Hyg Environ Health.  2009;212:588–598. [PubMed:
19481974] 

Centers for Disease Control and Prevention. Epidemiologic notes and reports elemental mercury poisoning in a household—Ohio, 1989. MMWR
Morb Mortal Wkly Rep.  1990;39:424–425. [PubMed: 2113168] 

Centers for Disease Control and Prevention. Fourth National Report on Human Exposure to Environmental Chemicals.  July 26, 2012. 2009.

Choi  AL, et al. Negative confounding by essential fatty acids in methylmercury neurotoxicity associations. Neurotoxicol Teratol.  2014;42:85–92. 
[PubMed: 24561639] 

Clarkson  T. Mercury. J Am Coll Toxicol.  1989;8:1291–1296.

Clarkson  TW, et al. An outbreak of methylmercury poisoning due to consumption of contaminated grain. Fed Proc.  1976;35:2395–2399. [PubMed:
964390] 

Clarkson  TW, et al. Tests of efficacy of antidotes for removal of methylmercury in human poisoning during the Iraq outbreak. J Pharmacol Exp
Ther.  1981;218:74–83. [PubMed: 7241391] 

Crump  KS, et al. Influence of prenatal mercury exposure upon scholastic and psychological test performance: benchmark analysis of a New
Zealand cohort. Risk Anal.  1998;18:701–713. [PubMed: 9972579] 

Dargan  PI, et al. Case report: severe mercuric sulphate poisoning treated with 2,3-dimercaptopropane-1-sulphonate and haemodiafiltration. Crit
Care.  2003;7:R1–R6. [PubMed: 12793883] 

Davidson  PW, et al. Fish consumption and prenatal methylmercury exposure: cognitive and behavioral outcomes in the main cohort at 17 years
from the Seychelles child development study. Neurotoxicology.  2011;32:711–717. [PubMed: 21889535] 

Davidson  PW, et al. Fish consumption, mercury exposure, and their associations with scholastic achievement in the Seychelles Child Development
Study. Neurotoxicology.  2010;31:439–447. [PubMed: 20576509] 

Davis  LE, et al. Methylmercury poisoning: long-term clinical, radiological, toxicological, and pathological studies of an affected family. Ann Neurol.
1994;35:680–688. [PubMed: 8210224] 

Debes  F, et al. Impact of prenatal methylmercury exposure on neurobehavioral function at age 14 years. Neurotoxicol Teratol.  2006;28:536–547. 
[PubMed: 17067778] 

Debes  F, et al. Cognitive deficits at age 22 years associated with prenatal exposure to methylmercury. Cortex.  2016;74:358–369. [PubMed:
26109549] 

Dyer  C. Thiomersal does not cause autism, US court finds. BMJ.  2010;340:c1518. [PubMed: 20233774] 

Eley  BM, Cox  SW. Mercury from dental amalgam fillings in patients. Br Dent J.  1987;163:221–226. [PubMed: 3314942] 

Eti  S, et al. Slight renal effect of mercury from amalgam fillings. Pharmacol Toxicol.  1995;76:47–49. [PubMed: 7753757] 

Feng  W, et al. Mercury and trace element distribution in organic tissues and regional brain of fetal rat after in utero and weaning exposure to low
dose of inorganic mercury. Toxicol Lett.  2004;152:223–234. [PubMed: 15331131] 

Fraser  B. Peru’s gold rush prompts public-health emergency. Nature.  2016;534:162. [PubMed: 27279188] 

Fung  YK, Molvar  MP. Toxicity of mercury from dental environment and from amalgam restorations. J Toxicol Clin Toxicol.  1992;30:49–61. 
[PubMed: 1542149] 

Fuortes  LJ, et al. Immune thrombocytopenia and elemental mercury poisoning. J Toxicol Clin Toxicol.  1995;33:449–455. [PubMed: 7650769] 

Gadad  BS, et al. Administration of thimerosal-containing vaccines to infant rhesus macaques does not result in autism-like behavior or
neuropathology. Proc Natl Acad Sci U S A . 2015;112:12498–12503. [PubMed: 26417083] 

Gledhill  RF, Hopkins  AP. Chronic inorganic mercury poisoning treated with N -acetyl-D-penicillamine. Br J Ind Med.  1972;29:225–228. [PubMed:

5022002] 

Global Alliance for Vaccines and Immunisation. Report to the GAVI Alliance Board Report of the Chief Executive Officer.  2012.

Grandjean  P, et al. Cognitive deficit in 7-year-old children with prenatal exposure to methylmercury. Neurotoxicol Teratol.  1997;19:417–428. 
[PubMed: 9392777] 

Hryhorczuk  DO, et al. Treatment of mercury intoxication in a dentist with N -acetyl-D,L-penicillamine. J Toxicol Clin Toxicol.  1982;19:401–408. 

[PubMed: 7143525] 

Hursh  JB, et al. Clearance of mercury (HG-197, HG-203) vapor inhaled by human subjects. Arch Environ Health.  1976;31:302–309. [PubMed: 999343]

Iesato  K, et al. Renal tubular dysfunction in Minamata disease: detection of renal tubular antigen and beta-2-microglobulin in the urine. Ann Intern
Med.  1977;86:731–737. [PubMed: 68693] 

Inouye  M, Kajiwara  Y. Developmental disturbances of the fetal brain in guinea-pigs caused by methylmercury. Arch Toxicol.  1988;62:15–21. 
[PubMed: 3190452] 

Jacobson  R. Vaccine safety. Immunol Allergy Clin North Am.  2003;23:589–603. [PubMed: 14753382] 

Jensen  TK, et al. Effects of breast feeding on neuropsychological development in a community with methylmercury exposure from seafood. J Expo
Anal Environ Epidemiol.  2005;15:423–430. [PubMed: 15674318] 

Johnson  HR, Koumides  O. Unusual case of mercury poisoning. Br Med J.  1967;1:340–341. [PubMed: 6017490] 

Jung  RC, Aaronson  J. Death following inhalation of mercury vapor at home. West J Med.  1980;132:539–543. [PubMed: 7405205] 

Kahn  A, et al. Accidental ingestion of mercuric sulphate in a 4-year-old child. Management with BAL and peritoneal dialysis. Clin Pediatr (Phila).
1977;16:956–958. [PubMed: 891074] 

Kales  SN, Goldman  RH. Mercury exposure: current concepts, controversies, and a clinic’s experience. J Occup Environ Med.  2002;44:143–154. 
[PubMed: 11851215] 

Kang-Yum  E, Oransky  SH. Chinese patent medicine as a potential source of mercury poisoning. Vet Hum Toxicol.  1992;34:235–238. [PubMed:
1609495] 

Kanluen  S, Gottlieb  CA. A clinical pathologic study of four adult cases of acute mercury inhalation toxicity. Arch Pathol Lab Med.  1991;115:56–60. 
[PubMed: 1987914] 

Katz  SA, Katz  RB. Use of hair analysis for evaluating mercury intoxication of the human body: a review. J Appl Toxicol.  1992;12:79–84. [PubMed:
1556385] 

Kerper  LE, et al. Methylmercury transport across the blood-brain barrier by an amino acid carrier. Am J Physiol.  1992;262(5, pt 2):R761–R765. 
[PubMed: 1590471] 

Koos  BJ, Longo  LD. Mercury toxicity in the pregnant woman, fetus, and newborn infant. A review. Am J Obstet Gynecol.  1976;126:390–409. 
[PubMed: 786026] 

Korogi  Y, et al. MR findings in seven patients with organic mercury poisoning (Minamata disease). AJNR Am J Neuroradiol.  1994;15:1575–1578. 
[PubMed: 7985580] 

Kosnett  MJ. The role of chelation in the treatment of arsenic and mercury poisoning. J Med Toxicol.  2013;9:347–354. [PubMed: 24178900] 

Krohn  IT, et al. Subcutaneous injection of metallic mercury. JAMA.  1980;243:548–549. [PubMed: 7351787] 

Langan  DC, et al. The use of mercury in dentistry: critical review of the recent literature. J Am Dent Assoc.  1987;115:867–879. [PubMed: 3320152] 

Limke  TL, et al. Acute exposure to methylmercury causes Ca2+ dysregulation and neuronal death in rat cerebellar granule cells through an M3
muscarinic receptor-linked pathway. Toxicol Sci.  2004;80:60–68. [PubMed: 15141107] 

Lind  B FL, Nylander  M. Preliminary studies on methylmercury biotransformation and clearance in the brain of primates: II. Demethylation of
mercury in brain. J Trace Elem Exp Med.  1988;1:49–56.

Litovitz  T, Schmitz  BF. Ingestion of cylindrical and button batteries: an analysis of 2382 cases. Pediatrics.  1992;89:747–757. [PubMed: 1557273] 

Madsen  KM, et al. Thimerosal and the occurrence of autism: negative ecological evidence from Danish population-based data. Pediatrics.
2003;112:604–606. [PubMed: 12949291] 

Magos  L. Mercury. In: Seiler  HG, ed. Handbook on Toxicity of Inorganic Compounds. New York, NY: Marcel Dekker; 1988:419–436.

Mant  TGK, et al. Mercury poisoning after disc-battery ingestion. Hum Toxicol.  1987;6:179–181. [PubMed: 3557477] 

Matsumoto  H, et al. Fetal Minamata disease: a neuropathological study of two cases of intrauterine intoxication by a methyl mercury compound. J
Neuropathol Exp Neurol.  1964;24:563–574.

Maurissen  J. History of mercury and mercurialism. N Y State J Med.  1981;81:1902–1909.

Mokrzan  EM, et al. Methylmercury-thiol uptake into cultured brain capillary endothelial cells on amino acid system L. J Pharmacol Exp Ther.
1995;272:1277–1284. [PubMed: 7891344] 

Mostafazadeh  B, et al. Mercury exposure of gold mining workers in the northwest of Iran. Pak J Pharm Sci.  2013;26:1267–1270. [PubMed:
24191337] 

Moutinho  ME, et al. Acute mercury vapor poisoning. Fatality in an infant. Am J Dis Child.  1981;135:42–44. [PubMed: 7457442] 

Mozaffarian  D, et al. Mercury exposure and risk of cardiovascular disease in two U.S. cohorts. N Engl J Med.  2011;364:1116–1125. [PubMed:
21428767] 

Murray  KM, Hedgepeth  JC. Intravenous self-administration of elemental mercury: efficacy of dimercaprol therapy. Drug Intell Clin Pharm.
1988;22:972–975. [PubMed: 3243178] 

Myers  G. Prenatal methylmercury exposure from ocean fish consumption in the Seychelles child development study. Lancet.  2003;361:1686–1692. 
[PubMed: 12767734] 

Newland  MC, Reile  PA. Blood and brain mercury levels after chronic gestational exposure to methylmercury in rats. Toxicol Sci.  1999;50:106–116. 
[PubMed: 10445759] 

Nierenberg  DW, et al. Delayed cerebellar disease and death after accidental exposure to dimethylmercury. N Engl J Med.  1998;338:1672–1676. 
[PubMed: 9614258] 

NIST. End of an era: NIST to cease calibrating mercury thermometers. February 02, 2011 https://www.nist.gov/news-events/news/2011/02/end-era-
nist-cease-calibrating-mercury-thermometers. Created February 01, 2011. Updated September 21, 2016.

Nordberg  GF, Skerfving  S. Metabolism. In: Friberg  L, Vostal  J, eds. Mercury in the Environment: An Epidemiological and Toxicological Appraisal .
Cleveland, OH: CRC Press; 1972:29–90.

O’Shea  J. Was Paganini poisoned with mercury? J R Soc Med.  1988;81:594–597. [PubMed: 3054102] 

O’Shea  JG. Two minutes with venus, two years with mercury—mercury as an antisyphilitic chemotherapeutic agent. J R Soc Med.  1990;83:392–395. 
[PubMed: 2199676] 

Occupational Safety and Health Administration. Occupational Safety and Health Guideline for Mercury Vapor. Occupational Safety and Health
Guidelines. http://www.osha.gov/SLTC/healthguidelines/mercuryvapor/recognition.html.

Oskarsson  A, et al. Exposure to toxic elements via breast milk. Analyst.  1995;120:765–770. [PubMed: 7741226] 

Parker  SK, et al. Thimerosal-containing vaccines and autistic spectrum disorder: a critical review of published original data. Pediatrics.
2004;114:793–804. [PubMed: 15342856] 

Parks  JM, et al. The genetic basis for bacterial mercury methylation. Science.  2013;339:1332–1335. [PubMed: 23393089] 

Patrizi  A, et al. Sensitization to thimerosal in atopic children. Contact Dermatitis.  1999;40:94–97. [PubMed: 10048654] 

Pfab  R, et al. Clinical course of severe poisoning with thimerosal. J Toxicol Clin Toxicol.  1996;34:453–460. [PubMed: 8699562] 

Powell  P. Minamata disease: a story of mercury’s malevolence. South Med J.  1991; 84:1352–1358. [PubMed: 1948221] 

Queipo  Abad S, et al. Evidence of the direct adsorption of mercury in human hair during occupational exposure to mercury vapour. J Trace Elem
Med Biol.  2016;36:16–21. [PubMed: 27259347] 

Rice  D. Methods and rationale for derivation of a reference dose for methylmercury by the US EPA. Risk Anal.  2003;23:107–115. [PubMed:
12635727] 

Rice  DC. The US EPA reference dose for methylmercury: sources of uncertainty Backgrounder for the 2004 FDA/EPA Consumer Advisory: what you
need to know about mercury in fish and shellfish. Environ Res.  2004;406–413.
http://water.epa.gov/scitech/swguidance/fishshellfish/outreach/factsheet.cfm.

Rooney  JP. The retention time of inorganic mercury in the brain—a systematic review of the evidence. Toxicol Appl Pharmacol.  2014;274:425–435. 
[PubMed: 24368178] 

Rosenman  KD, et al. Sensitive indicators of inorganic mercury toxicity. Arch Environ Health.  1986;41:208–215. [PubMed: 3767430] 

Rowens  B, et al. Respiratory failure and death following acute inhalation of mercury vapor. A clinical and histologic perspective. Chest.
1991;99:185–190. [PubMed: 1984951] 

Royhans  J, et al. Mercury toxicity following Merthiolate ear irrigations. J Pediatr.  1984;104:311–313. [PubMed: 6694031] 

Rustam  H, Hamdi  T. Methyl mercury poisoning in Iraq. A neurological study. Brain.  1974;97:500–510. [PubMed: 4425451] 

Sakamoto  M, et al. Evaluation of changes in methylmercury accumulation in the developing rat brain and its effects: a study with consecutive and
moderate dose exposure throughout gestation and lactation periods. Brain Res.  2002;949:51–59. [PubMed: 12213299] 

Sakamoto  M, et al. Declining risk of methylmercury exposure to infants during lactation. Environ Res.  2002;90:185–189. [PubMed: 12477463] 

Saper  RB, et al. Lead, mercury, and arsenic in US- and Indian-manufactured Ayurvedic medicines sold via the Internet. JAMA.  2008;300:915–923. 
[PubMed: 18728265] 

Sauder  P, et al. Acute mercury chloride intoxication. Effects of hemodialysis and plasma exchange on mercury kinetic. J Toxicol Clin Toxicol.
1988;26:189–197. [PubMed: 3418774] 

Schnellmann  R. Toxic responses of the kidney. In: Klaassen  CD, Casarett  LJ, eds. Casarett and Doull’s Toxicology: The Basic Science of Poisons .
6th ed. New York, NY: McGraw-Hill; 2001:491–514.

Schwartz  JG, et al. Toxicity of a family from vacuumed mercury. Am J Emerg Med.  1992;10:258–261. [PubMed: 1316757] 

Seidel  J. Acute mercury poisoning after polyvinyl alcohol preservative ingestion. Pediatrics.  1980;66:132–134. [PubMed: 7402778] 

Shanker  G, Aschner  M. Identification and characterization of uptake systems for cystine and cysteine in cultured astrocytes and neurons:
evidence for methylmercury-targeted disruption of astrocyte transport. J Neurosci Res.  2001;66:998–1002. [PubMed: 11746429] 

Siegler  RW, et al. Fatal poisoning from liquid dimethylmercury: a neuropathologic study. Hum Pathol.  1999;30:720–723. [PubMed: 10374784] 

Sin  KW, Tsang  HS. Large-scale mercury exposure due to a cream cosmetic: community-wide case series. Hong Kong Med J.  2003;9:329–334. 
[PubMed: 14530526] 

Snapp  KR, et al. The contribution of dental amalgam to mercury in blood. J Dent Res.  1989;68:780–785. [PubMed: 2715470] 

Snodgrass  W, et al. Mercury poisoning from home gold ore processing. Use of penicillamine and dimercaprol. JAMA.  1981;246:1929–1931. 
[PubMed: 7288970] 

Stehr-Green  P. Autism and thimerosal-containing vaccines: lack of consistent evidence for an association. Am J Prev Med.  2003;25:101–106. 
[PubMed: 12880876] 

Stern  A, et al. Do recent data from the Seychelles Islands alter the conclusions of the NRC report on the toxicologic effects of methylmercury?
Environ Health.  2004;3.

Strain  JJ, et al. Prenatal exposure to methyl mercury from fish consumption and polyunsaturated fatty acids: associations with child development
at 20 mo of age in an observational study in the Republic of Seychelles. Am J Clin Nutr.  2015;101:530–537. [PubMed: 25733638] 

Sunderman  FW. Perils of mercury. Ann Clin Lab Sci.  1988;18:89–101. [PubMed: 3289472] 

Takeuchi  T. Pathology of Minamata disease. With special reference to its pathogenesis. Acta Pathol Jpn.  1982;32(suppl 1):73–99. [PubMed:
6765001] 

Taylor  LE, et al. Vaccines are not associated with autism: an evidence-based meta-analysis of case-control and cohort studies. Vaccine.
2014;32:3623–3629. [PubMed: 24814559] 

Thompson  W, et al. Early Thimerosal exposure and neuropsychological outcomes at 7-10 years. N Engl J Med.  2007;357:1281–1292. [PubMed:
17898097] 

Troen  P, et al. Mercuric bichloride poisoning. N Engl J Med.  1951;244:459–463. [PubMed: 14806784] 

Tunnessen  WW Jr, et al. Acrodynia: exposure to mercury from fluorescent light bulbs. Pediatrics.  1987;79:786–789. [PubMed: 3575038] 

United States Environmental Protection Agency. Characterization of Human Health and Wildlife Risks from Anthropogenic Mercury Emissions in
the United States . Washington, DC: US EPA; 1997.

Uno  Y, et al. Early exposure to the combined measles-mumps-rubella vaccine and thimerosal-containing vaccines and risk of autism spectrum
disorder. Vaccine.  2015;33:2511–2516. [PubMed: 25562790] 

van Wijngaarden  E, et al. Prenatal methyl mercury exposure in relation to neurodevelopment and behavior at 19 years of age in the Seychelles
Child Development Study. Neurotoxicol Teratol.  2013;39:19–25. [PubMed: 23770126] 

Wallach  L. Aspiration of elemental mercury—evidence of absorption without toxicity. N Engl J Med.  1972;287:178–179. [PubMed: 5033527] 

Warkany  J, Hubbard  DM. Adverse mercurial reactions in the form of acrodynia and related conditions. AMA Am J Dis Child.  1951;81:335–373. 
[PubMed: 14810170] 

Wedeen  R. Were the hatters of New Jersey “mad”? Am J Ind Meds.  1989;16:225–233.

Winship  K. Organic mercury compounds and their toxicity. Adverse Drug React Toxicol Rev.  1986;3:141–180.

Yin  Z, et al. Methylmercury induces oxidative injury, alterations in permeability and glutamine transport in cultured astrocytes. Brain Res.
2007;1131:1–10. [PubMed: 17182013] 

Zimmer  L, Carter  DE. The effect of 2,3-dimercaptopropanol and D-penicillamine on methyl mercury induced neurological signs and weight loss.

Life Sci.  1978;23: 1025–1034. [PubMed: 713681] 

Zimmerman  JE. Fatality following metallic mercury aspiration during removal of a long intestinal tube. JAMA.  1969;208:2158–2160. [PubMed:
5818993] 

Emory University

Access Provided by:

Downloaded 2021­3­15 4:13 P  Your IP is 170.140.142.252
Chapter 95: Mercury, Young­Jin Sue
©2021 McGraw Hill. All Rights Reserved.   Terms of Use • Privacy Policy • Notice • Accessibility

Page 8 / 21

http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf116
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf100
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf116
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf101
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf51
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf64
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf67
http://accessemergencymedicine.mhmedical.com/drugs.aspx?GbosID=422595
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf103
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf49
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf99
http://accessemergencymedicine.mhmedical.com/content.aspx?legacysectionid=goldtox11_ch43
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf53
http://accessemergencymedicine.mhmedical.com/content.aspx?legacysectionid=goldtox11_ch43
http://accessemergencymedicine.mhmedical.com/ss/terms.aspx
http://accessemergencymedicine.mhmedical.com/privacy
http://accessemergencymedicine.mhmedical.com/ss/notice.aspx
http://accessemergencymedicine.mhmedical.com/about/accessibility.html


ATN = acute tubular necrosis; BAL = British anti-Lewisite; CNS = central nervous system; GI = gastrointestinal; + to +++ = present with increasing importance; - =

absent.

CNS = central nervous system; TBB = total body burden; + to ++ = useful testing specimen; - = lack of utility.
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Chapter 95: Mercury

Young-Jin Sue

INTRODUCTION

HISTORY AND EPIDEMIOLOGY

Mercury is a metal that is widely toxic to multiple organ systems. Its toxicologic manifestations are well known as a result of thousands of years of

medicinal applications, industrial use, and environmental disasters.69,112 Mercury occurs naturally in small amounts as the elemental (Hg0) silver-

colored liquid (quicksilver); as inorganic compounds such as mercuric (Hg2+) sulfide (cinnabar), mercurous (Hg+) chloride (calomel), mercuric chloride
(corrosive sublimate), and mercuric oxide; and as organic compounds (methylmercury and dimethylmercury). Mercury’s gastroenteric irritant effects
led to its use as a therapy for constipation. In recent (16th–19th), centuries, mercury-containing preparations, advocated for their potent diuretic and

sialogogic properties, were widely used to treat syphilis to “flush” the “virus” out.81 The musician Paganini was one of several famous persons whose
gingivitis, dental decay, ptyalism (excessive salivation), and erethism (pathologic irritability and emotional instability) were attributed to mercury

therapy.80 In the 1800s, the United States witnessed an epidemic of “hatters’ shakes” or “Danbury shakes” and “mercurial salivation” in hat industry

workers.123 Danbury, Connecticut, was a US center of felt hat manufacturing in which mercuric nitrate was used to mat animal furs into felt.112,123

In the early 1900s, acrodynia, a painful dusky pink discoloration of the hands and feet, or “pink disease,” was described in children who received

calomel for ascariasis or teething discomfort.16 Vividly described in a series of 41 children, the development of acrodynia was more common in

younger children, did not seem to correlate with mercury dose, and was not necessarily related to urine concentrations of mercury.122

One of the most devastating epidemics of mercury poisoning occurred as the result of a decade of contamination of Minamata Bay in Japan by a
nearby vinyl chloride plant during the 1940s. Methylmercury accumulated in the bay’s marine life and poisoned the inhabitants of the local fishing
community. Although officially only 121 victims were reported, thousands more are believed to have been affected by what has subsequently been

named Minamata disease.88,113 The largest outbreak of methylmercury poisoning to date occurred in Iraq in late 1971. Approximately 95,000 tons of
seed grain intended for planting and treated with methylmercury as a fungicide were baked into bread for direct consumption, resulting in widespread

neurologic symptoms, 6,530 hospital admissions, and more than 400 deaths.5,23,96

In 1990, the US Environmental Protection Agency (EPA) banned mercury-containing compounds from interior paints.3 However, mercury-containing
paints manufactured before that ruling may still be on interior walls, and mercury-containing paint can still be sold for outdoor use. In 1997, a scientist

succumbed to delayed, progressive neurologic deterioration after a minute dermal exposure to dimethylmercury.77 Contemporary exposures occur in

the form of mercury-tainted seafood, mercury-based preservatives (thimerosal), and artisanal gold mining.36

However, a once widely feared source of potential poisoning, mercury-containing dental amalgam does not result in clinical poisoning.14 Occasionally,
exposure to mercury from broken thermometers leads to poisoning in the home, but such thermometers are becoming less common because of

recent efforts to replace mercury with digital thermometers and other electronic devices.78

More recently, the ongoing movement to replace incandescent light bulbs with compact fluorescent bulbs has once again raised the concern of
exposure to mercury in the home and environment. Promoted to reduce greenhouse gas emissions, each bulb contains about 4 mg of elemental

mercury.2

Table 95–1 lists some potential sources of mercury exposure.

TABLE 95–1

Exposures to Mercury

Elemental Inorganic Organic

Manufacturing/Industrial Barometers

Bronzing

Ceramics

Chlorine manufacture

Electroplating

Jewelry

Metal refineries

Paints

Paper pulp

Photography

Batteries

Chemistry sets

Dyes

Explosives

Fireworks

Laboratory reagents

Tanneries

Taxidermy

Vinyl chloride manufacture

Agriculture

Embalming

Fungicides

Laboratory reagents

Pesticides

Wood preservatives

Medical/Medicinal Amalgam

Sphygmomanometry

Tissue fixatives

Thermometers

Weighted nasogastric tubes

Antiseptics

Calomel

Disinfectants

Laxatives

Nonprescription medications

Bactericidals

Pharmaceuticals

Preservatives

Food/Other Ritualistic, complementary Aesthetic, cosmetic

Ayurvedic

Grains (contaminated)

Seafood

FORMS OF MERCURY AND TOXICOKINETICS

The 3 clinically important forms of mercury—elemental, inorganic, and organic—differ with respect to their toxicodynamics and toxicokinetics (Table
95–2). Each produces distinct clinical patterns of poisoning stemming in part from their unique kinetic features (Table 95–3). For each form, the
specific manifestations are determined by the route of exposure, rate of exposure, distribution, biotransformation of mercury within the body, and
relative accumulation or elimination of mercury by the target organ systems. Whereas elemental mercury produces pulmonary toxicity, inorganic
mercury initially causes gastrointestinal (GI) symptoms followed by nephrotoxicity. A nearly pure neurologic toxicity results from organic
(methylmercury) exposure.

TABLE 95–2

Classes of  Mercury Compounds

Nomenclature Example

Elemental Hg0 Quicksilver

Inorganic Hg+

HgCl

Hg2+

HgCl2

Mercurous ion

Calomel, mercurous chloride

Mercuric ion

Mercuric chloride

Organic Short-chain alkyl–mercury compounds

Long-chain mercury compounds

Aryl mercury compounds

Methylmercury

Ethylmercury

Dimethylmercury

Methoxyethylmercury

Phenylmercury

TABLE 95–3

Differential Characteristics of Mercury Exposure

Elemental Inorganic Organic

Primary route of exposure Inhalation Oral Oral

Primary tissue distribution CNS, kidney Blood (transient, acute)

Kidney

CNS (delayed)

CNS, kidney, liver, blood, hair

Clearance Kidney, GI Kidney, GI Methyl: GI

Aryl: kidney, GI

Clinical effects

 CNS Tremor Tremor, erethism Paresthesias, ataxia, tremor, tunnel vision, dysarthria

 Pulmonary +++ – –

 Gastrointestinal + +++ (caustic) +

 Renal + +++ (ATN) +

 Acrodynia + ++ –

Therapy BAL, succimer BAL, succimer Succimer (early)

ABSORPTION

Elemental Mercury

Elemental mercury (Hg0) is absorbed primarily via inhalation of vapor, although slow absorption after aspiration, subcutaneous deposition, and direct

intravenous (IV) embolization occurs.60,74,121 Volatility, moderate at room temperature, increases significantly with heating or aerosolization, both of

which occur with vacuuming.44,102 When inhaled by human volunteers, 75% to 80% of mercury vapor is absorbed.44 However, elemental mercury is
negligibly absorbed from an anatomically and functionally normal GI tract, and it is usually considered nontoxic when ingested. Abnormal GI motility
prolongs mucosal exposure to elemental mercury, and massive ingestion increases subsequent ionization to more readily absorbed forms. Similarly,
anatomic GI abnormalities such as fistulae or perforation are associated with extravasation of mercury into the peritoneal in which where elemental
mercury is oxidized to more readily absorbed inorganic forms.

Inorganic Mercury

The principal route of absorption for inorganic mercury is the GI tract. Approximately 10% of soluble divalent (Hg2+) mercuric salts such as mercuric

chloride (HgCl2) are absorbed following ingestion and dissociation.66 Absorption of a relatively insoluble monovalent (Hg+) mercurous compound,

such as mercurous chloride (calomel; HgCl), is dependent on its oxidation to the divalent form.79 Inorganic mercury is also absorbed across the skin
and mucous membranes, as evidenced by urinary excretion of mercury after dermal application of skin-lightening mercurial ointments and powders

containing HgCl.106,122

The degree of dermal absorption varies by the concentration of mercury, skin integrity, and lipid solubility of the vehicle. With substantial dermal
exposures to mercury salts, skin absorption may be difficult to distinguish from concomitant absorption via other routes, such as ingestion.

Organic Mercury

As in the case of inorganic mercury, organic mercury is primarily absorbed from the GI tract. Methylmercury, considered the prototype of the short-

chain alkyl compounds, is approximately 90% absorbed from the gut. Aryl and long-chain alkyl compounds have more than 50% GI absorption.79

Although both dermal and inhalational absorption of organic mercury is reported, precise quantitation and exclusion of concomitant absorption by
ingestion are difficult to determine.

DISTRIBUTION AND BIOTRANSFORMATION

After absorption, mercury distributes widely to all tissues, predominantly the kidneys, liver, spleen, and central nervous system (CNS). The initial
distributive pattern into nervous tissue of elemental and organic mercury differs from that of the inorganic compounds because of their greater lipid
solubility.

Elemental Mercury

Although peak concentrations of elemental mercury are delayed in the CNS as compared with other organs (2–3 days versus 1 day),44 significant
accumulation in the CNS occurs after an acute, intense exposure to elemental mercury vapor. Conversion of elemental mercury to the charged

mercuric (Hg2+) cation within the CNS favors retention and local accumulation. Because elemental mercury does not covalently bind to other

compounds, its toxicity depends on its oxidation initially to the mercurous ion (Hg+) and then to the mercuric ion (Hg2+) by the enzyme catalase.66

Because this oxidation–reduction reaction favors the mercuric cation at steady state, the distribution and late manifestations of metallic mercury
toxicity eventually resemble those of inorganic mercury poisoning. Conversely, and to a lesser extent, inorganic mercuric ions are reduced to the

elemental state (Hg0), although the site and mechanism of this reaction are not well understood.79

Inorganic Mercury

The greatest concentration of mercuric ions is found in the kidneys, particularly within the renal tubules. At least in animal studies, administration of

mercury induces the renal synthesis of metallothionein, a compound that binds to and detoxifies mercuric ions.12 Very little mercury is found as free
mercuric ions. In blood, mercuric ions are found both within the red blood cells (RBCs) and bound to plasma proteins in approximately equal
proportions. Blood concentrations are greatest immediately after inorganic mercury exposure, with rapid waning as distribution to other tissues
occurs. Although penetration of the blood–brain barrier is poor because of low lipid solubility, slow elimination and prolonged exposure contribute to
significant CNS accumulation of mercuric ions. Within the CNS, mercuric ions concentrate in the cerebellum and hippocampus, and to a lesser degree,

the cerebral cortex.35 Although inorganic mercurials undergo organification in marine life, as in the Minamata Bay disaster,9,85 the importance of this

conversion in humans is unknown. Animal studies demonstrate that the placenta functions as an effective barrier to mercuric ions.79

Organic Mercury

Once absorbed, aryl (phenyl mercury) and long-chain alkyl mercury compounds differ from the short-chain organic mercury compounds
(methylmercury) in an important way—the former possess a labile carbon–mercury bond, which is subsequently cleaved, releasing the inorganic
mercuric ion. Thus, the distribution pattern and toxicologic manifestations produced by the aryl and long-chain alkyl compounds that occur beyond
the immediate postabsorptive phase are comparable to those of inorganic mercury, but organification has facilitated absorption and reduced the local

caustic effects.79 In contrast, short-chain alkyl mercury compounds possess relatively stable carbon–mercury bonds that survive the absorptive phase,

although conversion to the inorganic mercuric cation at a rate of less than 1% per day occurs after absorption.124 Because it is lipophilic,

methylmercury readily distributes across all tissues, including the blood–brain barrier and placenta.46 An important consequence of this property is
the devastating neurologic degeneration that develops in prenatally exposed infants with Minamata disease. The rapid decline of blood mercury
concentrations in both suckling rats and breastfeeding human infants is attributed to rapid growth of body volume combined with limited transport of

mercury by milk.76,97,98

After methylmercury is distributed to brain tissue, its fate is uncertain. Animal evidence indicates that methylmercury is converted to inorganic mercury

in brain tissue.63 Primates fed oral methylmercury daily for periods exceeding 1 year and then killed within days of the last exposure demonstrated an
average brain inorganic mercury fraction of only 19%. By contrast, when the postexposure period was extended to between 150 and 650 days, the
inorganic mercury fraction increased to 88%. Similarly, long-term survivors of methylmercury poisoning had a higher ratio of inorganic mercury to

total mercury in their brains.29 In one patient who survived 22 years after methylmercury ingestion, autopsy revealed that the brain mercury was nearly
completely in the inorganic form.

Methylmercury concentrates in RBCs to a much greater degree than do mercuric ions, with an RBC-to-plasma ratio of about 10:1 (in contrast to 1:1 RBC-

to-plasma ratio for inorganic mercury).124 However, despite this apparent affinity for nervous tissue and RBCs, the greatest methylmercury
concentrations are found in the kidneys and liver. In addition, because of the extensive sulfhydryl bonds in hair, methylmercury deposits in hair at

concentrations approximately 250 times that found in whole blood.55

ELIMINATION

Elemental Mercury and Inorganic Mercury

Mercuric ions are excreted through the kidney by both glomerular filtration and tubular secretion and in the GI tract by transfer across gut mesenteric
vessels into feces. Small amounts are reduced to elemental mercury vapor and volatilized from skin and lungs. The total-body half-life of elemental

mercury and inorganic mercury was previously estimated at approximately 30 to 60 days.22,66 However, a recent review of case studies indicates that

the half-life of inorganic mercury in human brains is on the order of several years to several decades.92

Organic Mercury

In contrast to elemental mercury and inorganic mercury, the elimination of short-chain alkyl mercury compounds (such as methylmercury) is
predominantly fecal. Enterohepatic recirculation contributes to its somewhat longer total body half-life of about 70 days. Less than 10% of

methylmercury is excreted in urine and feces as the mercuric cation.124

PATHOPHYSIOLOGY

The pervasive disruption of normal cell physiology by mercury arises from its avid covalent binding to sulfur, replacing the hydrogen ion in the body’s
ubiquitous sulfhydryl groups. Mercury also reacts with phosphoryl, carboxyl, and amide groups, resulting in widespread dysfunction of enzymes,
transport mechanisms, membranes, and structural proteins.

Because mercury deposits in all tissues, the clinical manifestations of mercury toxicity involve multiple organ systems with variable features and
intensity. Necrosis of the GI mucosa and proximal renal tubules, which occurs shortly after mercury salt poisoning, is thought to result from the direct
oxidative effect of mercuric ions. An immune mechanism is attributed to membranous glomerulonephritis and acrodynia associated with the use of

mercurial ointments.13

Neurologic manifestations of methylmercury poisoning correlate with pathologic findings in the brains of both adults and children who were

prenatally exposed.68,113 Grossly, atrophy of the brain is more severe in children who had prenatally or postnatally acquired methylmercury compared
with the brains of those exposed as adults. In the adult brain, neuronal necrosis and glial proliferation are most prominent in the calcarine cortex of
the cerebrum and in the cerebellar cortex. In fetal Minamata disease, similar lesions are present but in a more diffuse and severe form. Atrophy of the
cerebellar hemispheres, postcentral gyri, and calcarine area of the brain demonstrated on magnetic resonance images in organic mercury–poisoned

patients correlates with clinical findings of ataxia, sensory neuropathy, and visual field constriction, respectively.58 Neuropathologic examination of
the brain of a scientist who died after unintentional dermal exposure to dimethylmercury revealed lesions in the cerebellum, temporal lobe, and visual

cortex.105

In rats, neuronal cytotoxicity of methylmercury may result partly from muscarinic receptor–mediated calcium release from smooth endoplasmic

reticulum of cerebellar granule cells.62 There is animal evidence that methylmercury may trigger reactive oxygen species production. In addition,
methylmercury inhibits astrocyte uptake of cysteine, the rate-limiting step in the production of glutathione, a major antioxidant in mammalian cell

systems.104 Cultured astrocytes accumulated methylmercury and exhibited increased mitochondrial permeability and oxidative injury.125 Complexing
of methyl- mercury with L-cysteine may enhance brain uptake by mimicry of methionine, a substrate of the endogenous L amino acid transport system.

Uptake of the L-isomer significantly exceeds that of methylmercury–D-cysteine. Careful selection of stereospecific thiol complexing agents may lead to

strategies to limit brain uptake of methylmercury.56,70

CLINICAL MANIFESTATIONS

Elemental Mercury

Symptoms of acute elemental mercury inhalation occur within hours of exposure and consist of cough, chills, fever, and shortness of breath.
Gastrointestinal complaints include nausea, vomiting, and diarrhea accompanied by a metallic taste, dysphagia, salivation, weakness, headaches, and
visual disturbances. Chest radiography during the acute phase reveals interstitial pneumonitis and both patchy atelectasis and emphysema.
Symptoms either resolve with lesser exposures or progress to acute respiratory distress syndrome (ARDS) with respiratory failure and death. Some
survivors of severe pulmonary toxicity develop interstitial fibrosis and residual restrictive pulmonary disease. The acute respiratory symptoms occur
concomitantly with or precede the development of subacute inorganic mercury poisoning manifested by tremor, kidney dysfunction, and

gingivostomatitis.17,54,94 Thrombocytopenia is also reported to occur during the acute phase.38

Although acute exposure to elemental mercury vapor occurs most commonly in the occupational setting, poisonings caused by mishandling of the

metal in the home are well reported.19,29,50,72,108 In fact, attempts at home metallurgy using metallic mercury have resulted in fatalities with ambient air

concentrations of mercury as high as 0.9 mg/m3. The current US Occupational Safety and Health Administration permissible exposure limit (PEL) for

mercury vapor is 0.1 mg/m3 of air as a ceiling limit.82

As with other inhaled toxins, children are likely to be more sensitive to the pulmonary toxicity of mercury vapor because of their ratio of minute

ventilation volume to body size.72 Although pulmonary toxicity from elemental mercury usually results from inhalation of vapor, massive

endobronchial hemorrhage followed by death has occurred secondary to direct aspiration of metallic mercury into the tracheobronchial tree.127

Gradual volatilization of elemental mercury results in chronic toxicity from improper handling, such as vacuuming spilled mercury.102

The clinical importance of volatilized metallic mercury from dental amalgams for both the dentist and patient is controversial. The preponderance of
evidence refutes the idea that dental amalgam causes mercury poisoning. Several comprehensive reviews of the subject conclude that (1) occupational
exposure to mercury from dental amalgam is acceptably low, provided that recommended preventive measures such as adequate ventilation are
adhered to; (2) the quantity of mercury vaporized from dental amalgam by mechanical forces, such as chewing, is clinically insignificant; and (3) only in
exceedingly rare cases will immunologic hypersensitivity to mercury amalgam (manifested as cutaneous signs and symptoms and confirmed by patch

testing) necessitate removal of the amalgam.33,34,37,61,107

Unusual cases of chronic toxicity have resulted from intentional subcutaneous or IV injection of elemental mercury (Figs. 8–6 and 95–1).49,74 Aside from
management of systemic mercury toxicity, local wound care and excision of deposits of mercury are additional therapeutic challenges presented by
these cases. Serial or repeat radiographs are useful in guiding the removal of the radiopaque deposits.

FIGURE 95–1.

Anteroposterior (A) and lateral (B) views of the elbow after an unsuccessful suicidal gesture involving an attempted intravenous injection of elemental
mercury in the antecubital fossa. Note the extensive subcutaneous mercury deposition, which was partially removed by surgical intervention. (Used
with permission from Diane Sauter, MD.)

Inorganic Mercury

Acute ingestion of mercuric salts produces a characteristic spectrum from severe irritant to caustic gastroenteritis. Immediately after the ingestion, a
grayish discoloration of mucous membranes and metallic taste typically accompany local oropharyngeal pain, nausea, vomiting, and diarrhea followed

by abdominal pain, hematemesis, and hematochezia. The lethal dose of mercuric chloride is estimated to be 30 to 50 mg/kg.116 The life-threatening
manifestations of severe acute mercuric salt ingestion are hemorrhagic gastroenteritis, massive fluid loss resulting in shock, and acute kidney

failure.100

Oropharyngeal injury, nausea, hematemesis, hematochezia, and abdominal pain were the most prominent symptoms in a series of 54 patients who

presented after ingesting up to 4 g of mercuric chloride.116 In this series, fatality was associated with the early development of oliguria (within 3 days)
likely due in large part to lack of routinely available hemodialysis at that time. The development of anuria appeared to be related to the dose of
mercuric chloride ingested. The histopathologic finding of proximal tubular necrosis after mercuric salt poisoning results both from direct toxicity to

renal tubules and from renal hypoperfusion caused by shock. Consequently, aggressive fluid therapy to maintain perfusion is recommended.101

Acute ingestion of mercuric salts is usually intentional, but unintentional ingestion occurs sporadically in both children and adults.51 Although
ingestion of older button batteries containing mercuric oxide was associated with a greater incidence of fragmentation than with other batteries,

clinically significant systemic mercury toxicity by this route was not reported.64,67 Mercuric chloride–containing stool preservatives are another
potential source of unintentional inorganic mercury poisoning. Ingestion of 10 to 20 mL of a polyvinyl alcohol preservative that contained 4.5%

mercuric chloride resulted in bloody gastroenteritis and proteinuria.103 Nonprescription49 and Ayurvedic99 medicines are also associated with

unintentional inorganic mercury poisoning (Chap. 43).53 These xenobiotics are not subject to US Food and Drug Administration (FDA) regulation,
available without prescription, of variable composition, and are often inadequately labeled (Chap. 43).

Subacute or chronic mercury poisoning occurs after inhalation, aspiration, or injection of elemental mercury; ingestion or application of mercury salts;
or ingestion of aryl or long-chain alkyl mercury compounds. Slow in vivo oxidation of elemental mercury and dissociation of the carbon–mercury bond
of aryl or long-chain alkyl mercury compounds result in the production of the inorganic mercurous and mercuric ions.

The predominant manifestations of subacute or chronic mercury toxicity include GI symptoms, neurologic abnormalities, and renal dysfunction.
Gastrointestinal symptoms consist of a metallic taste and burning sensation in the mouth, loose teeth and gingivostomatitis, excessive salivation

(ptyalism), and nausea.122 The neurologic manifestations of chronic inorganic mercurialism include tremor, as well as the syndromes of neurasthenia
and erethism. Neurasthenia is a symptom complex that includes fatigue, depression, headaches, hypersensitivity to stimuli, psychosomatic
complaints, weakness, and loss of concentrating ability. Erethism, derived from the Greek word red, describes the easy blushing and extreme shyness
of affected individuals. Other symptoms of erethism include anxiety, emotional lability, irritability, insomnia, anorexia, weight loss, and delirium.
Mercury produces a characteristic central intention tremor (Chap. 22) that is abolished during sleep. In the most severe forms of mercury-associated
tremor, choreoathetosis and spasmodic ballismus are also reported. Other neurologic manifestations of inorganic mercurialism include a mixed
sensorimotor neuropathy, ataxia, concentric constriction of visual fields (“tunnel vision”), and anosmia.

Chronic poisoning with mercuric ions is associated with renal dysfunction, which ranges from asymptomatic, reversible proteinuria to nephrotic
syndrome with edema and hypoproteinemia. An idiosyncratic hypersensitivity to mercury ions is thought to be responsible for acrodynia, or “pink
disease,” which is an erythematous, edematous, and hyperkeratotic induration of the palms, soles, and face, and a pink papular rash that was first

described in a subset of children exposed to mercurous chloride powders.122 The rash is described as morbilliform, urticarial, vesicular, and
hemorrhagic. This symptom complex also includes excessive sweating, tachycardia, irritability, anorexia, photophobia, insomnia, tremors,
paresthesias, decreased deep tendon reflexes, and weakness. The acral rash frequently progresses to desquamation and ulceration. The prognosis is
favorable after withdrawal from mercury exposure. Childhood acrodynia has become uncommon since the abandonment of mercurial teething
powders and diaper rinses. Occasional case reports still implicate improperly disposed fluorescent light bulbs and phenylmercuric acetate–containing

paint.3,117

Thimerosal is an example of an aryl mercury compound that results in chronic inorganic mercury toxicity. It is a compound that was widely used as a
preservative in the pharmaceutical industry (Chap. 46). Although initial kinetics suggested a stable ethyl–mercury bond, the later elimination phase
more closely resembles that of the inorganic mercury compounds. Thimerosal is approximately 50% mercury by weight. Although generally
considered safe, toxicity and death can occur after both intentional overdose and excessive therapeutic application of merthiolate (0.1% thimerosal or

600 mcg/mL mercury).87,95

Concern that the cumulative dose of thimerosal in childhood immunizations exceeded federally recommended maximum mercury doses (EPA, 0.1
mcg/kg/day; Agency for Toxic Substances and Disease Registry, 0.3 mcg/kg/day; FDA, 0.4 mcg/kg/day) led to a call by the American Academy of

Pediatrics to reduce or eliminate thimerosal from vaccines.4 Thimerosal continues to be used in medically underserved nations as a preservative in

multidose vials in areas with inadequate refrigeration.31 Nevertheless, since 2001, routinely administered childhood vaccines in the United States no

longer contain thimerosal.4,47

Although sensitization after use in vaccinations has been reported in atopic children,86 clinical mercury toxicity has not been reported in appropriately

immunized children. The claim that thimerosal-containing vaccines causes autism has been refuted by numerous studies and meta-analyses.8,65,84,109

No causal association with early thimerosal exposure and adverse neuropsychological outcomes was shown in children tested at 7 to 10 years of

age.115 Clearly, the risk to child health from the diseases targeted for prevention by vaccines far exceeds the risk from thimerosal preservative in

vaccines.39,114,119 In 2010, US courts rejected a causal relationship between thimerosal and autism.32

Organic Mercury Compounds

In contrast to the inorganic mercurials, methylmercury produces an almost purely neurologic disease that is usually permanent except in the mildest of
cases. Although the predominant syndrome associated with methylmercury is that of a delayed neurotoxicity, acute GI symptoms, tremor, respiratory

distress, and dermatitis are also reported.124 In addition, ST segment changes on electrocardiography and renal tubular dysfunction are associated

with this poisoning.45 However, no increase in cardiovascular disease risk was reported with mercury exposure in a large cohort of US adults.73

The lipophilic property and slower elimination of methylmercury likely contribute to its profound neurologic effects. Characteristically, clinical
manifestations occur after the initial poisoning by a latent period of weeks to months. Consequently, the lethal dose of methylmercury is difficult to
determine. As noted previously, infants exposed prenatally to methylmercury were the most severely affected individuals in Minamata. Often born to
mothers with little or no manifestation of methylmercury toxicity themselves, exposed infants exhibited decreased birth weight and muscle tone,
profound developmental delay, seizure disorders, deafness, blindness, and severe spasticity.

Several weeks after methylmercury contaminated grain was ingested in Iraq, patients began to appear with paresthesias involving the lips, nose, and
distal extremities. Symptomatic patients also noted headaches, fatigue, and tremor. More serious cases progressed to ataxia, dysarthria, visual field
constriction, and blindness. Other neurologic deficits included hyperreflexia, hearing disturbances, movement disorders, salivation, and dementia.
The most severely affected patients lay in a mute, rigid posture punctuated only by spontaneous crying, primitive reflexive movements, or feeding

efforts.96

Although the outlook for methylmercury neurotoxicity is generally considered dismal, observations over the subsequent 2 years in 49 Iraqi children

poisoned during the 1971 outbreak revealed complete resolution or partial improvement in all but the most severely affected.5 Of the 40 symptomatic
children, 33 mildly to severely affected children showed partial to complete resolution of symptoms, but the 7 children classified as “very severely
poisoned” remained dysarthric, ataxic, blind, and bedridden.

An important route of organic mercury exposure is through seafood consumption. The safe amount of methylmercury in seafood remains
controversial. The FDA action concentration of 1 ppm for methylmercury in fish was set to limit consumption of methylmercury to less than 1/10th of

amounts found in cases of symptomatic poisoning. The EPA established a reference dose for methylmercury of 0.1 mcg/kg/day.90,118 Although
elevated blood concentrations (19–53 mcg/L) of mercury were found in one group of self-reported high consumers of seafood, increased incidence of

cognitive and GI complaints were not.52 Even so, concentrations at which fetuses experience adverse effects are unknown. Longitudinal studies of fish-
eating populations are conflicting. No effect of a high prenatal fish diet was found on developmental markers in children followed to 19 years of age in

the Seychelles Islands.27,28,120

However, in the studies done in the Faroe Islands and New Zealand, a subtle but significant effect on neuropsychological development was

reported.25,42,110 In the Faroe Islands, this effect persisted when children were retested at 22 years of age.30,31

One reason for the discrepancy that occurs between the 2 populations may be the different patterns of seafood consumption and concentrations of
methylmercury in the seafood consumed by each. The Faroese consume low level mercury–containing fish 1 to 3 times a week with episodic feasts of
highly contaminated pilot whale, whereas the Seychellois consume a more steady diet of low level–contaminated fish on average 12 times per week.
The pilot whales consumed in the Faroe Islands are also contaminated with neurotoxic polychlorinated biphenyls (PCBs), although these compounds
were measured and considered a potential confounding variable. The mean concentration of methylmercury in the whale meat consumed in the Faroe
Islands was 1.6 mcg/g, and the mean concentration of mercury found in New Zealand shark was 2.2 mcg/g. By contrast, the mean methylmercury

content of Seychellois fish was 0.3 mcg/g.75 The threshold concentration for neuropsychological effects may lie between these concentrations.

The development of neurologic symptoms in infants exclusively breastfed by women exposed to methylmercury after delivery and the detection of

mercury in the milk of lactating women implies a risk for mercury poisoning via breast milk.57 In one series of lactating women, mercury concentrations

in milk were approximately 30% of the concentrations found in blood.83 Perhaps because of high levels of PCBs in pilot whale meat, 7-year-old children
from the Faroe Islands, who have a diet traditionally high in the mercury-containing sea mammals and were breast-fed as infants, exhibited a

diminished benefit (but not deficit) on neuropsychological testing when compared with their counterparts fed formula.48

Further complicating findings in a cohort of Faroese children, the neurobehavioral deficits from methylmercury may be underestimated unless the

protective effects of long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, also found in fish) are included in the analysis.21 Likewise, the Seychelles
Child Development Study Nutrition Cohort 2 found no overall adverse association between prenatal methylmercury exposure and

neurodevelopmental outcomes in children with high maternal n-3 PUFA concentrations.111 The net neuropsychological effects of prenatal and dietary
methylmercury result from dose and timing of fish in the diet as well as the concentrations of methylmercury, neurotoxic PCBs, and neuroprotective

PUFA in the consumed fish.111

The FDA recommends that at-risk populations (pregnant women and women who may become pregnant, nursing mothers, and young children) avoid
large predator fish (shark, swordfish, tilefish, and king mackerel) that contain concentrations of methylmercury approaching 1 ppm (1 mcg/g). The
2004 FDA/EPA consumer advisory emphasizes the health benefits of eating fish and allow for up to 12 ounces per week of fish and shellfish lower in
mercury such as shrimp, canned light tuna, salmon, pollock and catfish and up to 6 ounces of albacore tuna per week. Given the beneficial effects of

seafood, efforts should be aimed at decreasing anthropogenic release of mercury rather than elimination of dietary exposure.91

Although methylmercury has greater importance worldwide, the extreme toxicity of another organic mercurial, dimethylmercury, was tragically
demonstrated by the delayed fatal neurotoxicity that developed in a chemist who inadvertently spilled dimethylmercury on a break in the gloves on her

hands.77 Over a period of several days, she developed progressive difficulty with speech, vision, and gait. Despite chelation and exchange transfusion,
she died of mercury neurotoxicity within several months of the exposure.

DIAGNOSTIC TESTING

The dual findings of unexplained neuropsychiatric and kidney abnormalities in an individual should alert the clinician to the possibility of
mercurialism, as should an at-risk occupation or access by the patient to a mercurial product (Table 95–1). Occupational or environmental exposure
and a consistent clinical scenario are suggestive of mercury poisoning, but demonstration of mercury in blood, urine, or tissues is necessary for
confirmation of exposure. Of the many methods available to measure mercury, cold atomic absorption spectrometry is rapid, sensitive, and accurate
but cannot distinguish the various forms of mercury. Thin-layer and gas chromatographic techniques are recommended to distinguish organic from
inorganic mercury. Whole blood should be collected into a trace element collection tube obtained from the laboratory performing the assay. Urine
should be collected for 24 hours into an acid-washed container obtained from a laboratory. Spot collections must be adjusted for creatinine
concentration. Attempts to measure or otherwise handle the specimen should be avoided to prevent external contamination (Table 95–4).

TABLE 95–4

Diagnostic Testing for Mercury

Whole  Blood 24-hour Urine Hair Clinical

Elemental/Inorganic (+)

Acute, transient

(++)

Confirm exposure

Monitor chelation

Poor correlation to

TBB

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Early detection

Organic (++)

Best reflects

TBB

(–)

Fecal elimination

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Reflects irreversible CNS

toxicity

Early detection

There is considerable overlap among concentrations of mercury found in the normal population, asymptomatic exposed individuals, and patients with
clinical evidence of poisoning. There is no definitive correlation between either whole blood or urine mercury concentration and mercury toxicity.
However, mercury serves no useful role in human physiology, and concentrations of 1.0 mcg/L or less for whole blood and 0.5 mcg/L for urine are
generally considered to reflect background exposure in nonpoisoned individuals. The inconsistencies of the values found in the literature for mercury
exposure are a recurrent issue in metal testing. A credible and qualified laboratory should be employed and their reference ranges accepted when

testing is desired.20

For inorganic mercury poisoning, urine mercury concentrations correlate roughly with exposure severity and neuropsychiatric symptoms,93 but the
relationship to total body burden is probably poor. Urine mercury determinations have their greatest usefulness in confirming exposure and
monitoring the efficacy of chelation therapy. Whole blood mercury concentrations reflect intense, acute inorganic mercury exposure but become less
reliable as redistribution to tissues takes place.

Because organic mercury is eliminated via the fecal route, urine mercury concentrations are not useful in methylmercury poisoning. Because
methylmercury concentrates in RBCs, the total-body methylmercury burden is best reflected acutely by whole-blood concentrations. As methylmercury
distributes to and accumulates in brain, the severity of clinical manifestations probably more closely reflects the degree of the irreversible neuronal
destruction that has taken place rather than the current body burden of mercury. Correlation of increasing whole-blood mercury concentrations with

prevalence of paresthesias was suggested in a population of Iraqis studied early in the course of methylmercury poisoning.24 However, in another

group of patients, whole-blood concentrations did not correlate with severity of methylmercury poisoning.96 This apparent discrepancy may have
resulted from the finding that paresthesias are among the earliest reported symptoms of methylmercury poisoning.

Because mercury accumulates in the hair, hair analysis has been used as a tool for measuring mercury burden. However, because metal incorporation
reflects past exposure and hair avidly binds to noningested environmental mercury, the reliability of this method is questionable and is not

recommended.89 In addition to mercury assays, neuropsychiatric testing, nerve conduction studies, and urine assays for N-acetyl-β-D-glucosaminidase

and β2-microglobulin are advocated for early detection of subclinical inorganic and organic mercury toxicity.34,45,93

GENERAL MANAGEMENT

After the initial assessment and stabilization, the early toxicologic management of a patient with mercury poisoning includes termination of exposure
by removal from vapors, washing exposed skin, GI decontamination, supportive measures (eg, hydration, humidified oxygen), baseline diagnostic
studies (eg, complete blood count, serum chemistries, venous blood gas, radiography, ECG), specific analysis of whole blood and urine for mercury,
evaluation of possible cointoxicants, and meticulous monitoring.

Elemental Mercury

Inhalation of mercury vapors or aspiration of metallic mercury may result in life-threatening respiratory failure; in this situation, stabilization of
cardiorespiratory function is the initial priority. Postural drainage and endotracheal suction are a reasonable technique to attempt to remove
aspirated metallic mercury. Parenteral deposition of subcutaneous or intramuscular (IM) mercury is amenable to surgical excision, if well localized
(Fig. 95–1).

An adjunct to the initial management of patients with mercury poisoning is environmental decontamination. Elemental mercury that spills onto solid
surfaces should be adsorbed to sand and the resulting mixture then swept into tightly sealed containers. Ideally, a mercury decontamination kit should
be used. The kit consists of calcium polysulfide, which contains excess sulfur to convert mercury to water-insoluble mercuric sulfide. Absorbent
surfaces, such as carpets, should be removed. Spilled mercury compounds should not be vacuumed because vacuuming could volatilize the

mercury.18 Broken compact fluorescent light bulbs should be handled and disposed of according to EPA guidelines and local requirements.2

Recommendations for decontamination after breakage include opening windows to release vapor, using adhesive tape to pick up visible fragments,
and discarding contaminated material in double-wrapped bags. Guidance for decontamination of major spills and disposal of materials can be
provided by local and federal hazardous materials agencies.

Inorganic Mercury

Because ingestion of inorganic mercuric may lead to cardiovascular collapse caused by severe gastroenteritis and third-space fluid loss, fluid
resuscitation is a priority. Gastrointestinal decontamination of ingested inorganic mercury is particularly problematic because of its causticity and risk
for perforating injury. Nevertheless, one series of patients with mercuric chloride ingestion of up to 4 g reported recovery without long-term GI

sequelae in patients who did not succumb to kidney failure.116 Therefore, unless there is high suspicion for penetrating GI mucosal injury, removal of
mercury from absorptive surfaces should take priority over endoscopic evaluation. The prominence of vomiting makes gastric lavage unnecessary for
most patients with inorganic mercury poisoning.

Metals are among the substances that are often considered to be poorly adsorbed to activated charcoal. Nevertheless, the serious nature of late
sequelae after mercury absorption, the typically small quantities of mercury ingested, and evidence that inorganic mercuric salts actually have
substantial adsorption to activated charcoal (800 mg mercuric chloride can be adsorbed to 1 g activated charcoal) justify the routine administration of

activated charcoal.6 Whole-bowel irrigation with polyethylene glycol solution is a reasonable adjunct to remove residual mercury, and its progress can
be followed with serial radiographs.

Organic Mercury

Organic mercury exposures do not typically present as single acute ingestions but rather as chronic or subacute ingestion of contaminated food.
Therefore, GI decontamination is generally moot with respect to organic mercury poisoning. Nevertheless, its irreversible toxicity coupled with
unsatisfactory treatments calls for aggressive decontamination when acute ingestions or dermal exposures occur.

CHELATION

After initial stabilization and decontamination, early institution of chelators minimizes or prevents the widespread effects of poisoning. Dimercaprol
was developed during World War II as an antidote against lewisite, an arsenical warfare agent. The water-soluble analogs DMPS and succimer were

developed in the 1950s, and the 3 chelators have remained the mainstay of therapy for mercury poisoning.59 A high degree of protein binding and
distribution to the brain are responsible for the lack of efficacy of other measures to increase mercury clearance, such as peritoneal dialysis and

hemodialysis.100 In one report of the use of continuous venovenous hemodiafiltration in combination with a chelator in a patient with severe inorganic

mercury poisoning, 12.7% of the ingested dose was recovered in the ultrafiltrate.26 Hemodialysis may nevertheless ultimately be necessary because of
the acute kidney failure that often occurs after mercuric chloride poisoning.

Chelators have thiol groups that compete with endogenous sulfhydryl groups for the binding of mercury, thereby preventing inactivation of sulfhydryl-
containing enzymes and other essential proteins (Antidotes in Depth: A28 and A29). A history of significant mercury exposure combined with the
presence of typical symptoms of mercury poisoning is an appropriate indication for the institution of chelation therapy. Elevated whole-blood and
urine mercury concentrations help support the decision to begin chelation therapy in unclear cases and can also be used to guide the duration of
therapy. Provocative chelation, in which urinary mercury excretion before and after a chelating dose is compared to determine the degree of mercury

poisoning, is of no value.52 Chelation tends to increase urinary elimination of mercury, regardless of exposure history and baseline excretion.

Elemental Mercury and Inorganic Mercury Salts

For patients with symptomatic acute inorganic mercury poisoning, dimercaprol should be administered for 10 days in dosages of 5 mg/kg/dose every 4
hours IM for 48 hours, then 2.5 mg/kg every 6 hours for 48 hours, followed by 2.5 mg/kg every 12 hours for 7 days. It is reasonable to adjust this dosing
regimen, which was derived from lead poisoning, according to clinical response and the occurrence of adverse reactions.

When a patient can take oral medications, we recommend that dimercaprol be replaced with succimer at 10 mg/kg orally 3 times a day for 5 days, then
twice a day for 14 days if the GI tract is clear. Because headache, nausea, vomiting, abdominal pain, and diaphoresis are common reactions during
dimercaprol chelation therapy, oral succimer is recommended in patients who are not acutely ill or who have been chronically poisoned.

Either dimercaprol or succimer is considered the treatment of choice for inorganic mercury poisoning in the United States, but a few other chelators
deserve mention. 2,3-Dimercapto-1-propanesulfonic acid (DMPS) is a water-soluble dimercaprol derivative that is used in Europe. It is administered
both IV and orally. D-Penicillamine is an orally administered monothiol. Its adverse events—GI distress, rashes, leukopenia, thrombocytopenia, and

proteinuria—although uncommon in therapeutic doses, seriously limit the usefulness of the drug. N-acetyl-D,L-penicillamine (NAP), an investigational

analog of D-penicillamine, is thought to be a more effective chelator of mercury than is D-penicillamine, perhaps because of its greater stability.11,40,43

Organic Mercury Compounds

The neurotoxicity of methylmercury and other organic mercury compounds is resistant to treatment, and therapeutic options are less than
satisfactory. In rats, both dimercaprol and D-penicillamine effectively reduced tissue mercury and prevented neurologic toxicity if administered within

the first day of a methylmercury injection.126 Neither treatment reversed neurologic toxicity when administered 12 days after methylmercury injection.
2,3-Dimercapto-1-propanesulphonate, D-penicillamine, NAP, and a thiolated resin all led to a marked reduction of blood half-life of mercury (ie, 10, 24,

23, and 19 days, respectively, versus 60 days) during the outbreak of methylmercury poisoning in Iraq in 1971.24 Clinical improvement was not
observed in any treatment group, but it is reasonable to postulate that reducing the total-body burden of methylmercury may prevent or limit the

progression of disease. When studied in mice poisoned with methylmercury,1 succimer was superior to NAP, DMPS, and a thiolated resin in decreasing
brain mercury and increasing urinary excretion. Brain mercury was decreased to 35% of control, and the total-body burden fell to 19%. Some animal

evidence suggests that dimercaprol increases mercury mobilization into the brain.7,10,15 For this reason, and the lack of serious GI symptoms
necessitating parenteral chelation, We recommend against the use of dimercaprol the treatment of patients with organic mercury poisoning.

Because the neurologic impairment associated with methylmercury is both profound and essentially irreversible, early recognition of poisoning and
prevention of neurotoxicity are essential to a successful outcome. At this time, succimer is the most reasonable treatment for methylmercury
poisoning because of its apparently low toxicity and reported efficacy in animal trials.

SUMMARY

Mercury poisoning by any of the 3 major forms—elemental, inorganic, and organic—presents a complex toxicologic problem associated with a
large variety of clinical presentations.

An ever present awareness of the signs and symptoms coupled with the knowledge of the differing clinical forms is essential for both early
recognition and effective treatment.

Although some chelators show promise in the treatment of mercury poisoning, neurologic sequelae, particularly those resulting from organic
mercury exposures, remain largely irreversible.

Dietary fish remains an important source of mercury exposure and mercurial neuropsychologic illness.

There is no evidence for the role of mercury in the pathogenesis of autism.

Promotion of public education regarding the dangers of mercury, its avoidance, and proper disposal may aid in the prevention of mercury
poisoning.
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ATN = acute tubular necrosis; BAL = British anti-Lewisite; CNS = central nervous system; GI = gastrointestinal; + to +++ = present with increasing importance; - =

absent.

CNS = central nervous system; TBB = total body burden; + to ++ = useful testing specimen; - = lack of utility.
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Chapter 95: Mercury

Young-Jin Sue

INTRODUCTION

HISTORY AND EPIDEMIOLOGY

Mercury is a metal that is widely toxic to multiple organ systems. Its toxicologic manifestations are well known as a result of thousands of years of

medicinal applications, industrial use, and environmental disasters.69,112 Mercury occurs naturally in small amounts as the elemental (Hg0) silver-

colored liquid (quicksilver); as inorganic compounds such as mercuric (Hg2+) sulfide (cinnabar), mercurous (Hg+) chloride (calomel), mercuric chloride
(corrosive sublimate), and mercuric oxide; and as organic compounds (methylmercury and dimethylmercury). Mercury’s gastroenteric irritant effects
led to its use as a therapy for constipation. In recent (16th–19th), centuries, mercury-containing preparations, advocated for their potent diuretic and

sialogogic properties, were widely used to treat syphilis to “flush” the “virus” out.81 The musician Paganini was one of several famous persons whose
gingivitis, dental decay, ptyalism (excessive salivation), and erethism (pathologic irritability and emotional instability) were attributed to mercury

therapy.80 In the 1800s, the United States witnessed an epidemic of “hatters’ shakes” or “Danbury shakes” and “mercurial salivation” in hat industry

workers.123 Danbury, Connecticut, was a US center of felt hat manufacturing in which mercuric nitrate was used to mat animal furs into felt.112,123

In the early 1900s, acrodynia, a painful dusky pink discoloration of the hands and feet, or “pink disease,” was described in children who received

calomel for ascariasis or teething discomfort.16 Vividly described in a series of 41 children, the development of acrodynia was more common in

younger children, did not seem to correlate with mercury dose, and was not necessarily related to urine concentrations of mercury.122

One of the most devastating epidemics of mercury poisoning occurred as the result of a decade of contamination of Minamata Bay in Japan by a
nearby vinyl chloride plant during the 1940s. Methylmercury accumulated in the bay’s marine life and poisoned the inhabitants of the local fishing
community. Although officially only 121 victims were reported, thousands more are believed to have been affected by what has subsequently been

named Minamata disease.88,113 The largest outbreak of methylmercury poisoning to date occurred in Iraq in late 1971. Approximately 95,000 tons of
seed grain intended for planting and treated with methylmercury as a fungicide were baked into bread for direct consumption, resulting in widespread

neurologic symptoms, 6,530 hospital admissions, and more than 400 deaths.5,23,96

In 1990, the US Environmental Protection Agency (EPA) banned mercury-containing compounds from interior paints.3 However, mercury-containing
paints manufactured before that ruling may still be on interior walls, and mercury-containing paint can still be sold for outdoor use. In 1997, a scientist

succumbed to delayed, progressive neurologic deterioration after a minute dermal exposure to dimethylmercury.77 Contemporary exposures occur in

the form of mercury-tainted seafood, mercury-based preservatives (thimerosal), and artisanal gold mining.36

However, a once widely feared source of potential poisoning, mercury-containing dental amalgam does not result in clinical poisoning.14 Occasionally,
exposure to mercury from broken thermometers leads to poisoning in the home, but such thermometers are becoming less common because of

recent efforts to replace mercury with digital thermometers and other electronic devices.78

More recently, the ongoing movement to replace incandescent light bulbs with compact fluorescent bulbs has once again raised the concern of
exposure to mercury in the home and environment. Promoted to reduce greenhouse gas emissions, each bulb contains about 4 mg of elemental

mercury.2

Table 95–1 lists some potential sources of mercury exposure.

TABLE 95–1

Exposures to Mercury

Elemental Inorganic Organic

Manufacturing/Industrial Barometers

Bronzing

Ceramics

Chlorine manufacture

Electroplating

Jewelry

Metal refineries

Paints

Paper pulp

Photography

Batteries

Chemistry sets

Dyes

Explosives

Fireworks

Laboratory reagents

Tanneries

Taxidermy

Vinyl chloride manufacture

Agriculture

Embalming

Fungicides

Laboratory reagents

Pesticides

Wood preservatives

Medical/Medicinal Amalgam

Sphygmomanometry

Tissue fixatives

Thermometers

Weighted nasogastric tubes

Antiseptics

Calomel

Disinfectants

Laxatives

Nonprescription medications

Bactericidals

Pharmaceuticals

Preservatives

Food/Other Ritualistic, complementary Aesthetic, cosmetic

Ayurvedic

Grains (contaminated)

Seafood

FORMS OF MERCURY AND TOXICOKINETICS

The 3 clinically important forms of mercury—elemental, inorganic, and organic—differ with respect to their toxicodynamics and toxicokinetics (Table
95–2). Each produces distinct clinical patterns of poisoning stemming in part from their unique kinetic features (Table 95–3). For each form, the
specific manifestations are determined by the route of exposure, rate of exposure, distribution, biotransformation of mercury within the body, and
relative accumulation or elimination of mercury by the target organ systems. Whereas elemental mercury produces pulmonary toxicity, inorganic
mercury initially causes gastrointestinal (GI) symptoms followed by nephrotoxicity. A nearly pure neurologic toxicity results from organic
(methylmercury) exposure.

TABLE 95–2

Classes of  Mercury Compounds

Nomenclature Example

Elemental Hg0 Quicksilver

Inorganic Hg+

HgCl

Hg2+

HgCl2

Mercurous ion

Calomel, mercurous chloride

Mercuric ion

Mercuric chloride

Organic Short-chain alkyl–mercury compounds

Long-chain mercury compounds

Aryl mercury compounds

Methylmercury

Ethylmercury

Dimethylmercury

Methoxyethylmercury

Phenylmercury

TABLE 95–3

Differential Characteristics of Mercury Exposure

Elemental Inorganic Organic

Primary route of exposure Inhalation Oral Oral

Primary tissue distribution CNS, kidney Blood (transient, acute)

Kidney

CNS (delayed)

CNS, kidney, liver, blood, hair

Clearance Kidney, GI Kidney, GI Methyl: GI

Aryl: kidney, GI

Clinical effects

 CNS Tremor Tremor, erethism Paresthesias, ataxia, tremor, tunnel vision, dysarthria

 Pulmonary +++ – –

 Gastrointestinal + +++ (caustic) +

 Renal + +++ (ATN) +

 Acrodynia + ++ –

Therapy BAL, succimer BAL, succimer Succimer (early)

ABSORPTION

Elemental Mercury

Elemental mercury (Hg0) is absorbed primarily via inhalation of vapor, although slow absorption after aspiration, subcutaneous deposition, and direct

intravenous (IV) embolization occurs.60,74,121 Volatility, moderate at room temperature, increases significantly with heating or aerosolization, both of

which occur with vacuuming.44,102 When inhaled by human volunteers, 75% to 80% of mercury vapor is absorbed.44 However, elemental mercury is
negligibly absorbed from an anatomically and functionally normal GI tract, and it is usually considered nontoxic when ingested. Abnormal GI motility
prolongs mucosal exposure to elemental mercury, and massive ingestion increases subsequent ionization to more readily absorbed forms. Similarly,
anatomic GI abnormalities such as fistulae or perforation are associated with extravasation of mercury into the peritoneal in which where elemental
mercury is oxidized to more readily absorbed inorganic forms.

Inorganic Mercury

The principal route of absorption for inorganic mercury is the GI tract. Approximately 10% of soluble divalent (Hg2+) mercuric salts such as mercuric

chloride (HgCl2) are absorbed following ingestion and dissociation.66 Absorption of a relatively insoluble monovalent (Hg+) mercurous compound,

such as mercurous chloride (calomel; HgCl), is dependent on its oxidation to the divalent form.79 Inorganic mercury is also absorbed across the skin
and mucous membranes, as evidenced by urinary excretion of mercury after dermal application of skin-lightening mercurial ointments and powders

containing HgCl.106,122

The degree of dermal absorption varies by the concentration of mercury, skin integrity, and lipid solubility of the vehicle. With substantial dermal
exposures to mercury salts, skin absorption may be difficult to distinguish from concomitant absorption via other routes, such as ingestion.

Organic Mercury

As in the case of inorganic mercury, organic mercury is primarily absorbed from the GI tract. Methylmercury, considered the prototype of the short-

chain alkyl compounds, is approximately 90% absorbed from the gut. Aryl and long-chain alkyl compounds have more than 50% GI absorption.79

Although both dermal and inhalational absorption of organic mercury is reported, precise quantitation and exclusion of concomitant absorption by
ingestion are difficult to determine.

DISTRIBUTION AND BIOTRANSFORMATION

After absorption, mercury distributes widely to all tissues, predominantly the kidneys, liver, spleen, and central nervous system (CNS). The initial
distributive pattern into nervous tissue of elemental and organic mercury differs from that of the inorganic compounds because of their greater lipid
solubility.

Elemental Mercury

Although peak concentrations of elemental mercury are delayed in the CNS as compared with other organs (2–3 days versus 1 day),44 significant
accumulation in the CNS occurs after an acute, intense exposure to elemental mercury vapor. Conversion of elemental mercury to the charged

mercuric (Hg2+) cation within the CNS favors retention and local accumulation. Because elemental mercury does not covalently bind to other

compounds, its toxicity depends on its oxidation initially to the mercurous ion (Hg+) and then to the mercuric ion (Hg2+) by the enzyme catalase.66

Because this oxidation–reduction reaction favors the mercuric cation at steady state, the distribution and late manifestations of metallic mercury
toxicity eventually resemble those of inorganic mercury poisoning. Conversely, and to a lesser extent, inorganic mercuric ions are reduced to the

elemental state (Hg0), although the site and mechanism of this reaction are not well understood.79

Inorganic Mercury

The greatest concentration of mercuric ions is found in the kidneys, particularly within the renal tubules. At least in animal studies, administration of

mercury induces the renal synthesis of metallothionein, a compound that binds to and detoxifies mercuric ions.12 Very little mercury is found as free
mercuric ions. In blood, mercuric ions are found both within the red blood cells (RBCs) and bound to plasma proteins in approximately equal
proportions. Blood concentrations are greatest immediately after inorganic mercury exposure, with rapid waning as distribution to other tissues
occurs. Although penetration of the blood–brain barrier is poor because of low lipid solubility, slow elimination and prolonged exposure contribute to
significant CNS accumulation of mercuric ions. Within the CNS, mercuric ions concentrate in the cerebellum and hippocampus, and to a lesser degree,

the cerebral cortex.35 Although inorganic mercurials undergo organification in marine life, as in the Minamata Bay disaster,9,85 the importance of this

conversion in humans is unknown. Animal studies demonstrate that the placenta functions as an effective barrier to mercuric ions.79

Organic Mercury

Once absorbed, aryl (phenyl mercury) and long-chain alkyl mercury compounds differ from the short-chain organic mercury compounds
(methylmercury) in an important way—the former possess a labile carbon–mercury bond, which is subsequently cleaved, releasing the inorganic
mercuric ion. Thus, the distribution pattern and toxicologic manifestations produced by the aryl and long-chain alkyl compounds that occur beyond
the immediate postabsorptive phase are comparable to those of inorganic mercury, but organification has facilitated absorption and reduced the local

caustic effects.79 In contrast, short-chain alkyl mercury compounds possess relatively stable carbon–mercury bonds that survive the absorptive phase,

although conversion to the inorganic mercuric cation at a rate of less than 1% per day occurs after absorption.124 Because it is lipophilic,

methylmercury readily distributes across all tissues, including the blood–brain barrier and placenta.46 An important consequence of this property is
the devastating neurologic degeneration that develops in prenatally exposed infants with Minamata disease. The rapid decline of blood mercury
concentrations in both suckling rats and breastfeeding human infants is attributed to rapid growth of body volume combined with limited transport of

mercury by milk.76,97,98

After methylmercury is distributed to brain tissue, its fate is uncertain. Animal evidence indicates that methylmercury is converted to inorganic mercury

in brain tissue.63 Primates fed oral methylmercury daily for periods exceeding 1 year and then killed within days of the last exposure demonstrated an
average brain inorganic mercury fraction of only 19%. By contrast, when the postexposure period was extended to between 150 and 650 days, the
inorganic mercury fraction increased to 88%. Similarly, long-term survivors of methylmercury poisoning had a higher ratio of inorganic mercury to

total mercury in their brains.29 In one patient who survived 22 years after methylmercury ingestion, autopsy revealed that the brain mercury was nearly
completely in the inorganic form.

Methylmercury concentrates in RBCs to a much greater degree than do mercuric ions, with an RBC-to-plasma ratio of about 10:1 (in contrast to 1:1 RBC-

to-plasma ratio for inorganic mercury).124 However, despite this apparent affinity for nervous tissue and RBCs, the greatest methylmercury
concentrations are found in the kidneys and liver. In addition, because of the extensive sulfhydryl bonds in hair, methylmercury deposits in hair at

concentrations approximately 250 times that found in whole blood.55

ELIMINATION

Elemental Mercury and Inorganic Mercury

Mercuric ions are excreted through the kidney by both glomerular filtration and tubular secretion and in the GI tract by transfer across gut mesenteric
vessels into feces. Small amounts are reduced to elemental mercury vapor and volatilized from skin and lungs. The total-body half-life of elemental

mercury and inorganic mercury was previously estimated at approximately 30 to 60 days.22,66 However, a recent review of case studies indicates that

the half-life of inorganic mercury in human brains is on the order of several years to several decades.92

Organic Mercury

In contrast to elemental mercury and inorganic mercury, the elimination of short-chain alkyl mercury compounds (such as methylmercury) is
predominantly fecal. Enterohepatic recirculation contributes to its somewhat longer total body half-life of about 70 days. Less than 10% of

methylmercury is excreted in urine and feces as the mercuric cation.124

PATHOPHYSIOLOGY

The pervasive disruption of normal cell physiology by mercury arises from its avid covalent binding to sulfur, replacing the hydrogen ion in the body’s
ubiquitous sulfhydryl groups. Mercury also reacts with phosphoryl, carboxyl, and amide groups, resulting in widespread dysfunction of enzymes,
transport mechanisms, membranes, and structural proteins.

Because mercury deposits in all tissues, the clinical manifestations of mercury toxicity involve multiple organ systems with variable features and
intensity. Necrosis of the GI mucosa and proximal renal tubules, which occurs shortly after mercury salt poisoning, is thought to result from the direct
oxidative effect of mercuric ions. An immune mechanism is attributed to membranous glomerulonephritis and acrodynia associated with the use of

mercurial ointments.13

Neurologic manifestations of methylmercury poisoning correlate with pathologic findings in the brains of both adults and children who were

prenatally exposed.68,113 Grossly, atrophy of the brain is more severe in children who had prenatally or postnatally acquired methylmercury compared
with the brains of those exposed as adults. In the adult brain, neuronal necrosis and glial proliferation are most prominent in the calcarine cortex of
the cerebrum and in the cerebellar cortex. In fetal Minamata disease, similar lesions are present but in a more diffuse and severe form. Atrophy of the
cerebellar hemispheres, postcentral gyri, and calcarine area of the brain demonstrated on magnetic resonance images in organic mercury–poisoned

patients correlates with clinical findings of ataxia, sensory neuropathy, and visual field constriction, respectively.58 Neuropathologic examination of
the brain of a scientist who died after unintentional dermal exposure to dimethylmercury revealed lesions in the cerebellum, temporal lobe, and visual

cortex.105

In rats, neuronal cytotoxicity of methylmercury may result partly from muscarinic receptor–mediated calcium release from smooth endoplasmic

reticulum of cerebellar granule cells.62 There is animal evidence that methylmercury may trigger reactive oxygen species production. In addition,
methylmercury inhibits astrocyte uptake of cysteine, the rate-limiting step in the production of glutathione, a major antioxidant in mammalian cell

systems.104 Cultured astrocytes accumulated methylmercury and exhibited increased mitochondrial permeability and oxidative injury.125 Complexing
of methyl- mercury with L-cysteine may enhance brain uptake by mimicry of methionine, a substrate of the endogenous L amino acid transport system.

Uptake of the L-isomer significantly exceeds that of methylmercury–D-cysteine. Careful selection of stereospecific thiol complexing agents may lead to

strategies to limit brain uptake of methylmercury.56,70

CLINICAL MANIFESTATIONS

Elemental Mercury

Symptoms of acute elemental mercury inhalation occur within hours of exposure and consist of cough, chills, fever, and shortness of breath.
Gastrointestinal complaints include nausea, vomiting, and diarrhea accompanied by a metallic taste, dysphagia, salivation, weakness, headaches, and
visual disturbances. Chest radiography during the acute phase reveals interstitial pneumonitis and both patchy atelectasis and emphysema.
Symptoms either resolve with lesser exposures or progress to acute respiratory distress syndrome (ARDS) with respiratory failure and death. Some
survivors of severe pulmonary toxicity develop interstitial fibrosis and residual restrictive pulmonary disease. The acute respiratory symptoms occur
concomitantly with or precede the development of subacute inorganic mercury poisoning manifested by tremor, kidney dysfunction, and

gingivostomatitis.17,54,94 Thrombocytopenia is also reported to occur during the acute phase.38

Although acute exposure to elemental mercury vapor occurs most commonly in the occupational setting, poisonings caused by mishandling of the

metal in the home are well reported.19,29,50,72,108 In fact, attempts at home metallurgy using metallic mercury have resulted in fatalities with ambient air

concentrations of mercury as high as 0.9 mg/m3. The current US Occupational Safety and Health Administration permissible exposure limit (PEL) for

mercury vapor is 0.1 mg/m3 of air as a ceiling limit.82

As with other inhaled toxins, children are likely to be more sensitive to the pulmonary toxicity of mercury vapor because of their ratio of minute

ventilation volume to body size.72 Although pulmonary toxicity from elemental mercury usually results from inhalation of vapor, massive

endobronchial hemorrhage followed by death has occurred secondary to direct aspiration of metallic mercury into the tracheobronchial tree.127

Gradual volatilization of elemental mercury results in chronic toxicity from improper handling, such as vacuuming spilled mercury.102

The clinical importance of volatilized metallic mercury from dental amalgams for both the dentist and patient is controversial. The preponderance of
evidence refutes the idea that dental amalgam causes mercury poisoning. Several comprehensive reviews of the subject conclude that (1) occupational
exposure to mercury from dental amalgam is acceptably low, provided that recommended preventive measures such as adequate ventilation are
adhered to; (2) the quantity of mercury vaporized from dental amalgam by mechanical forces, such as chewing, is clinically insignificant; and (3) only in
exceedingly rare cases will immunologic hypersensitivity to mercury amalgam (manifested as cutaneous signs and symptoms and confirmed by patch

testing) necessitate removal of the amalgam.33,34,37,61,107

Unusual cases of chronic toxicity have resulted from intentional subcutaneous or IV injection of elemental mercury (Figs. 8–6 and 95–1).49,74 Aside from
management of systemic mercury toxicity, local wound care and excision of deposits of mercury are additional therapeutic challenges presented by
these cases. Serial or repeat radiographs are useful in guiding the removal of the radiopaque deposits.

FIGURE 95–1.

Anteroposterior (A) and lateral (B) views of the elbow after an unsuccessful suicidal gesture involving an attempted intravenous injection of elemental
mercury in the antecubital fossa. Note the extensive subcutaneous mercury deposition, which was partially removed by surgical intervention. (Used
with permission from Diane Sauter, MD.)

Inorganic Mercury

Acute ingestion of mercuric salts produces a characteristic spectrum from severe irritant to caustic gastroenteritis. Immediately after the ingestion, a
grayish discoloration of mucous membranes and metallic taste typically accompany local oropharyngeal pain, nausea, vomiting, and diarrhea followed

by abdominal pain, hematemesis, and hematochezia. The lethal dose of mercuric chloride is estimated to be 30 to 50 mg/kg.116 The life-threatening
manifestations of severe acute mercuric salt ingestion are hemorrhagic gastroenteritis, massive fluid loss resulting in shock, and acute kidney

failure.100

Oropharyngeal injury, nausea, hematemesis, hematochezia, and abdominal pain were the most prominent symptoms in a series of 54 patients who

presented after ingesting up to 4 g of mercuric chloride.116 In this series, fatality was associated with the early development of oliguria (within 3 days)
likely due in large part to lack of routinely available hemodialysis at that time. The development of anuria appeared to be related to the dose of
mercuric chloride ingested. The histopathologic finding of proximal tubular necrosis after mercuric salt poisoning results both from direct toxicity to

renal tubules and from renal hypoperfusion caused by shock. Consequently, aggressive fluid therapy to maintain perfusion is recommended.101

Acute ingestion of mercuric salts is usually intentional, but unintentional ingestion occurs sporadically in both children and adults.51 Although
ingestion of older button batteries containing mercuric oxide was associated with a greater incidence of fragmentation than with other batteries,

clinically significant systemic mercury toxicity by this route was not reported.64,67 Mercuric chloride–containing stool preservatives are another
potential source of unintentional inorganic mercury poisoning. Ingestion of 10 to 20 mL of a polyvinyl alcohol preservative that contained 4.5%

mercuric chloride resulted in bloody gastroenteritis and proteinuria.103 Nonprescription49 and Ayurvedic99 medicines are also associated with

unintentional inorganic mercury poisoning (Chap. 43).53 These xenobiotics are not subject to US Food and Drug Administration (FDA) regulation,
available without prescription, of variable composition, and are often inadequately labeled (Chap. 43).

Subacute or chronic mercury poisoning occurs after inhalation, aspiration, or injection of elemental mercury; ingestion or application of mercury salts;
or ingestion of aryl or long-chain alkyl mercury compounds. Slow in vivo oxidation of elemental mercury and dissociation of the carbon–mercury bond
of aryl or long-chain alkyl mercury compounds result in the production of the inorganic mercurous and mercuric ions.

The predominant manifestations of subacute or chronic mercury toxicity include GI symptoms, neurologic abnormalities, and renal dysfunction.
Gastrointestinal symptoms consist of a metallic taste and burning sensation in the mouth, loose teeth and gingivostomatitis, excessive salivation

(ptyalism), and nausea.122 The neurologic manifestations of chronic inorganic mercurialism include tremor, as well as the syndromes of neurasthenia
and erethism. Neurasthenia is a symptom complex that includes fatigue, depression, headaches, hypersensitivity to stimuli, psychosomatic
complaints, weakness, and loss of concentrating ability. Erethism, derived from the Greek word red, describes the easy blushing and extreme shyness
of affected individuals. Other symptoms of erethism include anxiety, emotional lability, irritability, insomnia, anorexia, weight loss, and delirium.
Mercury produces a characteristic central intention tremor (Chap. 22) that is abolished during sleep. In the most severe forms of mercury-associated
tremor, choreoathetosis and spasmodic ballismus are also reported. Other neurologic manifestations of inorganic mercurialism include a mixed
sensorimotor neuropathy, ataxia, concentric constriction of visual fields (“tunnel vision”), and anosmia.

Chronic poisoning with mercuric ions is associated with renal dysfunction, which ranges from asymptomatic, reversible proteinuria to nephrotic
syndrome with edema and hypoproteinemia. An idiosyncratic hypersensitivity to mercury ions is thought to be responsible for acrodynia, or “pink
disease,” which is an erythematous, edematous, and hyperkeratotic induration of the palms, soles, and face, and a pink papular rash that was first

described in a subset of children exposed to mercurous chloride powders.122 The rash is described as morbilliform, urticarial, vesicular, and
hemorrhagic. This symptom complex also includes excessive sweating, tachycardia, irritability, anorexia, photophobia, insomnia, tremors,
paresthesias, decreased deep tendon reflexes, and weakness. The acral rash frequently progresses to desquamation and ulceration. The prognosis is
favorable after withdrawal from mercury exposure. Childhood acrodynia has become uncommon since the abandonment of mercurial teething
powders and diaper rinses. Occasional case reports still implicate improperly disposed fluorescent light bulbs and phenylmercuric acetate–containing

paint.3,117

Thimerosal is an example of an aryl mercury compound that results in chronic inorganic mercury toxicity. It is a compound that was widely used as a
preservative in the pharmaceutical industry (Chap. 46). Although initial kinetics suggested a stable ethyl–mercury bond, the later elimination phase
more closely resembles that of the inorganic mercury compounds. Thimerosal is approximately 50% mercury by weight. Although generally
considered safe, toxicity and death can occur after both intentional overdose and excessive therapeutic application of merthiolate (0.1% thimerosal or

600 mcg/mL mercury).87,95

Concern that the cumulative dose of thimerosal in childhood immunizations exceeded federally recommended maximum mercury doses (EPA, 0.1
mcg/kg/day; Agency for Toxic Substances and Disease Registry, 0.3 mcg/kg/day; FDA, 0.4 mcg/kg/day) led to a call by the American Academy of

Pediatrics to reduce or eliminate thimerosal from vaccines.4 Thimerosal continues to be used in medically underserved nations as a preservative in

multidose vials in areas with inadequate refrigeration.31 Nevertheless, since 2001, routinely administered childhood vaccines in the United States no

longer contain thimerosal.4,47

Although sensitization after use in vaccinations has been reported in atopic children,86 clinical mercury toxicity has not been reported in appropriately

immunized children. The claim that thimerosal-containing vaccines causes autism has been refuted by numerous studies and meta-analyses.8,65,84,109

No causal association with early thimerosal exposure and adverse neuropsychological outcomes was shown in children tested at 7 to 10 years of

age.115 Clearly, the risk to child health from the diseases targeted for prevention by vaccines far exceeds the risk from thimerosal preservative in

vaccines.39,114,119 In 2010, US courts rejected a causal relationship between thimerosal and autism.32

Organic Mercury Compounds

In contrast to the inorganic mercurials, methylmercury produces an almost purely neurologic disease that is usually permanent except in the mildest of
cases. Although the predominant syndrome associated with methylmercury is that of a delayed neurotoxicity, acute GI symptoms, tremor, respiratory

distress, and dermatitis are also reported.124 In addition, ST segment changes on electrocardiography and renal tubular dysfunction are associated

with this poisoning.45 However, no increase in cardiovascular disease risk was reported with mercury exposure in a large cohort of US adults.73

The lipophilic property and slower elimination of methylmercury likely contribute to its profound neurologic effects. Characteristically, clinical
manifestations occur after the initial poisoning by a latent period of weeks to months. Consequently, the lethal dose of methylmercury is difficult to
determine. As noted previously, infants exposed prenatally to methylmercury were the most severely affected individuals in Minamata. Often born to
mothers with little or no manifestation of methylmercury toxicity themselves, exposed infants exhibited decreased birth weight and muscle tone,
profound developmental delay, seizure disorders, deafness, blindness, and severe spasticity.

Several weeks after methylmercury contaminated grain was ingested in Iraq, patients began to appear with paresthesias involving the lips, nose, and
distal extremities. Symptomatic patients also noted headaches, fatigue, and tremor. More serious cases progressed to ataxia, dysarthria, visual field
constriction, and blindness. Other neurologic deficits included hyperreflexia, hearing disturbances, movement disorders, salivation, and dementia.
The most severely affected patients lay in a mute, rigid posture punctuated only by spontaneous crying, primitive reflexive movements, or feeding

efforts.96

Although the outlook for methylmercury neurotoxicity is generally considered dismal, observations over the subsequent 2 years in 49 Iraqi children

poisoned during the 1971 outbreak revealed complete resolution or partial improvement in all but the most severely affected.5 Of the 40 symptomatic
children, 33 mildly to severely affected children showed partial to complete resolution of symptoms, but the 7 children classified as “very severely
poisoned” remained dysarthric, ataxic, blind, and bedridden.

An important route of organic mercury exposure is through seafood consumption. The safe amount of methylmercury in seafood remains
controversial. The FDA action concentration of 1 ppm for methylmercury in fish was set to limit consumption of methylmercury to less than 1/10th of

amounts found in cases of symptomatic poisoning. The EPA established a reference dose for methylmercury of 0.1 mcg/kg/day.90,118 Although
elevated blood concentrations (19–53 mcg/L) of mercury were found in one group of self-reported high consumers of seafood, increased incidence of

cognitive and GI complaints were not.52 Even so, concentrations at which fetuses experience adverse effects are unknown. Longitudinal studies of fish-
eating populations are conflicting. No effect of a high prenatal fish diet was found on developmental markers in children followed to 19 years of age in

the Seychelles Islands.27,28,120

However, in the studies done in the Faroe Islands and New Zealand, a subtle but significant effect on neuropsychological development was

reported.25,42,110 In the Faroe Islands, this effect persisted when children were retested at 22 years of age.30,31

One reason for the discrepancy that occurs between the 2 populations may be the different patterns of seafood consumption and concentrations of
methylmercury in the seafood consumed by each. The Faroese consume low level mercury–containing fish 1 to 3 times a week with episodic feasts of
highly contaminated pilot whale, whereas the Seychellois consume a more steady diet of low level–contaminated fish on average 12 times per week.
The pilot whales consumed in the Faroe Islands are also contaminated with neurotoxic polychlorinated biphenyls (PCBs), although these compounds
were measured and considered a potential confounding variable. The mean concentration of methylmercury in the whale meat consumed in the Faroe
Islands was 1.6 mcg/g, and the mean concentration of mercury found in New Zealand shark was 2.2 mcg/g. By contrast, the mean methylmercury

content of Seychellois fish was 0.3 mcg/g.75 The threshold concentration for neuropsychological effects may lie between these concentrations.

The development of neurologic symptoms in infants exclusively breastfed by women exposed to methylmercury after delivery and the detection of

mercury in the milk of lactating women implies a risk for mercury poisoning via breast milk.57 In one series of lactating women, mercury concentrations

in milk were approximately 30% of the concentrations found in blood.83 Perhaps because of high levels of PCBs in pilot whale meat, 7-year-old children
from the Faroe Islands, who have a diet traditionally high in the mercury-containing sea mammals and were breast-fed as infants, exhibited a

diminished benefit (but not deficit) on neuropsychological testing when compared with their counterparts fed formula.48

Further complicating findings in a cohort of Faroese children, the neurobehavioral deficits from methylmercury may be underestimated unless the

protective effects of long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, also found in fish) are included in the analysis.21 Likewise, the Seychelles
Child Development Study Nutrition Cohort 2 found no overall adverse association between prenatal methylmercury exposure and

neurodevelopmental outcomes in children with high maternal n-3 PUFA concentrations.111 The net neuropsychological effects of prenatal and dietary
methylmercury result from dose and timing of fish in the diet as well as the concentrations of methylmercury, neurotoxic PCBs, and neuroprotective

PUFA in the consumed fish.111

The FDA recommends that at-risk populations (pregnant women and women who may become pregnant, nursing mothers, and young children) avoid
large predator fish (shark, swordfish, tilefish, and king mackerel) that contain concentrations of methylmercury approaching 1 ppm (1 mcg/g). The
2004 FDA/EPA consumer advisory emphasizes the health benefits of eating fish and allow for up to 12 ounces per week of fish and shellfish lower in
mercury such as shrimp, canned light tuna, salmon, pollock and catfish and up to 6 ounces of albacore tuna per week. Given the beneficial effects of

seafood, efforts should be aimed at decreasing anthropogenic release of mercury rather than elimination of dietary exposure.91

Although methylmercury has greater importance worldwide, the extreme toxicity of another organic mercurial, dimethylmercury, was tragically
demonstrated by the delayed fatal neurotoxicity that developed in a chemist who inadvertently spilled dimethylmercury on a break in the gloves on her

hands.77 Over a period of several days, she developed progressive difficulty with speech, vision, and gait. Despite chelation and exchange transfusion,
she died of mercury neurotoxicity within several months of the exposure.

DIAGNOSTIC TESTING

The dual findings of unexplained neuropsychiatric and kidney abnormalities in an individual should alert the clinician to the possibility of
mercurialism, as should an at-risk occupation or access by the patient to a mercurial product (Table 95–1). Occupational or environmental exposure
and a consistent clinical scenario are suggestive of mercury poisoning, but demonstration of mercury in blood, urine, or tissues is necessary for
confirmation of exposure. Of the many methods available to measure mercury, cold atomic absorption spectrometry is rapid, sensitive, and accurate
but cannot distinguish the various forms of mercury. Thin-layer and gas chromatographic techniques are recommended to distinguish organic from
inorganic mercury. Whole blood should be collected into a trace element collection tube obtained from the laboratory performing the assay. Urine
should be collected for 24 hours into an acid-washed container obtained from a laboratory. Spot collections must be adjusted for creatinine
concentration. Attempts to measure or otherwise handle the specimen should be avoided to prevent external contamination (Table 95–4).

TABLE 95–4

Diagnostic Testing for Mercury

Whole  Blood 24-hour Urine Hair Clinical

Elemental/Inorganic (+)

Acute, transient

(++)

Confirm exposure

Monitor chelation

Poor correlation to

TBB

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Early detection

Organic (++)

Best reflects

TBB

(–)

Fecal elimination

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Reflects irreversible CNS

toxicity

Early detection

There is considerable overlap among concentrations of mercury found in the normal population, asymptomatic exposed individuals, and patients with
clinical evidence of poisoning. There is no definitive correlation between either whole blood or urine mercury concentration and mercury toxicity.
However, mercury serves no useful role in human physiology, and concentrations of 1.0 mcg/L or less for whole blood and 0.5 mcg/L for urine are
generally considered to reflect background exposure in nonpoisoned individuals. The inconsistencies of the values found in the literature for mercury
exposure are a recurrent issue in metal testing. A credible and qualified laboratory should be employed and their reference ranges accepted when

testing is desired.20

For inorganic mercury poisoning, urine mercury concentrations correlate roughly with exposure severity and neuropsychiatric symptoms,93 but the
relationship to total body burden is probably poor. Urine mercury determinations have their greatest usefulness in confirming exposure and
monitoring the efficacy of chelation therapy. Whole blood mercury concentrations reflect intense, acute inorganic mercury exposure but become less
reliable as redistribution to tissues takes place.

Because organic mercury is eliminated via the fecal route, urine mercury concentrations are not useful in methylmercury poisoning. Because
methylmercury concentrates in RBCs, the total-body methylmercury burden is best reflected acutely by whole-blood concentrations. As methylmercury
distributes to and accumulates in brain, the severity of clinical manifestations probably more closely reflects the degree of the irreversible neuronal
destruction that has taken place rather than the current body burden of mercury. Correlation of increasing whole-blood mercury concentrations with

prevalence of paresthesias was suggested in a population of Iraqis studied early in the course of methylmercury poisoning.24 However, in another

group of patients, whole-blood concentrations did not correlate with severity of methylmercury poisoning.96 This apparent discrepancy may have
resulted from the finding that paresthesias are among the earliest reported symptoms of methylmercury poisoning.

Because mercury accumulates in the hair, hair analysis has been used as a tool for measuring mercury burden. However, because metal incorporation
reflects past exposure and hair avidly binds to noningested environmental mercury, the reliability of this method is questionable and is not

recommended.89 In addition to mercury assays, neuropsychiatric testing, nerve conduction studies, and urine assays for N-acetyl-β-D-glucosaminidase

and β2-microglobulin are advocated for early detection of subclinical inorganic and organic mercury toxicity.34,45,93

GENERAL MANAGEMENT

After the initial assessment and stabilization, the early toxicologic management of a patient with mercury poisoning includes termination of exposure
by removal from vapors, washing exposed skin, GI decontamination, supportive measures (eg, hydration, humidified oxygen), baseline diagnostic
studies (eg, complete blood count, serum chemistries, venous blood gas, radiography, ECG), specific analysis of whole blood and urine for mercury,
evaluation of possible cointoxicants, and meticulous monitoring.

Elemental Mercury

Inhalation of mercury vapors or aspiration of metallic mercury may result in life-threatening respiratory failure; in this situation, stabilization of
cardiorespiratory function is the initial priority. Postural drainage and endotracheal suction are a reasonable technique to attempt to remove
aspirated metallic mercury. Parenteral deposition of subcutaneous or intramuscular (IM) mercury is amenable to surgical excision, if well localized
(Fig. 95–1).

An adjunct to the initial management of patients with mercury poisoning is environmental decontamination. Elemental mercury that spills onto solid
surfaces should be adsorbed to sand and the resulting mixture then swept into tightly sealed containers. Ideally, a mercury decontamination kit should
be used. The kit consists of calcium polysulfide, which contains excess sulfur to convert mercury to water-insoluble mercuric sulfide. Absorbent
surfaces, such as carpets, should be removed. Spilled mercury compounds should not be vacuumed because vacuuming could volatilize the

mercury.18 Broken compact fluorescent light bulbs should be handled and disposed of according to EPA guidelines and local requirements.2

Recommendations for decontamination after breakage include opening windows to release vapor, using adhesive tape to pick up visible fragments,
and discarding contaminated material in double-wrapped bags. Guidance for decontamination of major spills and disposal of materials can be
provided by local and federal hazardous materials agencies.

Inorganic Mercury

Because ingestion of inorganic mercuric may lead to cardiovascular collapse caused by severe gastroenteritis and third-space fluid loss, fluid
resuscitation is a priority. Gastrointestinal decontamination of ingested inorganic mercury is particularly problematic because of its causticity and risk
for perforating injury. Nevertheless, one series of patients with mercuric chloride ingestion of up to 4 g reported recovery without long-term GI

sequelae in patients who did not succumb to kidney failure.116 Therefore, unless there is high suspicion for penetrating GI mucosal injury, removal of
mercury from absorptive surfaces should take priority over endoscopic evaluation. The prominence of vomiting makes gastric lavage unnecessary for
most patients with inorganic mercury poisoning.

Metals are among the substances that are often considered to be poorly adsorbed to activated charcoal. Nevertheless, the serious nature of late
sequelae after mercury absorption, the typically small quantities of mercury ingested, and evidence that inorganic mercuric salts actually have
substantial adsorption to activated charcoal (800 mg mercuric chloride can be adsorbed to 1 g activated charcoal) justify the routine administration of

activated charcoal.6 Whole-bowel irrigation with polyethylene glycol solution is a reasonable adjunct to remove residual mercury, and its progress can
be followed with serial radiographs.

Organic Mercury

Organic mercury exposures do not typically present as single acute ingestions but rather as chronic or subacute ingestion of contaminated food.
Therefore, GI decontamination is generally moot with respect to organic mercury poisoning. Nevertheless, its irreversible toxicity coupled with
unsatisfactory treatments calls for aggressive decontamination when acute ingestions or dermal exposures occur.

CHELATION

After initial stabilization and decontamination, early institution of chelators minimizes or prevents the widespread effects of poisoning. Dimercaprol
was developed during World War II as an antidote against lewisite, an arsenical warfare agent. The water-soluble analogs DMPS and succimer were

developed in the 1950s, and the 3 chelators have remained the mainstay of therapy for mercury poisoning.59 A high degree of protein binding and
distribution to the brain are responsible for the lack of efficacy of other measures to increase mercury clearance, such as peritoneal dialysis and

hemodialysis.100 In one report of the use of continuous venovenous hemodiafiltration in combination with a chelator in a patient with severe inorganic

mercury poisoning, 12.7% of the ingested dose was recovered in the ultrafiltrate.26 Hemodialysis may nevertheless ultimately be necessary because of
the acute kidney failure that often occurs after mercuric chloride poisoning.

Chelators have thiol groups that compete with endogenous sulfhydryl groups for the binding of mercury, thereby preventing inactivation of sulfhydryl-
containing enzymes and other essential proteins (Antidotes in Depth: A28 and A29). A history of significant mercury exposure combined with the
presence of typical symptoms of mercury poisoning is an appropriate indication for the institution of chelation therapy. Elevated whole-blood and
urine mercury concentrations help support the decision to begin chelation therapy in unclear cases and can also be used to guide the duration of
therapy. Provocative chelation, in which urinary mercury excretion before and after a chelating dose is compared to determine the degree of mercury

poisoning, is of no value.52 Chelation tends to increase urinary elimination of mercury, regardless of exposure history and baseline excretion.

Elemental Mercury and Inorganic Mercury Salts

For patients with symptomatic acute inorganic mercury poisoning, dimercaprol should be administered for 10 days in dosages of 5 mg/kg/dose every 4
hours IM for 48 hours, then 2.5 mg/kg every 6 hours for 48 hours, followed by 2.5 mg/kg every 12 hours for 7 days. It is reasonable to adjust this dosing
regimen, which was derived from lead poisoning, according to clinical response and the occurrence of adverse reactions.

When a patient can take oral medications, we recommend that dimercaprol be replaced with succimer at 10 mg/kg orally 3 times a day for 5 days, then
twice a day for 14 days if the GI tract is clear. Because headache, nausea, vomiting, abdominal pain, and diaphoresis are common reactions during
dimercaprol chelation therapy, oral succimer is recommended in patients who are not acutely ill or who have been chronically poisoned.

Either dimercaprol or succimer is considered the treatment of choice for inorganic mercury poisoning in the United States, but a few other chelators
deserve mention. 2,3-Dimercapto-1-propanesulfonic acid (DMPS) is a water-soluble dimercaprol derivative that is used in Europe. It is administered
both IV and orally. D-Penicillamine is an orally administered monothiol. Its adverse events—GI distress, rashes, leukopenia, thrombocytopenia, and

proteinuria—although uncommon in therapeutic doses, seriously limit the usefulness of the drug. N-acetyl-D,L-penicillamine (NAP), an investigational

analog of D-penicillamine, is thought to be a more effective chelator of mercury than is D-penicillamine, perhaps because of its greater stability.11,40,43

Organic Mercury Compounds

The neurotoxicity of methylmercury and other organic mercury compounds is resistant to treatment, and therapeutic options are less than
satisfactory. In rats, both dimercaprol and D-penicillamine effectively reduced tissue mercury and prevented neurologic toxicity if administered within

the first day of a methylmercury injection.126 Neither treatment reversed neurologic toxicity when administered 12 days after methylmercury injection.
2,3-Dimercapto-1-propanesulphonate, D-penicillamine, NAP, and a thiolated resin all led to a marked reduction of blood half-life of mercury (ie, 10, 24,

23, and 19 days, respectively, versus 60 days) during the outbreak of methylmercury poisoning in Iraq in 1971.24 Clinical improvement was not
observed in any treatment group, but it is reasonable to postulate that reducing the total-body burden of methylmercury may prevent or limit the

progression of disease. When studied in mice poisoned with methylmercury,1 succimer was superior to NAP, DMPS, and a thiolated resin in decreasing
brain mercury and increasing urinary excretion. Brain mercury was decreased to 35% of control, and the total-body burden fell to 19%. Some animal

evidence suggests that dimercaprol increases mercury mobilization into the brain.7,10,15 For this reason, and the lack of serious GI symptoms
necessitating parenteral chelation, We recommend against the use of dimercaprol the treatment of patients with organic mercury poisoning.

Because the neurologic impairment associated with methylmercury is both profound and essentially irreversible, early recognition of poisoning and
prevention of neurotoxicity are essential to a successful outcome. At this time, succimer is the most reasonable treatment for methylmercury
poisoning because of its apparently low toxicity and reported efficacy in animal trials.

SUMMARY

Mercury poisoning by any of the 3 major forms—elemental, inorganic, and organic—presents a complex toxicologic problem associated with a
large variety of clinical presentations.

An ever present awareness of the signs and symptoms coupled with the knowledge of the differing clinical forms is essential for both early
recognition and effective treatment.

Although some chelators show promise in the treatment of mercury poisoning, neurologic sequelae, particularly those resulting from organic
mercury exposures, remain largely irreversible.

Dietary fish remains an important source of mercury exposure and mercurial neuropsychologic illness.

There is no evidence for the role of mercury in the pathogenesis of autism.

Promotion of public education regarding the dangers of mercury, its avoidance, and proper disposal may aid in the prevention of mercury
poisoning.
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ATN = acute tubular necrosis; BAL = British anti-Lewisite; CNS = central nervous system; GI = gastrointestinal; + to +++ = present with increasing importance; - =

absent.

CNS = central nervous system; TBB = total body burden; + to ++ = useful testing specimen; - = lack of utility.

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 

57. 

58. 

59. 

60. 

61. 

62. 

63. 

64. 

65. 

66. 

67. 

68. 

69. 

70. 

71. 

72. 

73. 

74. 

75. 

76. 

77. 

78. 

79. 

80. 

81. 

82. 

83. 

84. 

85. 

86. 

87. 

88. 

89. 

90. 

91. 

92. 

93. 

94. 

95. 

96. 

97. 

98. 

99. 

100. 

101. 

102. 

103. 

104. 

105. 

106. 

107. 

108. 

109. 

110. 

111. 

112. 

113. 

114. 

115. 

116. 

117. 

118. 

119. 

120. 

121. 

122. 

123. 

124. 

125. 

126. 

127. 

Goldfrank's Toxicologic Emergencies, 11e

Chapter 95: Mercury

Young-Jin Sue

INTRODUCTION

HISTORY AND EPIDEMIOLOGY

Mercury is a metal that is widely toxic to multiple organ systems. Its toxicologic manifestations are well known as a result of thousands of years of

medicinal applications, industrial use, and environmental disasters.69,112 Mercury occurs naturally in small amounts as the elemental (Hg0) silver-

colored liquid (quicksilver); as inorganic compounds such as mercuric (Hg2+) sulfide (cinnabar), mercurous (Hg+) chloride (calomel), mercuric chloride
(corrosive sublimate), and mercuric oxide; and as organic compounds (methylmercury and dimethylmercury). Mercury’s gastroenteric irritant effects
led to its use as a therapy for constipation. In recent (16th–19th), centuries, mercury-containing preparations, advocated for their potent diuretic and

sialogogic properties, were widely used to treat syphilis to “flush” the “virus” out.81 The musician Paganini was one of several famous persons whose
gingivitis, dental decay, ptyalism (excessive salivation), and erethism (pathologic irritability and emotional instability) were attributed to mercury

therapy.80 In the 1800s, the United States witnessed an epidemic of “hatters’ shakes” or “Danbury shakes” and “mercurial salivation” in hat industry

workers.123 Danbury, Connecticut, was a US center of felt hat manufacturing in which mercuric nitrate was used to mat animal furs into felt.112,123

In the early 1900s, acrodynia, a painful dusky pink discoloration of the hands and feet, or “pink disease,” was described in children who received

calomel for ascariasis or teething discomfort.16 Vividly described in a series of 41 children, the development of acrodynia was more common in

younger children, did not seem to correlate with mercury dose, and was not necessarily related to urine concentrations of mercury.122

One of the most devastating epidemics of mercury poisoning occurred as the result of a decade of contamination of Minamata Bay in Japan by a
nearby vinyl chloride plant during the 1940s. Methylmercury accumulated in the bay’s marine life and poisoned the inhabitants of the local fishing
community. Although officially only 121 victims were reported, thousands more are believed to have been affected by what has subsequently been

named Minamata disease.88,113 The largest outbreak of methylmercury poisoning to date occurred in Iraq in late 1971. Approximately 95,000 tons of
seed grain intended for planting and treated with methylmercury as a fungicide were baked into bread for direct consumption, resulting in widespread

neurologic symptoms, 6,530 hospital admissions, and more than 400 deaths.5,23,96

In 1990, the US Environmental Protection Agency (EPA) banned mercury-containing compounds from interior paints.3 However, mercury-containing
paints manufactured before that ruling may still be on interior walls, and mercury-containing paint can still be sold for outdoor use. In 1997, a scientist

succumbed to delayed, progressive neurologic deterioration after a minute dermal exposure to dimethylmercury.77 Contemporary exposures occur in

the form of mercury-tainted seafood, mercury-based preservatives (thimerosal), and artisanal gold mining.36

However, a once widely feared source of potential poisoning, mercury-containing dental amalgam does not result in clinical poisoning.14 Occasionally,
exposure to mercury from broken thermometers leads to poisoning in the home, but such thermometers are becoming less common because of

recent efforts to replace mercury with digital thermometers and other electronic devices.78

More recently, the ongoing movement to replace incandescent light bulbs with compact fluorescent bulbs has once again raised the concern of
exposure to mercury in the home and environment. Promoted to reduce greenhouse gas emissions, each bulb contains about 4 mg of elemental

mercury.2

Table 95–1 lists some potential sources of mercury exposure.

TABLE 95–1

Exposures to Mercury

Elemental Inorganic Organic

Manufacturing/Industrial Barometers

Bronzing

Ceramics

Chlorine manufacture

Electroplating

Jewelry

Metal refineries

Paints

Paper pulp

Photography

Batteries

Chemistry sets

Dyes

Explosives

Fireworks

Laboratory reagents

Tanneries

Taxidermy

Vinyl chloride manufacture

Agriculture

Embalming

Fungicides

Laboratory reagents

Pesticides

Wood preservatives

Medical/Medicinal Amalgam

Sphygmomanometry

Tissue fixatives

Thermometers

Weighted nasogastric tubes

Antiseptics

Calomel

Disinfectants

Laxatives

Nonprescription medications

Bactericidals

Pharmaceuticals

Preservatives

Food/Other Ritualistic, complementary Aesthetic, cosmetic

Ayurvedic

Grains (contaminated)

Seafood

FORMS OF MERCURY AND TOXICOKINETICS

The 3 clinically important forms of mercury—elemental, inorganic, and organic—differ with respect to their toxicodynamics and toxicokinetics (Table
95–2). Each produces distinct clinical patterns of poisoning stemming in part from their unique kinetic features (Table 95–3). For each form, the
specific manifestations are determined by the route of exposure, rate of exposure, distribution, biotransformation of mercury within the body, and
relative accumulation or elimination of mercury by the target organ systems. Whereas elemental mercury produces pulmonary toxicity, inorganic
mercury initially causes gastrointestinal (GI) symptoms followed by nephrotoxicity. A nearly pure neurologic toxicity results from organic
(methylmercury) exposure.

TABLE 95–2

Classes of  Mercury Compounds

Nomenclature Example

Elemental Hg0 Quicksilver

Inorganic Hg+

HgCl

Hg2+

HgCl2

Mercurous ion

Calomel, mercurous chloride

Mercuric ion

Mercuric chloride

Organic Short-chain alkyl–mercury compounds

Long-chain mercury compounds

Aryl mercury compounds

Methylmercury

Ethylmercury

Dimethylmercury

Methoxyethylmercury

Phenylmercury

TABLE 95–3

Differential Characteristics of Mercury Exposure

Elemental Inorganic Organic

Primary route of exposure Inhalation Oral Oral

Primary tissue distribution CNS, kidney Blood (transient, acute)

Kidney

CNS (delayed)

CNS, kidney, liver, blood, hair

Clearance Kidney, GI Kidney, GI Methyl: GI

Aryl: kidney, GI

Clinical effects

 CNS Tremor Tremor, erethism Paresthesias, ataxia, tremor, tunnel vision, dysarthria

 Pulmonary +++ – –

 Gastrointestinal + +++ (caustic) +

 Renal + +++ (ATN) +

 Acrodynia + ++ –

Therapy BAL, succimer BAL, succimer Succimer (early)

ABSORPTION

Elemental Mercury

Elemental mercury (Hg0) is absorbed primarily via inhalation of vapor, although slow absorption after aspiration, subcutaneous deposition, and direct

intravenous (IV) embolization occurs.60,74,121 Volatility, moderate at room temperature, increases significantly with heating or aerosolization, both of

which occur with vacuuming.44,102 When inhaled by human volunteers, 75% to 80% of mercury vapor is absorbed.44 However, elemental mercury is
negligibly absorbed from an anatomically and functionally normal GI tract, and it is usually considered nontoxic when ingested. Abnormal GI motility
prolongs mucosal exposure to elemental mercury, and massive ingestion increases subsequent ionization to more readily absorbed forms. Similarly,
anatomic GI abnormalities such as fistulae or perforation are associated with extravasation of mercury into the peritoneal in which where elemental
mercury is oxidized to more readily absorbed inorganic forms.

Inorganic Mercury

The principal route of absorption for inorganic mercury is the GI tract. Approximately 10% of soluble divalent (Hg2+) mercuric salts such as mercuric

chloride (HgCl2) are absorbed following ingestion and dissociation.66 Absorption of a relatively insoluble monovalent (Hg+) mercurous compound,

such as mercurous chloride (calomel; HgCl), is dependent on its oxidation to the divalent form.79 Inorganic mercury is also absorbed across the skin
and mucous membranes, as evidenced by urinary excretion of mercury after dermal application of skin-lightening mercurial ointments and powders

containing HgCl.106,122

The degree of dermal absorption varies by the concentration of mercury, skin integrity, and lipid solubility of the vehicle. With substantial dermal
exposures to mercury salts, skin absorption may be difficult to distinguish from concomitant absorption via other routes, such as ingestion.

Organic Mercury

As in the case of inorganic mercury, organic mercury is primarily absorbed from the GI tract. Methylmercury, considered the prototype of the short-

chain alkyl compounds, is approximately 90% absorbed from the gut. Aryl and long-chain alkyl compounds have more than 50% GI absorption.79

Although both dermal and inhalational absorption of organic mercury is reported, precise quantitation and exclusion of concomitant absorption by
ingestion are difficult to determine.

DISTRIBUTION AND BIOTRANSFORMATION

After absorption, mercury distributes widely to all tissues, predominantly the kidneys, liver, spleen, and central nervous system (CNS). The initial
distributive pattern into nervous tissue of elemental and organic mercury differs from that of the inorganic compounds because of their greater lipid
solubility.

Elemental Mercury

Although peak concentrations of elemental mercury are delayed in the CNS as compared with other organs (2–3 days versus 1 day),44 significant
accumulation in the CNS occurs after an acute, intense exposure to elemental mercury vapor. Conversion of elemental mercury to the charged

mercuric (Hg2+) cation within the CNS favors retention and local accumulation. Because elemental mercury does not covalently bind to other

compounds, its toxicity depends on its oxidation initially to the mercurous ion (Hg+) and then to the mercuric ion (Hg2+) by the enzyme catalase.66

Because this oxidation–reduction reaction favors the mercuric cation at steady state, the distribution and late manifestations of metallic mercury
toxicity eventually resemble those of inorganic mercury poisoning. Conversely, and to a lesser extent, inorganic mercuric ions are reduced to the

elemental state (Hg0), although the site and mechanism of this reaction are not well understood.79

Inorganic Mercury

The greatest concentration of mercuric ions is found in the kidneys, particularly within the renal tubules. At least in animal studies, administration of

mercury induces the renal synthesis of metallothionein, a compound that binds to and detoxifies mercuric ions.12 Very little mercury is found as free
mercuric ions. In blood, mercuric ions are found both within the red blood cells (RBCs) and bound to plasma proteins in approximately equal
proportions. Blood concentrations are greatest immediately after inorganic mercury exposure, with rapid waning as distribution to other tissues
occurs. Although penetration of the blood–brain barrier is poor because of low lipid solubility, slow elimination and prolonged exposure contribute to
significant CNS accumulation of mercuric ions. Within the CNS, mercuric ions concentrate in the cerebellum and hippocampus, and to a lesser degree,

the cerebral cortex.35 Although inorganic mercurials undergo organification in marine life, as in the Minamata Bay disaster,9,85 the importance of this

conversion in humans is unknown. Animal studies demonstrate that the placenta functions as an effective barrier to mercuric ions.79

Organic Mercury

Once absorbed, aryl (phenyl mercury) and long-chain alkyl mercury compounds differ from the short-chain organic mercury compounds
(methylmercury) in an important way—the former possess a labile carbon–mercury bond, which is subsequently cleaved, releasing the inorganic
mercuric ion. Thus, the distribution pattern and toxicologic manifestations produced by the aryl and long-chain alkyl compounds that occur beyond
the immediate postabsorptive phase are comparable to those of inorganic mercury, but organification has facilitated absorption and reduced the local

caustic effects.79 In contrast, short-chain alkyl mercury compounds possess relatively stable carbon–mercury bonds that survive the absorptive phase,

although conversion to the inorganic mercuric cation at a rate of less than 1% per day occurs after absorption.124 Because it is lipophilic,

methylmercury readily distributes across all tissues, including the blood–brain barrier and placenta.46 An important consequence of this property is
the devastating neurologic degeneration that develops in prenatally exposed infants with Minamata disease. The rapid decline of blood mercury
concentrations in both suckling rats and breastfeeding human infants is attributed to rapid growth of body volume combined with limited transport of

mercury by milk.76,97,98

After methylmercury is distributed to brain tissue, its fate is uncertain. Animal evidence indicates that methylmercury is converted to inorganic mercury

in brain tissue.63 Primates fed oral methylmercury daily for periods exceeding 1 year and then killed within days of the last exposure demonstrated an
average brain inorganic mercury fraction of only 19%. By contrast, when the postexposure period was extended to between 150 and 650 days, the
inorganic mercury fraction increased to 88%. Similarly, long-term survivors of methylmercury poisoning had a higher ratio of inorganic mercury to

total mercury in their brains.29 In one patient who survived 22 years after methylmercury ingestion, autopsy revealed that the brain mercury was nearly
completely in the inorganic form.

Methylmercury concentrates in RBCs to a much greater degree than do mercuric ions, with an RBC-to-plasma ratio of about 10:1 (in contrast to 1:1 RBC-

to-plasma ratio for inorganic mercury).124 However, despite this apparent affinity for nervous tissue and RBCs, the greatest methylmercury
concentrations are found in the kidneys and liver. In addition, because of the extensive sulfhydryl bonds in hair, methylmercury deposits in hair at

concentrations approximately 250 times that found in whole blood.55

ELIMINATION

Elemental Mercury and Inorganic Mercury

Mercuric ions are excreted through the kidney by both glomerular filtration and tubular secretion and in the GI tract by transfer across gut mesenteric
vessels into feces. Small amounts are reduced to elemental mercury vapor and volatilized from skin and lungs. The total-body half-life of elemental

mercury and inorganic mercury was previously estimated at approximately 30 to 60 days.22,66 However, a recent review of case studies indicates that

the half-life of inorganic mercury in human brains is on the order of several years to several decades.92

Organic Mercury

In contrast to elemental mercury and inorganic mercury, the elimination of short-chain alkyl mercury compounds (such as methylmercury) is
predominantly fecal. Enterohepatic recirculation contributes to its somewhat longer total body half-life of about 70 days. Less than 10% of

methylmercury is excreted in urine and feces as the mercuric cation.124

PATHOPHYSIOLOGY

The pervasive disruption of normal cell physiology by mercury arises from its avid covalent binding to sulfur, replacing the hydrogen ion in the body’s
ubiquitous sulfhydryl groups. Mercury also reacts with phosphoryl, carboxyl, and amide groups, resulting in widespread dysfunction of enzymes,
transport mechanisms, membranes, and structural proteins.

Because mercury deposits in all tissues, the clinical manifestations of mercury toxicity involve multiple organ systems with variable features and
intensity. Necrosis of the GI mucosa and proximal renal tubules, which occurs shortly after mercury salt poisoning, is thought to result from the direct
oxidative effect of mercuric ions. An immune mechanism is attributed to membranous glomerulonephritis and acrodynia associated with the use of

mercurial ointments.13

Neurologic manifestations of methylmercury poisoning correlate with pathologic findings in the brains of both adults and children who were

prenatally exposed.68,113 Grossly, atrophy of the brain is more severe in children who had prenatally or postnatally acquired methylmercury compared
with the brains of those exposed as adults. In the adult brain, neuronal necrosis and glial proliferation are most prominent in the calcarine cortex of
the cerebrum and in the cerebellar cortex. In fetal Minamata disease, similar lesions are present but in a more diffuse and severe form. Atrophy of the
cerebellar hemispheres, postcentral gyri, and calcarine area of the brain demonstrated on magnetic resonance images in organic mercury–poisoned

patients correlates with clinical findings of ataxia, sensory neuropathy, and visual field constriction, respectively.58 Neuropathologic examination of
the brain of a scientist who died after unintentional dermal exposure to dimethylmercury revealed lesions in the cerebellum, temporal lobe, and visual

cortex.105

In rats, neuronal cytotoxicity of methylmercury may result partly from muscarinic receptor–mediated calcium release from smooth endoplasmic

reticulum of cerebellar granule cells.62 There is animal evidence that methylmercury may trigger reactive oxygen species production. In addition,
methylmercury inhibits astrocyte uptake of cysteine, the rate-limiting step in the production of glutathione, a major antioxidant in mammalian cell

systems.104 Cultured astrocytes accumulated methylmercury and exhibited increased mitochondrial permeability and oxidative injury.125 Complexing
of methyl- mercury with L-cysteine may enhance brain uptake by mimicry of methionine, a substrate of the endogenous L amino acid transport system.

Uptake of the L-isomer significantly exceeds that of methylmercury–D-cysteine. Careful selection of stereospecific thiol complexing agents may lead to

strategies to limit brain uptake of methylmercury.56,70

CLINICAL MANIFESTATIONS

Elemental Mercury

Symptoms of acute elemental mercury inhalation occur within hours of exposure and consist of cough, chills, fever, and shortness of breath.
Gastrointestinal complaints include nausea, vomiting, and diarrhea accompanied by a metallic taste, dysphagia, salivation, weakness, headaches, and
visual disturbances. Chest radiography during the acute phase reveals interstitial pneumonitis and both patchy atelectasis and emphysema.
Symptoms either resolve with lesser exposures or progress to acute respiratory distress syndrome (ARDS) with respiratory failure and death. Some
survivors of severe pulmonary toxicity develop interstitial fibrosis and residual restrictive pulmonary disease. The acute respiratory symptoms occur
concomitantly with or precede the development of subacute inorganic mercury poisoning manifested by tremor, kidney dysfunction, and

gingivostomatitis.17,54,94 Thrombocytopenia is also reported to occur during the acute phase.38

Although acute exposure to elemental mercury vapor occurs most commonly in the occupational setting, poisonings caused by mishandling of the

metal in the home are well reported.19,29,50,72,108 In fact, attempts at home metallurgy using metallic mercury have resulted in fatalities with ambient air

concentrations of mercury as high as 0.9 mg/m3. The current US Occupational Safety and Health Administration permissible exposure limit (PEL) for

mercury vapor is 0.1 mg/m3 of air as a ceiling limit.82

As with other inhaled toxins, children are likely to be more sensitive to the pulmonary toxicity of mercury vapor because of their ratio of minute

ventilation volume to body size.72 Although pulmonary toxicity from elemental mercury usually results from inhalation of vapor, massive

endobronchial hemorrhage followed by death has occurred secondary to direct aspiration of metallic mercury into the tracheobronchial tree.127

Gradual volatilization of elemental mercury results in chronic toxicity from improper handling, such as vacuuming spilled mercury.102

The clinical importance of volatilized metallic mercury from dental amalgams for both the dentist and patient is controversial. The preponderance of
evidence refutes the idea that dental amalgam causes mercury poisoning. Several comprehensive reviews of the subject conclude that (1) occupational
exposure to mercury from dental amalgam is acceptably low, provided that recommended preventive measures such as adequate ventilation are
adhered to; (2) the quantity of mercury vaporized from dental amalgam by mechanical forces, such as chewing, is clinically insignificant; and (3) only in
exceedingly rare cases will immunologic hypersensitivity to mercury amalgam (manifested as cutaneous signs and symptoms and confirmed by patch

testing) necessitate removal of the amalgam.33,34,37,61,107

Unusual cases of chronic toxicity have resulted from intentional subcutaneous or IV injection of elemental mercury (Figs. 8–6 and 95–1).49,74 Aside from
management of systemic mercury toxicity, local wound care and excision of deposits of mercury are additional therapeutic challenges presented by
these cases. Serial or repeat radiographs are useful in guiding the removal of the radiopaque deposits.

FIGURE 95–1.

Anteroposterior (A) and lateral (B) views of the elbow after an unsuccessful suicidal gesture involving an attempted intravenous injection of elemental
mercury in the antecubital fossa. Note the extensive subcutaneous mercury deposition, which was partially removed by surgical intervention. (Used
with permission from Diane Sauter, MD.)

Inorganic Mercury

Acute ingestion of mercuric salts produces a characteristic spectrum from severe irritant to caustic gastroenteritis. Immediately after the ingestion, a
grayish discoloration of mucous membranes and metallic taste typically accompany local oropharyngeal pain, nausea, vomiting, and diarrhea followed

by abdominal pain, hematemesis, and hematochezia. The lethal dose of mercuric chloride is estimated to be 30 to 50 mg/kg.116 The life-threatening
manifestations of severe acute mercuric salt ingestion are hemorrhagic gastroenteritis, massive fluid loss resulting in shock, and acute kidney

failure.100

Oropharyngeal injury, nausea, hematemesis, hematochezia, and abdominal pain were the most prominent symptoms in a series of 54 patients who

presented after ingesting up to 4 g of mercuric chloride.116 In this series, fatality was associated with the early development of oliguria (within 3 days)
likely due in large part to lack of routinely available hemodialysis at that time. The development of anuria appeared to be related to the dose of
mercuric chloride ingested. The histopathologic finding of proximal tubular necrosis after mercuric salt poisoning results both from direct toxicity to

renal tubules and from renal hypoperfusion caused by shock. Consequently, aggressive fluid therapy to maintain perfusion is recommended.101

Acute ingestion of mercuric salts is usually intentional, but unintentional ingestion occurs sporadically in both children and adults.51 Although
ingestion of older button batteries containing mercuric oxide was associated with a greater incidence of fragmentation than with other batteries,

clinically significant systemic mercury toxicity by this route was not reported.64,67 Mercuric chloride–containing stool preservatives are another
potential source of unintentional inorganic mercury poisoning. Ingestion of 10 to 20 mL of a polyvinyl alcohol preservative that contained 4.5%

mercuric chloride resulted in bloody gastroenteritis and proteinuria.103 Nonprescription49 and Ayurvedic99 medicines are also associated with

unintentional inorganic mercury poisoning (Chap. 43).53 These xenobiotics are not subject to US Food and Drug Administration (FDA) regulation,
available without prescription, of variable composition, and are often inadequately labeled (Chap. 43).

Subacute or chronic mercury poisoning occurs after inhalation, aspiration, or injection of elemental mercury; ingestion or application of mercury salts;
or ingestion of aryl or long-chain alkyl mercury compounds. Slow in vivo oxidation of elemental mercury and dissociation of the carbon–mercury bond
of aryl or long-chain alkyl mercury compounds result in the production of the inorganic mercurous and mercuric ions.

The predominant manifestations of subacute or chronic mercury toxicity include GI symptoms, neurologic abnormalities, and renal dysfunction.
Gastrointestinal symptoms consist of a metallic taste and burning sensation in the mouth, loose teeth and gingivostomatitis, excessive salivation

(ptyalism), and nausea.122 The neurologic manifestations of chronic inorganic mercurialism include tremor, as well as the syndromes of neurasthenia
and erethism. Neurasthenia is a symptom complex that includes fatigue, depression, headaches, hypersensitivity to stimuli, psychosomatic
complaints, weakness, and loss of concentrating ability. Erethism, derived from the Greek word red, describes the easy blushing and extreme shyness
of affected individuals. Other symptoms of erethism include anxiety, emotional lability, irritability, insomnia, anorexia, weight loss, and delirium.
Mercury produces a characteristic central intention tremor (Chap. 22) that is abolished during sleep. In the most severe forms of mercury-associated
tremor, choreoathetosis and spasmodic ballismus are also reported. Other neurologic manifestations of inorganic mercurialism include a mixed
sensorimotor neuropathy, ataxia, concentric constriction of visual fields (“tunnel vision”), and anosmia.

Chronic poisoning with mercuric ions is associated with renal dysfunction, which ranges from asymptomatic, reversible proteinuria to nephrotic
syndrome with edema and hypoproteinemia. An idiosyncratic hypersensitivity to mercury ions is thought to be responsible for acrodynia, or “pink
disease,” which is an erythematous, edematous, and hyperkeratotic induration of the palms, soles, and face, and a pink papular rash that was first

described in a subset of children exposed to mercurous chloride powders.122 The rash is described as morbilliform, urticarial, vesicular, and
hemorrhagic. This symptom complex also includes excessive sweating, tachycardia, irritability, anorexia, photophobia, insomnia, tremors,
paresthesias, decreased deep tendon reflexes, and weakness. The acral rash frequently progresses to desquamation and ulceration. The prognosis is
favorable after withdrawal from mercury exposure. Childhood acrodynia has become uncommon since the abandonment of mercurial teething
powders and diaper rinses. Occasional case reports still implicate improperly disposed fluorescent light bulbs and phenylmercuric acetate–containing

paint.3,117

Thimerosal is an example of an aryl mercury compound that results in chronic inorganic mercury toxicity. It is a compound that was widely used as a
preservative in the pharmaceutical industry (Chap. 46). Although initial kinetics suggested a stable ethyl–mercury bond, the later elimination phase
more closely resembles that of the inorganic mercury compounds. Thimerosal is approximately 50% mercury by weight. Although generally
considered safe, toxicity and death can occur after both intentional overdose and excessive therapeutic application of merthiolate (0.1% thimerosal or

600 mcg/mL mercury).87,95

Concern that the cumulative dose of thimerosal in childhood immunizations exceeded federally recommended maximum mercury doses (EPA, 0.1
mcg/kg/day; Agency for Toxic Substances and Disease Registry, 0.3 mcg/kg/day; FDA, 0.4 mcg/kg/day) led to a call by the American Academy of

Pediatrics to reduce or eliminate thimerosal from vaccines.4 Thimerosal continues to be used in medically underserved nations as a preservative in

multidose vials in areas with inadequate refrigeration.31 Nevertheless, since 2001, routinely administered childhood vaccines in the United States no

longer contain thimerosal.4,47

Although sensitization after use in vaccinations has been reported in atopic children,86 clinical mercury toxicity has not been reported in appropriately

immunized children. The claim that thimerosal-containing vaccines causes autism has been refuted by numerous studies and meta-analyses.8,65,84,109

No causal association with early thimerosal exposure and adverse neuropsychological outcomes was shown in children tested at 7 to 10 years of

age.115 Clearly, the risk to child health from the diseases targeted for prevention by vaccines far exceeds the risk from thimerosal preservative in

vaccines.39,114,119 In 2010, US courts rejected a causal relationship between thimerosal and autism.32

Organic Mercury Compounds

In contrast to the inorganic mercurials, methylmercury produces an almost purely neurologic disease that is usually permanent except in the mildest of
cases. Although the predominant syndrome associated with methylmercury is that of a delayed neurotoxicity, acute GI symptoms, tremor, respiratory

distress, and dermatitis are also reported.124 In addition, ST segment changes on electrocardiography and renal tubular dysfunction are associated

with this poisoning.45 However, no increase in cardiovascular disease risk was reported with mercury exposure in a large cohort of US adults.73

The lipophilic property and slower elimination of methylmercury likely contribute to its profound neurologic effects. Characteristically, clinical
manifestations occur after the initial poisoning by a latent period of weeks to months. Consequently, the lethal dose of methylmercury is difficult to
determine. As noted previously, infants exposed prenatally to methylmercury were the most severely affected individuals in Minamata. Often born to
mothers with little or no manifestation of methylmercury toxicity themselves, exposed infants exhibited decreased birth weight and muscle tone,
profound developmental delay, seizure disorders, deafness, blindness, and severe spasticity.

Several weeks after methylmercury contaminated grain was ingested in Iraq, patients began to appear with paresthesias involving the lips, nose, and
distal extremities. Symptomatic patients also noted headaches, fatigue, and tremor. More serious cases progressed to ataxia, dysarthria, visual field
constriction, and blindness. Other neurologic deficits included hyperreflexia, hearing disturbances, movement disorders, salivation, and dementia.
The most severely affected patients lay in a mute, rigid posture punctuated only by spontaneous crying, primitive reflexive movements, or feeding

efforts.96

Although the outlook for methylmercury neurotoxicity is generally considered dismal, observations over the subsequent 2 years in 49 Iraqi children

poisoned during the 1971 outbreak revealed complete resolution or partial improvement in all but the most severely affected.5 Of the 40 symptomatic
children, 33 mildly to severely affected children showed partial to complete resolution of symptoms, but the 7 children classified as “very severely
poisoned” remained dysarthric, ataxic, blind, and bedridden.

An important route of organic mercury exposure is through seafood consumption. The safe amount of methylmercury in seafood remains
controversial. The FDA action concentration of 1 ppm for methylmercury in fish was set to limit consumption of methylmercury to less than 1/10th of

amounts found in cases of symptomatic poisoning. The EPA established a reference dose for methylmercury of 0.1 mcg/kg/day.90,118 Although
elevated blood concentrations (19–53 mcg/L) of mercury were found in one group of self-reported high consumers of seafood, increased incidence of

cognitive and GI complaints were not.52 Even so, concentrations at which fetuses experience adverse effects are unknown. Longitudinal studies of fish-
eating populations are conflicting. No effect of a high prenatal fish diet was found on developmental markers in children followed to 19 years of age in

the Seychelles Islands.27,28,120

However, in the studies done in the Faroe Islands and New Zealand, a subtle but significant effect on neuropsychological development was

reported.25,42,110 In the Faroe Islands, this effect persisted when children were retested at 22 years of age.30,31

One reason for the discrepancy that occurs between the 2 populations may be the different patterns of seafood consumption and concentrations of
methylmercury in the seafood consumed by each. The Faroese consume low level mercury–containing fish 1 to 3 times a week with episodic feasts of
highly contaminated pilot whale, whereas the Seychellois consume a more steady diet of low level–contaminated fish on average 12 times per week.
The pilot whales consumed in the Faroe Islands are also contaminated with neurotoxic polychlorinated biphenyls (PCBs), although these compounds
were measured and considered a potential confounding variable. The mean concentration of methylmercury in the whale meat consumed in the Faroe
Islands was 1.6 mcg/g, and the mean concentration of mercury found in New Zealand shark was 2.2 mcg/g. By contrast, the mean methylmercury

content of Seychellois fish was 0.3 mcg/g.75 The threshold concentration for neuropsychological effects may lie between these concentrations.

The development of neurologic symptoms in infants exclusively breastfed by women exposed to methylmercury after delivery and the detection of

mercury in the milk of lactating women implies a risk for mercury poisoning via breast milk.57 In one series of lactating women, mercury concentrations

in milk were approximately 30% of the concentrations found in blood.83 Perhaps because of high levels of PCBs in pilot whale meat, 7-year-old children
from the Faroe Islands, who have a diet traditionally high in the mercury-containing sea mammals and were breast-fed as infants, exhibited a

diminished benefit (but not deficit) on neuropsychological testing when compared with their counterparts fed formula.48

Further complicating findings in a cohort of Faroese children, the neurobehavioral deficits from methylmercury may be underestimated unless the

protective effects of long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, also found in fish) are included in the analysis.21 Likewise, the Seychelles
Child Development Study Nutrition Cohort 2 found no overall adverse association between prenatal methylmercury exposure and

neurodevelopmental outcomes in children with high maternal n-3 PUFA concentrations.111 The net neuropsychological effects of prenatal and dietary
methylmercury result from dose and timing of fish in the diet as well as the concentrations of methylmercury, neurotoxic PCBs, and neuroprotective

PUFA in the consumed fish.111

The FDA recommends that at-risk populations (pregnant women and women who may become pregnant, nursing mothers, and young children) avoid
large predator fish (shark, swordfish, tilefish, and king mackerel) that contain concentrations of methylmercury approaching 1 ppm (1 mcg/g). The
2004 FDA/EPA consumer advisory emphasizes the health benefits of eating fish and allow for up to 12 ounces per week of fish and shellfish lower in
mercury such as shrimp, canned light tuna, salmon, pollock and catfish and up to 6 ounces of albacore tuna per week. Given the beneficial effects of

seafood, efforts should be aimed at decreasing anthropogenic release of mercury rather than elimination of dietary exposure.91

Although methylmercury has greater importance worldwide, the extreme toxicity of another organic mercurial, dimethylmercury, was tragically
demonstrated by the delayed fatal neurotoxicity that developed in a chemist who inadvertently spilled dimethylmercury on a break in the gloves on her

hands.77 Over a period of several days, she developed progressive difficulty with speech, vision, and gait. Despite chelation and exchange transfusion,
she died of mercury neurotoxicity within several months of the exposure.

DIAGNOSTIC TESTING

The dual findings of unexplained neuropsychiatric and kidney abnormalities in an individual should alert the clinician to the possibility of
mercurialism, as should an at-risk occupation or access by the patient to a mercurial product (Table 95–1). Occupational or environmental exposure
and a consistent clinical scenario are suggestive of mercury poisoning, but demonstration of mercury in blood, urine, or tissues is necessary for
confirmation of exposure. Of the many methods available to measure mercury, cold atomic absorption spectrometry is rapid, sensitive, and accurate
but cannot distinguish the various forms of mercury. Thin-layer and gas chromatographic techniques are recommended to distinguish organic from
inorganic mercury. Whole blood should be collected into a trace element collection tube obtained from the laboratory performing the assay. Urine
should be collected for 24 hours into an acid-washed container obtained from a laboratory. Spot collections must be adjusted for creatinine
concentration. Attempts to measure or otherwise handle the specimen should be avoided to prevent external contamination (Table 95–4).

TABLE 95–4

Diagnostic Testing for Mercury

Whole  Blood 24-hour Urine Hair Clinical

Elemental/Inorganic (+)

Acute, transient

(++)

Confirm exposure

Monitor chelation

Poor correlation to

TBB

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Early detection

Organic (++)

Best reflects

TBB

(–)

Fecal elimination

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Reflects irreversible CNS

toxicity

Early detection

There is considerable overlap among concentrations of mercury found in the normal population, asymptomatic exposed individuals, and patients with
clinical evidence of poisoning. There is no definitive correlation between either whole blood or urine mercury concentration and mercury toxicity.
However, mercury serves no useful role in human physiology, and concentrations of 1.0 mcg/L or less for whole blood and 0.5 mcg/L for urine are
generally considered to reflect background exposure in nonpoisoned individuals. The inconsistencies of the values found in the literature for mercury
exposure are a recurrent issue in metal testing. A credible and qualified laboratory should be employed and their reference ranges accepted when

testing is desired.20

For inorganic mercury poisoning, urine mercury concentrations correlate roughly with exposure severity and neuropsychiatric symptoms,93 but the
relationship to total body burden is probably poor. Urine mercury determinations have their greatest usefulness in confirming exposure and
monitoring the efficacy of chelation therapy. Whole blood mercury concentrations reflect intense, acute inorganic mercury exposure but become less
reliable as redistribution to tissues takes place.

Because organic mercury is eliminated via the fecal route, urine mercury concentrations are not useful in methylmercury poisoning. Because
methylmercury concentrates in RBCs, the total-body methylmercury burden is best reflected acutely by whole-blood concentrations. As methylmercury
distributes to and accumulates in brain, the severity of clinical manifestations probably more closely reflects the degree of the irreversible neuronal
destruction that has taken place rather than the current body burden of mercury. Correlation of increasing whole-blood mercury concentrations with

prevalence of paresthesias was suggested in a population of Iraqis studied early in the course of methylmercury poisoning.24 However, in another

group of patients, whole-blood concentrations did not correlate with severity of methylmercury poisoning.96 This apparent discrepancy may have
resulted from the finding that paresthesias are among the earliest reported symptoms of methylmercury poisoning.

Because mercury accumulates in the hair, hair analysis has been used as a tool for measuring mercury burden. However, because metal incorporation
reflects past exposure and hair avidly binds to noningested environmental mercury, the reliability of this method is questionable and is not

recommended.89 In addition to mercury assays, neuropsychiatric testing, nerve conduction studies, and urine assays for N-acetyl-β-D-glucosaminidase

and β2-microglobulin are advocated for early detection of subclinical inorganic and organic mercury toxicity.34,45,93

GENERAL MANAGEMENT

After the initial assessment and stabilization, the early toxicologic management of a patient with mercury poisoning includes termination of exposure
by removal from vapors, washing exposed skin, GI decontamination, supportive measures (eg, hydration, humidified oxygen), baseline diagnostic
studies (eg, complete blood count, serum chemistries, venous blood gas, radiography, ECG), specific analysis of whole blood and urine for mercury,
evaluation of possible cointoxicants, and meticulous monitoring.

Elemental Mercury

Inhalation of mercury vapors or aspiration of metallic mercury may result in life-threatening respiratory failure; in this situation, stabilization of
cardiorespiratory function is the initial priority. Postural drainage and endotracheal suction are a reasonable technique to attempt to remove
aspirated metallic mercury. Parenteral deposition of subcutaneous or intramuscular (IM) mercury is amenable to surgical excision, if well localized
(Fig. 95–1).

An adjunct to the initial management of patients with mercury poisoning is environmental decontamination. Elemental mercury that spills onto solid
surfaces should be adsorbed to sand and the resulting mixture then swept into tightly sealed containers. Ideally, a mercury decontamination kit should
be used. The kit consists of calcium polysulfide, which contains excess sulfur to convert mercury to water-insoluble mercuric sulfide. Absorbent
surfaces, such as carpets, should be removed. Spilled mercury compounds should not be vacuumed because vacuuming could volatilize the

mercury.18 Broken compact fluorescent light bulbs should be handled and disposed of according to EPA guidelines and local requirements.2

Recommendations for decontamination after breakage include opening windows to release vapor, using adhesive tape to pick up visible fragments,
and discarding contaminated material in double-wrapped bags. Guidance for decontamination of major spills and disposal of materials can be
provided by local and federal hazardous materials agencies.

Inorganic Mercury

Because ingestion of inorganic mercuric may lead to cardiovascular collapse caused by severe gastroenteritis and third-space fluid loss, fluid
resuscitation is a priority. Gastrointestinal decontamination of ingested inorganic mercury is particularly problematic because of its causticity and risk
for perforating injury. Nevertheless, one series of patients with mercuric chloride ingestion of up to 4 g reported recovery without long-term GI

sequelae in patients who did not succumb to kidney failure.116 Therefore, unless there is high suspicion for penetrating GI mucosal injury, removal of
mercury from absorptive surfaces should take priority over endoscopic evaluation. The prominence of vomiting makes gastric lavage unnecessary for
most patients with inorganic mercury poisoning.

Metals are among the substances that are often considered to be poorly adsorbed to activated charcoal. Nevertheless, the serious nature of late
sequelae after mercury absorption, the typically small quantities of mercury ingested, and evidence that inorganic mercuric salts actually have
substantial adsorption to activated charcoal (800 mg mercuric chloride can be adsorbed to 1 g activated charcoal) justify the routine administration of

activated charcoal.6 Whole-bowel irrigation with polyethylene glycol solution is a reasonable adjunct to remove residual mercury, and its progress can
be followed with serial radiographs.

Organic Mercury

Organic mercury exposures do not typically present as single acute ingestions but rather as chronic or subacute ingestion of contaminated food.
Therefore, GI decontamination is generally moot with respect to organic mercury poisoning. Nevertheless, its irreversible toxicity coupled with
unsatisfactory treatments calls for aggressive decontamination when acute ingestions or dermal exposures occur.

CHELATION

After initial stabilization and decontamination, early institution of chelators minimizes or prevents the widespread effects of poisoning. Dimercaprol
was developed during World War II as an antidote against lewisite, an arsenical warfare agent. The water-soluble analogs DMPS and succimer were

developed in the 1950s, and the 3 chelators have remained the mainstay of therapy for mercury poisoning.59 A high degree of protein binding and
distribution to the brain are responsible for the lack of efficacy of other measures to increase mercury clearance, such as peritoneal dialysis and

hemodialysis.100 In one report of the use of continuous venovenous hemodiafiltration in combination with a chelator in a patient with severe inorganic

mercury poisoning, 12.7% of the ingested dose was recovered in the ultrafiltrate.26 Hemodialysis may nevertheless ultimately be necessary because of
the acute kidney failure that often occurs after mercuric chloride poisoning.

Chelators have thiol groups that compete with endogenous sulfhydryl groups for the binding of mercury, thereby preventing inactivation of sulfhydryl-
containing enzymes and other essential proteins (Antidotes in Depth: A28 and A29). A history of significant mercury exposure combined with the
presence of typical symptoms of mercury poisoning is an appropriate indication for the institution of chelation therapy. Elevated whole-blood and
urine mercury concentrations help support the decision to begin chelation therapy in unclear cases and can also be used to guide the duration of
therapy. Provocative chelation, in which urinary mercury excretion before and after a chelating dose is compared to determine the degree of mercury

poisoning, is of no value.52 Chelation tends to increase urinary elimination of mercury, regardless of exposure history and baseline excretion.

Elemental Mercury and Inorganic Mercury Salts

For patients with symptomatic acute inorganic mercury poisoning, dimercaprol should be administered for 10 days in dosages of 5 mg/kg/dose every 4
hours IM for 48 hours, then 2.5 mg/kg every 6 hours for 48 hours, followed by 2.5 mg/kg every 12 hours for 7 days. It is reasonable to adjust this dosing
regimen, which was derived from lead poisoning, according to clinical response and the occurrence of adverse reactions.

When a patient can take oral medications, we recommend that dimercaprol be replaced with succimer at 10 mg/kg orally 3 times a day for 5 days, then
twice a day for 14 days if the GI tract is clear. Because headache, nausea, vomiting, abdominal pain, and diaphoresis are common reactions during
dimercaprol chelation therapy, oral succimer is recommended in patients who are not acutely ill or who have been chronically poisoned.

Either dimercaprol or succimer is considered the treatment of choice for inorganic mercury poisoning in the United States, but a few other chelators
deserve mention. 2,3-Dimercapto-1-propanesulfonic acid (DMPS) is a water-soluble dimercaprol derivative that is used in Europe. It is administered
both IV and orally. D-Penicillamine is an orally administered monothiol. Its adverse events—GI distress, rashes, leukopenia, thrombocytopenia, and

proteinuria—although uncommon in therapeutic doses, seriously limit the usefulness of the drug. N-acetyl-D,L-penicillamine (NAP), an investigational

analog of D-penicillamine, is thought to be a more effective chelator of mercury than is D-penicillamine, perhaps because of its greater stability.11,40,43

Organic Mercury Compounds

The neurotoxicity of methylmercury and other organic mercury compounds is resistant to treatment, and therapeutic options are less than
satisfactory. In rats, both dimercaprol and D-penicillamine effectively reduced tissue mercury and prevented neurologic toxicity if administered within

the first day of a methylmercury injection.126 Neither treatment reversed neurologic toxicity when administered 12 days after methylmercury injection.
2,3-Dimercapto-1-propanesulphonate, D-penicillamine, NAP, and a thiolated resin all led to a marked reduction of blood half-life of mercury (ie, 10, 24,

23, and 19 days, respectively, versus 60 days) during the outbreak of methylmercury poisoning in Iraq in 1971.24 Clinical improvement was not
observed in any treatment group, but it is reasonable to postulate that reducing the total-body burden of methylmercury may prevent or limit the

progression of disease. When studied in mice poisoned with methylmercury,1 succimer was superior to NAP, DMPS, and a thiolated resin in decreasing
brain mercury and increasing urinary excretion. Brain mercury was decreased to 35% of control, and the total-body burden fell to 19%. Some animal

evidence suggests that dimercaprol increases mercury mobilization into the brain.7,10,15 For this reason, and the lack of serious GI symptoms
necessitating parenteral chelation, We recommend against the use of dimercaprol the treatment of patients with organic mercury poisoning.

Because the neurologic impairment associated with methylmercury is both profound and essentially irreversible, early recognition of poisoning and
prevention of neurotoxicity are essential to a successful outcome. At this time, succimer is the most reasonable treatment for methylmercury
poisoning because of its apparently low toxicity and reported efficacy in animal trials.

SUMMARY

Mercury poisoning by any of the 3 major forms—elemental, inorganic, and organic—presents a complex toxicologic problem associated with a
large variety of clinical presentations.

An ever present awareness of the signs and symptoms coupled with the knowledge of the differing clinical forms is essential for both early
recognition and effective treatment.

Although some chelators show promise in the treatment of mercury poisoning, neurologic sequelae, particularly those resulting from organic
mercury exposures, remain largely irreversible.

Dietary fish remains an important source of mercury exposure and mercurial neuropsychologic illness.

There is no evidence for the role of mercury in the pathogenesis of autism.

Promotion of public education regarding the dangers of mercury, its avoidance, and proper disposal may aid in the prevention of mercury
poisoning.
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ATN = acute tubular necrosis; BAL = British anti-Lewisite; CNS = central nervous system; GI = gastrointestinal; + to +++ = present with increasing importance; - =

absent.

CNS = central nervous system; TBB = total body burden; + to ++ = useful testing specimen; - = lack of utility.
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Chapter 95: Mercury

Young-Jin Sue

INTRODUCTION

HISTORY AND EPIDEMIOLOGY

Mercury is a metal that is widely toxic to multiple organ systems. Its toxicologic manifestations are well known as a result of thousands of years of

medicinal applications, industrial use, and environmental disasters.69,112 Mercury occurs naturally in small amounts as the elemental (Hg0) silver-

colored liquid (quicksilver); as inorganic compounds such as mercuric (Hg2+) sulfide (cinnabar), mercurous (Hg+) chloride (calomel), mercuric chloride
(corrosive sublimate), and mercuric oxide; and as organic compounds (methylmercury and dimethylmercury). Mercury’s gastroenteric irritant effects
led to its use as a therapy for constipation. In recent (16th–19th), centuries, mercury-containing preparations, advocated for their potent diuretic and

sialogogic properties, were widely used to treat syphilis to “flush” the “virus” out.81 The musician Paganini was one of several famous persons whose
gingivitis, dental decay, ptyalism (excessive salivation), and erethism (pathologic irritability and emotional instability) were attributed to mercury

therapy.80 In the 1800s, the United States witnessed an epidemic of “hatters’ shakes” or “Danbury shakes” and “mercurial salivation” in hat industry

workers.123 Danbury, Connecticut, was a US center of felt hat manufacturing in which mercuric nitrate was used to mat animal furs into felt.112,123

In the early 1900s, acrodynia, a painful dusky pink discoloration of the hands and feet, or “pink disease,” was described in children who received

calomel for ascariasis or teething discomfort.16 Vividly described in a series of 41 children, the development of acrodynia was more common in

younger children, did not seem to correlate with mercury dose, and was not necessarily related to urine concentrations of mercury.122

One of the most devastating epidemics of mercury poisoning occurred as the result of a decade of contamination of Minamata Bay in Japan by a
nearby vinyl chloride plant during the 1940s. Methylmercury accumulated in the bay’s marine life and poisoned the inhabitants of the local fishing
community. Although officially only 121 victims were reported, thousands more are believed to have been affected by what has subsequently been

named Minamata disease.88,113 The largest outbreak of methylmercury poisoning to date occurred in Iraq in late 1971. Approximately 95,000 tons of
seed grain intended for planting and treated with methylmercury as a fungicide were baked into bread for direct consumption, resulting in widespread

neurologic symptoms, 6,530 hospital admissions, and more than 400 deaths.5,23,96

In 1990, the US Environmental Protection Agency (EPA) banned mercury-containing compounds from interior paints.3 However, mercury-containing
paints manufactured before that ruling may still be on interior walls, and mercury-containing paint can still be sold for outdoor use. In 1997, a scientist

succumbed to delayed, progressive neurologic deterioration after a minute dermal exposure to dimethylmercury.77 Contemporary exposures occur in

the form of mercury-tainted seafood, mercury-based preservatives (thimerosal), and artisanal gold mining.36

However, a once widely feared source of potential poisoning, mercury-containing dental amalgam does not result in clinical poisoning.14 Occasionally,
exposure to mercury from broken thermometers leads to poisoning in the home, but such thermometers are becoming less common because of

recent efforts to replace mercury with digital thermometers and other electronic devices.78

More recently, the ongoing movement to replace incandescent light bulbs with compact fluorescent bulbs has once again raised the concern of
exposure to mercury in the home and environment. Promoted to reduce greenhouse gas emissions, each bulb contains about 4 mg of elemental

mercury.2

Table 95–1 lists some potential sources of mercury exposure.

TABLE 95–1

Exposures to Mercury

Elemental Inorganic Organic

Manufacturing/Industrial Barometers

Bronzing

Ceramics

Chlorine manufacture

Electroplating

Jewelry

Metal refineries

Paints

Paper pulp

Photography

Batteries

Chemistry sets

Dyes

Explosives

Fireworks

Laboratory reagents

Tanneries

Taxidermy

Vinyl chloride manufacture

Agriculture

Embalming

Fungicides

Laboratory reagents

Pesticides

Wood preservatives

Medical/Medicinal Amalgam

Sphygmomanometry

Tissue fixatives

Thermometers

Weighted nasogastric tubes

Antiseptics

Calomel

Disinfectants

Laxatives

Nonprescription medications

Bactericidals

Pharmaceuticals

Preservatives

Food/Other Ritualistic, complementary Aesthetic, cosmetic

Ayurvedic

Grains (contaminated)

Seafood

FORMS OF MERCURY AND TOXICOKINETICS

The 3 clinically important forms of mercury—elemental, inorganic, and organic—differ with respect to their toxicodynamics and toxicokinetics (Table
95–2). Each produces distinct clinical patterns of poisoning stemming in part from their unique kinetic features (Table 95–3). For each form, the
specific manifestations are determined by the route of exposure, rate of exposure, distribution, biotransformation of mercury within the body, and
relative accumulation or elimination of mercury by the target organ systems. Whereas elemental mercury produces pulmonary toxicity, inorganic
mercury initially causes gastrointestinal (GI) symptoms followed by nephrotoxicity. A nearly pure neurologic toxicity results from organic
(methylmercury) exposure.

TABLE 95–2

Classes of  Mercury Compounds

Nomenclature Example

Elemental Hg0 Quicksilver

Inorganic Hg+

HgCl

Hg2+

HgCl2

Mercurous ion

Calomel, mercurous chloride

Mercuric ion

Mercuric chloride

Organic Short-chain alkyl–mercury compounds

Long-chain mercury compounds

Aryl mercury compounds

Methylmercury

Ethylmercury

Dimethylmercury

Methoxyethylmercury

Phenylmercury

TABLE 95–3

Differential Characteristics of Mercury Exposure

Elemental Inorganic Organic

Primary route of exposure Inhalation Oral Oral

Primary tissue distribution CNS, kidney Blood (transient, acute)

Kidney

CNS (delayed)

CNS, kidney, liver, blood, hair

Clearance Kidney, GI Kidney, GI Methyl: GI

Aryl: kidney, GI

Clinical effects

 CNS Tremor Tremor, erethism Paresthesias, ataxia, tremor, tunnel vision, dysarthria

 Pulmonary +++ – –

 Gastrointestinal + +++ (caustic) +

 Renal + +++ (ATN) +

 Acrodynia + ++ –

Therapy BAL, succimer BAL, succimer Succimer (early)

ABSORPTION

Elemental Mercury

Elemental mercury (Hg0) is absorbed primarily via inhalation of vapor, although slow absorption after aspiration, subcutaneous deposition, and direct

intravenous (IV) embolization occurs.60,74,121 Volatility, moderate at room temperature, increases significantly with heating or aerosolization, both of

which occur with vacuuming.44,102 When inhaled by human volunteers, 75% to 80% of mercury vapor is absorbed.44 However, elemental mercury is
negligibly absorbed from an anatomically and functionally normal GI tract, and it is usually considered nontoxic when ingested. Abnormal GI motility
prolongs mucosal exposure to elemental mercury, and massive ingestion increases subsequent ionization to more readily absorbed forms. Similarly,
anatomic GI abnormalities such as fistulae or perforation are associated with extravasation of mercury into the peritoneal in which where elemental
mercury is oxidized to more readily absorbed inorganic forms.

Inorganic Mercury

The principal route of absorption for inorganic mercury is the GI tract. Approximately 10% of soluble divalent (Hg2+) mercuric salts such as mercuric

chloride (HgCl2) are absorbed following ingestion and dissociation.66 Absorption of a relatively insoluble monovalent (Hg+) mercurous compound,

such as mercurous chloride (calomel; HgCl), is dependent on its oxidation to the divalent form.79 Inorganic mercury is also absorbed across the skin
and mucous membranes, as evidenced by urinary excretion of mercury after dermal application of skin-lightening mercurial ointments and powders

containing HgCl.106,122

The degree of dermal absorption varies by the concentration of mercury, skin integrity, and lipid solubility of the vehicle. With substantial dermal
exposures to mercury salts, skin absorption may be difficult to distinguish from concomitant absorption via other routes, such as ingestion.

Organic Mercury

As in the case of inorganic mercury, organic mercury is primarily absorbed from the GI tract. Methylmercury, considered the prototype of the short-

chain alkyl compounds, is approximately 90% absorbed from the gut. Aryl and long-chain alkyl compounds have more than 50% GI absorption.79

Although both dermal and inhalational absorption of organic mercury is reported, precise quantitation and exclusion of concomitant absorption by
ingestion are difficult to determine.

DISTRIBUTION AND BIOTRANSFORMATION

After absorption, mercury distributes widely to all tissues, predominantly the kidneys, liver, spleen, and central nervous system (CNS). The initial
distributive pattern into nervous tissue of elemental and organic mercury differs from that of the inorganic compounds because of their greater lipid
solubility.

Elemental Mercury

Although peak concentrations of elemental mercury are delayed in the CNS as compared with other organs (2–3 days versus 1 day),44 significant
accumulation in the CNS occurs after an acute, intense exposure to elemental mercury vapor. Conversion of elemental mercury to the charged

mercuric (Hg2+) cation within the CNS favors retention and local accumulation. Because elemental mercury does not covalently bind to other

compounds, its toxicity depends on its oxidation initially to the mercurous ion (Hg+) and then to the mercuric ion (Hg2+) by the enzyme catalase.66

Because this oxidation–reduction reaction favors the mercuric cation at steady state, the distribution and late manifestations of metallic mercury
toxicity eventually resemble those of inorganic mercury poisoning. Conversely, and to a lesser extent, inorganic mercuric ions are reduced to the

elemental state (Hg0), although the site and mechanism of this reaction are not well understood.79

Inorganic Mercury

The greatest concentration of mercuric ions is found in the kidneys, particularly within the renal tubules. At least in animal studies, administration of

mercury induces the renal synthesis of metallothionein, a compound that binds to and detoxifies mercuric ions.12 Very little mercury is found as free
mercuric ions. In blood, mercuric ions are found both within the red blood cells (RBCs) and bound to plasma proteins in approximately equal
proportions. Blood concentrations are greatest immediately after inorganic mercury exposure, with rapid waning as distribution to other tissues
occurs. Although penetration of the blood–brain barrier is poor because of low lipid solubility, slow elimination and prolonged exposure contribute to
significant CNS accumulation of mercuric ions. Within the CNS, mercuric ions concentrate in the cerebellum and hippocampus, and to a lesser degree,

the cerebral cortex.35 Although inorganic mercurials undergo organification in marine life, as in the Minamata Bay disaster,9,85 the importance of this

conversion in humans is unknown. Animal studies demonstrate that the placenta functions as an effective barrier to mercuric ions.79

Organic Mercury

Once absorbed, aryl (phenyl mercury) and long-chain alkyl mercury compounds differ from the short-chain organic mercury compounds
(methylmercury) in an important way—the former possess a labile carbon–mercury bond, which is subsequently cleaved, releasing the inorganic
mercuric ion. Thus, the distribution pattern and toxicologic manifestations produced by the aryl and long-chain alkyl compounds that occur beyond
the immediate postabsorptive phase are comparable to those of inorganic mercury, but organification has facilitated absorption and reduced the local

caustic effects.79 In contrast, short-chain alkyl mercury compounds possess relatively stable carbon–mercury bonds that survive the absorptive phase,

although conversion to the inorganic mercuric cation at a rate of less than 1% per day occurs after absorption.124 Because it is lipophilic,

methylmercury readily distributes across all tissues, including the blood–brain barrier and placenta.46 An important consequence of this property is
the devastating neurologic degeneration that develops in prenatally exposed infants with Minamata disease. The rapid decline of blood mercury
concentrations in both suckling rats and breastfeeding human infants is attributed to rapid growth of body volume combined with limited transport of

mercury by milk.76,97,98

After methylmercury is distributed to brain tissue, its fate is uncertain. Animal evidence indicates that methylmercury is converted to inorganic mercury

in brain tissue.63 Primates fed oral methylmercury daily for periods exceeding 1 year and then killed within days of the last exposure demonstrated an
average brain inorganic mercury fraction of only 19%. By contrast, when the postexposure period was extended to between 150 and 650 days, the
inorganic mercury fraction increased to 88%. Similarly, long-term survivors of methylmercury poisoning had a higher ratio of inorganic mercury to

total mercury in their brains.29 In one patient who survived 22 years after methylmercury ingestion, autopsy revealed that the brain mercury was nearly
completely in the inorganic form.

Methylmercury concentrates in RBCs to a much greater degree than do mercuric ions, with an RBC-to-plasma ratio of about 10:1 (in contrast to 1:1 RBC-

to-plasma ratio for inorganic mercury).124 However, despite this apparent affinity for nervous tissue and RBCs, the greatest methylmercury
concentrations are found in the kidneys and liver. In addition, because of the extensive sulfhydryl bonds in hair, methylmercury deposits in hair at

concentrations approximately 250 times that found in whole blood.55

ELIMINATION

Elemental Mercury and Inorganic Mercury

Mercuric ions are excreted through the kidney by both glomerular filtration and tubular secretion and in the GI tract by transfer across gut mesenteric
vessels into feces. Small amounts are reduced to elemental mercury vapor and volatilized from skin and lungs. The total-body half-life of elemental

mercury and inorganic mercury was previously estimated at approximately 30 to 60 days.22,66 However, a recent review of case studies indicates that

the half-life of inorganic mercury in human brains is on the order of several years to several decades.92

Organic Mercury

In contrast to elemental mercury and inorganic mercury, the elimination of short-chain alkyl mercury compounds (such as methylmercury) is
predominantly fecal. Enterohepatic recirculation contributes to its somewhat longer total body half-life of about 70 days. Less than 10% of

methylmercury is excreted in urine and feces as the mercuric cation.124

PATHOPHYSIOLOGY

The pervasive disruption of normal cell physiology by mercury arises from its avid covalent binding to sulfur, replacing the hydrogen ion in the body’s
ubiquitous sulfhydryl groups. Mercury also reacts with phosphoryl, carboxyl, and amide groups, resulting in widespread dysfunction of enzymes,
transport mechanisms, membranes, and structural proteins.

Because mercury deposits in all tissues, the clinical manifestations of mercury toxicity involve multiple organ systems with variable features and
intensity. Necrosis of the GI mucosa and proximal renal tubules, which occurs shortly after mercury salt poisoning, is thought to result from the direct
oxidative effect of mercuric ions. An immune mechanism is attributed to membranous glomerulonephritis and acrodynia associated with the use of

mercurial ointments.13

Neurologic manifestations of methylmercury poisoning correlate with pathologic findings in the brains of both adults and children who were

prenatally exposed.68,113 Grossly, atrophy of the brain is more severe in children who had prenatally or postnatally acquired methylmercury compared
with the brains of those exposed as adults. In the adult brain, neuronal necrosis and glial proliferation are most prominent in the calcarine cortex of
the cerebrum and in the cerebellar cortex. In fetal Minamata disease, similar lesions are present but in a more diffuse and severe form. Atrophy of the
cerebellar hemispheres, postcentral gyri, and calcarine area of the brain demonstrated on magnetic resonance images in organic mercury–poisoned

patients correlates with clinical findings of ataxia, sensory neuropathy, and visual field constriction, respectively.58 Neuropathologic examination of
the brain of a scientist who died after unintentional dermal exposure to dimethylmercury revealed lesions in the cerebellum, temporal lobe, and visual

cortex.105

In rats, neuronal cytotoxicity of methylmercury may result partly from muscarinic receptor–mediated calcium release from smooth endoplasmic

reticulum of cerebellar granule cells.62 There is animal evidence that methylmercury may trigger reactive oxygen species production. In addition,
methylmercury inhibits astrocyte uptake of cysteine, the rate-limiting step in the production of glutathione, a major antioxidant in mammalian cell

systems.104 Cultured astrocytes accumulated methylmercury and exhibited increased mitochondrial permeability and oxidative injury.125 Complexing
of methyl- mercury with L-cysteine may enhance brain uptake by mimicry of methionine, a substrate of the endogenous L amino acid transport system.

Uptake of the L-isomer significantly exceeds that of methylmercury–D-cysteine. Careful selection of stereospecific thiol complexing agents may lead to

strategies to limit brain uptake of methylmercury.56,70

CLINICAL MANIFESTATIONS

Elemental Mercury

Symptoms of acute elemental mercury inhalation occur within hours of exposure and consist of cough, chills, fever, and shortness of breath.
Gastrointestinal complaints include nausea, vomiting, and diarrhea accompanied by a metallic taste, dysphagia, salivation, weakness, headaches, and
visual disturbances. Chest radiography during the acute phase reveals interstitial pneumonitis and both patchy atelectasis and emphysema.
Symptoms either resolve with lesser exposures or progress to acute respiratory distress syndrome (ARDS) with respiratory failure and death. Some
survivors of severe pulmonary toxicity develop interstitial fibrosis and residual restrictive pulmonary disease. The acute respiratory symptoms occur
concomitantly with or precede the development of subacute inorganic mercury poisoning manifested by tremor, kidney dysfunction, and

gingivostomatitis.17,54,94 Thrombocytopenia is also reported to occur during the acute phase.38

Although acute exposure to elemental mercury vapor occurs most commonly in the occupational setting, poisonings caused by mishandling of the

metal in the home are well reported.19,29,50,72,108 In fact, attempts at home metallurgy using metallic mercury have resulted in fatalities with ambient air

concentrations of mercury as high as 0.9 mg/m3. The current US Occupational Safety and Health Administration permissible exposure limit (PEL) for

mercury vapor is 0.1 mg/m3 of air as a ceiling limit.82

As with other inhaled toxins, children are likely to be more sensitive to the pulmonary toxicity of mercury vapor because of their ratio of minute

ventilation volume to body size.72 Although pulmonary toxicity from elemental mercury usually results from inhalation of vapor, massive

endobronchial hemorrhage followed by death has occurred secondary to direct aspiration of metallic mercury into the tracheobronchial tree.127

Gradual volatilization of elemental mercury results in chronic toxicity from improper handling, such as vacuuming spilled mercury.102

The clinical importance of volatilized metallic mercury from dental amalgams for both the dentist and patient is controversial. The preponderance of
evidence refutes the idea that dental amalgam causes mercury poisoning. Several comprehensive reviews of the subject conclude that (1) occupational
exposure to mercury from dental amalgam is acceptably low, provided that recommended preventive measures such as adequate ventilation are
adhered to; (2) the quantity of mercury vaporized from dental amalgam by mechanical forces, such as chewing, is clinically insignificant; and (3) only in
exceedingly rare cases will immunologic hypersensitivity to mercury amalgam (manifested as cutaneous signs and symptoms and confirmed by patch

testing) necessitate removal of the amalgam.33,34,37,61,107

Unusual cases of chronic toxicity have resulted from intentional subcutaneous or IV injection of elemental mercury (Figs. 8–6 and 95–1).49,74 Aside from
management of systemic mercury toxicity, local wound care and excision of deposits of mercury are additional therapeutic challenges presented by
these cases. Serial or repeat radiographs are useful in guiding the removal of the radiopaque deposits.

FIGURE 95–1.

Anteroposterior (A) and lateral (B) views of the elbow after an unsuccessful suicidal gesture involving an attempted intravenous injection of elemental
mercury in the antecubital fossa. Note the extensive subcutaneous mercury deposition, which was partially removed by surgical intervention. (Used
with permission from Diane Sauter, MD.)

Inorganic Mercury

Acute ingestion of mercuric salts produces a characteristic spectrum from severe irritant to caustic gastroenteritis. Immediately after the ingestion, a
grayish discoloration of mucous membranes and metallic taste typically accompany local oropharyngeal pain, nausea, vomiting, and diarrhea followed

by abdominal pain, hematemesis, and hematochezia. The lethal dose of mercuric chloride is estimated to be 30 to 50 mg/kg.116 The life-threatening
manifestations of severe acute mercuric salt ingestion are hemorrhagic gastroenteritis, massive fluid loss resulting in shock, and acute kidney

failure.100

Oropharyngeal injury, nausea, hematemesis, hematochezia, and abdominal pain were the most prominent symptoms in a series of 54 patients who

presented after ingesting up to 4 g of mercuric chloride.116 In this series, fatality was associated with the early development of oliguria (within 3 days)
likely due in large part to lack of routinely available hemodialysis at that time. The development of anuria appeared to be related to the dose of
mercuric chloride ingested. The histopathologic finding of proximal tubular necrosis after mercuric salt poisoning results both from direct toxicity to

renal tubules and from renal hypoperfusion caused by shock. Consequently, aggressive fluid therapy to maintain perfusion is recommended.101

Acute ingestion of mercuric salts is usually intentional, but unintentional ingestion occurs sporadically in both children and adults.51 Although
ingestion of older button batteries containing mercuric oxide was associated with a greater incidence of fragmentation than with other batteries,

clinically significant systemic mercury toxicity by this route was not reported.64,67 Mercuric chloride–containing stool preservatives are another
potential source of unintentional inorganic mercury poisoning. Ingestion of 10 to 20 mL of a polyvinyl alcohol preservative that contained 4.5%

mercuric chloride resulted in bloody gastroenteritis and proteinuria.103 Nonprescription49 and Ayurvedic99 medicines are also associated with

unintentional inorganic mercury poisoning (Chap. 43).53 These xenobiotics are not subject to US Food and Drug Administration (FDA) regulation,
available without prescription, of variable composition, and are often inadequately labeled (Chap. 43).

Subacute or chronic mercury poisoning occurs after inhalation, aspiration, or injection of elemental mercury; ingestion or application of mercury salts;
or ingestion of aryl or long-chain alkyl mercury compounds. Slow in vivo oxidation of elemental mercury and dissociation of the carbon–mercury bond
of aryl or long-chain alkyl mercury compounds result in the production of the inorganic mercurous and mercuric ions.

The predominant manifestations of subacute or chronic mercury toxicity include GI symptoms, neurologic abnormalities, and renal dysfunction.
Gastrointestinal symptoms consist of a metallic taste and burning sensation in the mouth, loose teeth and gingivostomatitis, excessive salivation

(ptyalism), and nausea.122 The neurologic manifestations of chronic inorganic mercurialism include tremor, as well as the syndromes of neurasthenia
and erethism. Neurasthenia is a symptom complex that includes fatigue, depression, headaches, hypersensitivity to stimuli, psychosomatic
complaints, weakness, and loss of concentrating ability. Erethism, derived from the Greek word red, describes the easy blushing and extreme shyness
of affected individuals. Other symptoms of erethism include anxiety, emotional lability, irritability, insomnia, anorexia, weight loss, and delirium.
Mercury produces a characteristic central intention tremor (Chap. 22) that is abolished during sleep. In the most severe forms of mercury-associated
tremor, choreoathetosis and spasmodic ballismus are also reported. Other neurologic manifestations of inorganic mercurialism include a mixed
sensorimotor neuropathy, ataxia, concentric constriction of visual fields (“tunnel vision”), and anosmia.

Chronic poisoning with mercuric ions is associated with renal dysfunction, which ranges from asymptomatic, reversible proteinuria to nephrotic
syndrome with edema and hypoproteinemia. An idiosyncratic hypersensitivity to mercury ions is thought to be responsible for acrodynia, or “pink
disease,” which is an erythematous, edematous, and hyperkeratotic induration of the palms, soles, and face, and a pink papular rash that was first

described in a subset of children exposed to mercurous chloride powders.122 The rash is described as morbilliform, urticarial, vesicular, and
hemorrhagic. This symptom complex also includes excessive sweating, tachycardia, irritability, anorexia, photophobia, insomnia, tremors,
paresthesias, decreased deep tendon reflexes, and weakness. The acral rash frequently progresses to desquamation and ulceration. The prognosis is
favorable after withdrawal from mercury exposure. Childhood acrodynia has become uncommon since the abandonment of mercurial teething
powders and diaper rinses. Occasional case reports still implicate improperly disposed fluorescent light bulbs and phenylmercuric acetate–containing

paint.3,117

Thimerosal is an example of an aryl mercury compound that results in chronic inorganic mercury toxicity. It is a compound that was widely used as a
preservative in the pharmaceutical industry (Chap. 46). Although initial kinetics suggested a stable ethyl–mercury bond, the later elimination phase
more closely resembles that of the inorganic mercury compounds. Thimerosal is approximately 50% mercury by weight. Although generally
considered safe, toxicity and death can occur after both intentional overdose and excessive therapeutic application of merthiolate (0.1% thimerosal or

600 mcg/mL mercury).87,95

Concern that the cumulative dose of thimerosal in childhood immunizations exceeded federally recommended maximum mercury doses (EPA, 0.1
mcg/kg/day; Agency for Toxic Substances and Disease Registry, 0.3 mcg/kg/day; FDA, 0.4 mcg/kg/day) led to a call by the American Academy of

Pediatrics to reduce or eliminate thimerosal from vaccines.4 Thimerosal continues to be used in medically underserved nations as a preservative in

multidose vials in areas with inadequate refrigeration.31 Nevertheless, since 2001, routinely administered childhood vaccines in the United States no

longer contain thimerosal.4,47

Although sensitization after use in vaccinations has been reported in atopic children,86 clinical mercury toxicity has not been reported in appropriately

immunized children. The claim that thimerosal-containing vaccines causes autism has been refuted by numerous studies and meta-analyses.8,65,84,109

No causal association with early thimerosal exposure and adverse neuropsychological outcomes was shown in children tested at 7 to 10 years of

age.115 Clearly, the risk to child health from the diseases targeted for prevention by vaccines far exceeds the risk from thimerosal preservative in

vaccines.39,114,119 In 2010, US courts rejected a causal relationship between thimerosal and autism.32

Organic Mercury Compounds

In contrast to the inorganic mercurials, methylmercury produces an almost purely neurologic disease that is usually permanent except in the mildest of
cases. Although the predominant syndrome associated with methylmercury is that of a delayed neurotoxicity, acute GI symptoms, tremor, respiratory

distress, and dermatitis are also reported.124 In addition, ST segment changes on electrocardiography and renal tubular dysfunction are associated

with this poisoning.45 However, no increase in cardiovascular disease risk was reported with mercury exposure in a large cohort of US adults.73

The lipophilic property and slower elimination of methylmercury likely contribute to its profound neurologic effects. Characteristically, clinical
manifestations occur after the initial poisoning by a latent period of weeks to months. Consequently, the lethal dose of methylmercury is difficult to
determine. As noted previously, infants exposed prenatally to methylmercury were the most severely affected individuals in Minamata. Often born to
mothers with little or no manifestation of methylmercury toxicity themselves, exposed infants exhibited decreased birth weight and muscle tone,
profound developmental delay, seizure disorders, deafness, blindness, and severe spasticity.

Several weeks after methylmercury contaminated grain was ingested in Iraq, patients began to appear with paresthesias involving the lips, nose, and
distal extremities. Symptomatic patients also noted headaches, fatigue, and tremor. More serious cases progressed to ataxia, dysarthria, visual field
constriction, and blindness. Other neurologic deficits included hyperreflexia, hearing disturbances, movement disorders, salivation, and dementia.
The most severely affected patients lay in a mute, rigid posture punctuated only by spontaneous crying, primitive reflexive movements, or feeding

efforts.96

Although the outlook for methylmercury neurotoxicity is generally considered dismal, observations over the subsequent 2 years in 49 Iraqi children

poisoned during the 1971 outbreak revealed complete resolution or partial improvement in all but the most severely affected.5 Of the 40 symptomatic
children, 33 mildly to severely affected children showed partial to complete resolution of symptoms, but the 7 children classified as “very severely
poisoned” remained dysarthric, ataxic, blind, and bedridden.

An important route of organic mercury exposure is through seafood consumption. The safe amount of methylmercury in seafood remains
controversial. The FDA action concentration of 1 ppm for methylmercury in fish was set to limit consumption of methylmercury to less than 1/10th of

amounts found in cases of symptomatic poisoning. The EPA established a reference dose for methylmercury of 0.1 mcg/kg/day.90,118 Although
elevated blood concentrations (19–53 mcg/L) of mercury were found in one group of self-reported high consumers of seafood, increased incidence of

cognitive and GI complaints were not.52 Even so, concentrations at which fetuses experience adverse effects are unknown. Longitudinal studies of fish-
eating populations are conflicting. No effect of a high prenatal fish diet was found on developmental markers in children followed to 19 years of age in

the Seychelles Islands.27,28,120

However, in the studies done in the Faroe Islands and New Zealand, a subtle but significant effect on neuropsychological development was

reported.25,42,110 In the Faroe Islands, this effect persisted when children were retested at 22 years of age.30,31

One reason for the discrepancy that occurs between the 2 populations may be the different patterns of seafood consumption and concentrations of
methylmercury in the seafood consumed by each. The Faroese consume low level mercury–containing fish 1 to 3 times a week with episodic feasts of
highly contaminated pilot whale, whereas the Seychellois consume a more steady diet of low level–contaminated fish on average 12 times per week.
The pilot whales consumed in the Faroe Islands are also contaminated with neurotoxic polychlorinated biphenyls (PCBs), although these compounds
were measured and considered a potential confounding variable. The mean concentration of methylmercury in the whale meat consumed in the Faroe
Islands was 1.6 mcg/g, and the mean concentration of mercury found in New Zealand shark was 2.2 mcg/g. By contrast, the mean methylmercury

content of Seychellois fish was 0.3 mcg/g.75 The threshold concentration for neuropsychological effects may lie between these concentrations.

The development of neurologic symptoms in infants exclusively breastfed by women exposed to methylmercury after delivery and the detection of

mercury in the milk of lactating women implies a risk for mercury poisoning via breast milk.57 In one series of lactating women, mercury concentrations

in milk were approximately 30% of the concentrations found in blood.83 Perhaps because of high levels of PCBs in pilot whale meat, 7-year-old children
from the Faroe Islands, who have a diet traditionally high in the mercury-containing sea mammals and were breast-fed as infants, exhibited a

diminished benefit (but not deficit) on neuropsychological testing when compared with their counterparts fed formula.48

Further complicating findings in a cohort of Faroese children, the neurobehavioral deficits from methylmercury may be underestimated unless the

protective effects of long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, also found in fish) are included in the analysis.21 Likewise, the Seychelles
Child Development Study Nutrition Cohort 2 found no overall adverse association between prenatal methylmercury exposure and

neurodevelopmental outcomes in children with high maternal n-3 PUFA concentrations.111 The net neuropsychological effects of prenatal and dietary
methylmercury result from dose and timing of fish in the diet as well as the concentrations of methylmercury, neurotoxic PCBs, and neuroprotective

PUFA in the consumed fish.111

The FDA recommends that at-risk populations (pregnant women and women who may become pregnant, nursing mothers, and young children) avoid
large predator fish (shark, swordfish, tilefish, and king mackerel) that contain concentrations of methylmercury approaching 1 ppm (1 mcg/g). The
2004 FDA/EPA consumer advisory emphasizes the health benefits of eating fish and allow for up to 12 ounces per week of fish and shellfish lower in
mercury such as shrimp, canned light tuna, salmon, pollock and catfish and up to 6 ounces of albacore tuna per week. Given the beneficial effects of

seafood, efforts should be aimed at decreasing anthropogenic release of mercury rather than elimination of dietary exposure.91

Although methylmercury has greater importance worldwide, the extreme toxicity of another organic mercurial, dimethylmercury, was tragically
demonstrated by the delayed fatal neurotoxicity that developed in a chemist who inadvertently spilled dimethylmercury on a break in the gloves on her

hands.77 Over a period of several days, she developed progressive difficulty with speech, vision, and gait. Despite chelation and exchange transfusion,
she died of mercury neurotoxicity within several months of the exposure.

DIAGNOSTIC TESTING

The dual findings of unexplained neuropsychiatric and kidney abnormalities in an individual should alert the clinician to the possibility of
mercurialism, as should an at-risk occupation or access by the patient to a mercurial product (Table 95–1). Occupational or environmental exposure
and a consistent clinical scenario are suggestive of mercury poisoning, but demonstration of mercury in blood, urine, or tissues is necessary for
confirmation of exposure. Of the many methods available to measure mercury, cold atomic absorption spectrometry is rapid, sensitive, and accurate
but cannot distinguish the various forms of mercury. Thin-layer and gas chromatographic techniques are recommended to distinguish organic from
inorganic mercury. Whole blood should be collected into a trace element collection tube obtained from the laboratory performing the assay. Urine
should be collected for 24 hours into an acid-washed container obtained from a laboratory. Spot collections must be adjusted for creatinine
concentration. Attempts to measure or otherwise handle the specimen should be avoided to prevent external contamination (Table 95–4).

TABLE 95–4

Diagnostic Testing for Mercury

Whole  Blood 24-hour Urine Hair Clinical

Elemental/Inorganic (+)

Acute, transient

(++)

Confirm exposure

Monitor chelation

Poor correlation to

TBB

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Early detection

Organic (++)

Best reflects

TBB

(–)

Fecal elimination

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Reflects irreversible CNS

toxicity

Early detection

There is considerable overlap among concentrations of mercury found in the normal population, asymptomatic exposed individuals, and patients with
clinical evidence of poisoning. There is no definitive correlation between either whole blood or urine mercury concentration and mercury toxicity.
However, mercury serves no useful role in human physiology, and concentrations of 1.0 mcg/L or less for whole blood and 0.5 mcg/L for urine are
generally considered to reflect background exposure in nonpoisoned individuals. The inconsistencies of the values found in the literature for mercury
exposure are a recurrent issue in metal testing. A credible and qualified laboratory should be employed and their reference ranges accepted when

testing is desired.20

For inorganic mercury poisoning, urine mercury concentrations correlate roughly with exposure severity and neuropsychiatric symptoms,93 but the
relationship to total body burden is probably poor. Urine mercury determinations have their greatest usefulness in confirming exposure and
monitoring the efficacy of chelation therapy. Whole blood mercury concentrations reflect intense, acute inorganic mercury exposure but become less
reliable as redistribution to tissues takes place.

Because organic mercury is eliminated via the fecal route, urine mercury concentrations are not useful in methylmercury poisoning. Because
methylmercury concentrates in RBCs, the total-body methylmercury burden is best reflected acutely by whole-blood concentrations. As methylmercury
distributes to and accumulates in brain, the severity of clinical manifestations probably more closely reflects the degree of the irreversible neuronal
destruction that has taken place rather than the current body burden of mercury. Correlation of increasing whole-blood mercury concentrations with

prevalence of paresthesias was suggested in a population of Iraqis studied early in the course of methylmercury poisoning.24 However, in another

group of patients, whole-blood concentrations did not correlate with severity of methylmercury poisoning.96 This apparent discrepancy may have
resulted from the finding that paresthesias are among the earliest reported symptoms of methylmercury poisoning.

Because mercury accumulates in the hair, hair analysis has been used as a tool for measuring mercury burden. However, because metal incorporation
reflects past exposure and hair avidly binds to noningested environmental mercury, the reliability of this method is questionable and is not

recommended.89 In addition to mercury assays, neuropsychiatric testing, nerve conduction studies, and urine assays for N-acetyl-β-D-glucosaminidase

and β2-microglobulin are advocated for early detection of subclinical inorganic and organic mercury toxicity.34,45,93

GENERAL MANAGEMENT

After the initial assessment and stabilization, the early toxicologic management of a patient with mercury poisoning includes termination of exposure
by removal from vapors, washing exposed skin, GI decontamination, supportive measures (eg, hydration, humidified oxygen), baseline diagnostic
studies (eg, complete blood count, serum chemistries, venous blood gas, radiography, ECG), specific analysis of whole blood and urine for mercury,
evaluation of possible cointoxicants, and meticulous monitoring.

Elemental Mercury

Inhalation of mercury vapors or aspiration of metallic mercury may result in life-threatening respiratory failure; in this situation, stabilization of
cardiorespiratory function is the initial priority. Postural drainage and endotracheal suction are a reasonable technique to attempt to remove
aspirated metallic mercury. Parenteral deposition of subcutaneous or intramuscular (IM) mercury is amenable to surgical excision, if well localized
(Fig. 95–1).

An adjunct to the initial management of patients with mercury poisoning is environmental decontamination. Elemental mercury that spills onto solid
surfaces should be adsorbed to sand and the resulting mixture then swept into tightly sealed containers. Ideally, a mercury decontamination kit should
be used. The kit consists of calcium polysulfide, which contains excess sulfur to convert mercury to water-insoluble mercuric sulfide. Absorbent
surfaces, such as carpets, should be removed. Spilled mercury compounds should not be vacuumed because vacuuming could volatilize the

mercury.18 Broken compact fluorescent light bulbs should be handled and disposed of according to EPA guidelines and local requirements.2

Recommendations for decontamination after breakage include opening windows to release vapor, using adhesive tape to pick up visible fragments,
and discarding contaminated material in double-wrapped bags. Guidance for decontamination of major spills and disposal of materials can be
provided by local and federal hazardous materials agencies.

Inorganic Mercury

Because ingestion of inorganic mercuric may lead to cardiovascular collapse caused by severe gastroenteritis and third-space fluid loss, fluid
resuscitation is a priority. Gastrointestinal decontamination of ingested inorganic mercury is particularly problematic because of its causticity and risk
for perforating injury. Nevertheless, one series of patients with mercuric chloride ingestion of up to 4 g reported recovery without long-term GI

sequelae in patients who did not succumb to kidney failure.116 Therefore, unless there is high suspicion for penetrating GI mucosal injury, removal of
mercury from absorptive surfaces should take priority over endoscopic evaluation. The prominence of vomiting makes gastric lavage unnecessary for
most patients with inorganic mercury poisoning.

Metals are among the substances that are often considered to be poorly adsorbed to activated charcoal. Nevertheless, the serious nature of late
sequelae after mercury absorption, the typically small quantities of mercury ingested, and evidence that inorganic mercuric salts actually have
substantial adsorption to activated charcoal (800 mg mercuric chloride can be adsorbed to 1 g activated charcoal) justify the routine administration of

activated charcoal.6 Whole-bowel irrigation with polyethylene glycol solution is a reasonable adjunct to remove residual mercury, and its progress can
be followed with serial radiographs.

Organic Mercury

Organic mercury exposures do not typically present as single acute ingestions but rather as chronic or subacute ingestion of contaminated food.
Therefore, GI decontamination is generally moot with respect to organic mercury poisoning. Nevertheless, its irreversible toxicity coupled with
unsatisfactory treatments calls for aggressive decontamination when acute ingestions or dermal exposures occur.

CHELATION

After initial stabilization and decontamination, early institution of chelators minimizes or prevents the widespread effects of poisoning. Dimercaprol
was developed during World War II as an antidote against lewisite, an arsenical warfare agent. The water-soluble analogs DMPS and succimer were

developed in the 1950s, and the 3 chelators have remained the mainstay of therapy for mercury poisoning.59 A high degree of protein binding and
distribution to the brain are responsible for the lack of efficacy of other measures to increase mercury clearance, such as peritoneal dialysis and

hemodialysis.100 In one report of the use of continuous venovenous hemodiafiltration in combination with a chelator in a patient with severe inorganic

mercury poisoning, 12.7% of the ingested dose was recovered in the ultrafiltrate.26 Hemodialysis may nevertheless ultimately be necessary because of
the acute kidney failure that often occurs after mercuric chloride poisoning.

Chelators have thiol groups that compete with endogenous sulfhydryl groups for the binding of mercury, thereby preventing inactivation of sulfhydryl-
containing enzymes and other essential proteins (Antidotes in Depth: A28 and A29). A history of significant mercury exposure combined with the
presence of typical symptoms of mercury poisoning is an appropriate indication for the institution of chelation therapy. Elevated whole-blood and
urine mercury concentrations help support the decision to begin chelation therapy in unclear cases and can also be used to guide the duration of
therapy. Provocative chelation, in which urinary mercury excretion before and after a chelating dose is compared to determine the degree of mercury

poisoning, is of no value.52 Chelation tends to increase urinary elimination of mercury, regardless of exposure history and baseline excretion.

Elemental Mercury and Inorganic Mercury Salts

For patients with symptomatic acute inorganic mercury poisoning, dimercaprol should be administered for 10 days in dosages of 5 mg/kg/dose every 4
hours IM for 48 hours, then 2.5 mg/kg every 6 hours for 48 hours, followed by 2.5 mg/kg every 12 hours for 7 days. It is reasonable to adjust this dosing
regimen, which was derived from lead poisoning, according to clinical response and the occurrence of adverse reactions.

When a patient can take oral medications, we recommend that dimercaprol be replaced with succimer at 10 mg/kg orally 3 times a day for 5 days, then
twice a day for 14 days if the GI tract is clear. Because headache, nausea, vomiting, abdominal pain, and diaphoresis are common reactions during
dimercaprol chelation therapy, oral succimer is recommended in patients who are not acutely ill or who have been chronically poisoned.

Either dimercaprol or succimer is considered the treatment of choice for inorganic mercury poisoning in the United States, but a few other chelators
deserve mention. 2,3-Dimercapto-1-propanesulfonic acid (DMPS) is a water-soluble dimercaprol derivative that is used in Europe. It is administered
both IV and orally. D-Penicillamine is an orally administered monothiol. Its adverse events—GI distress, rashes, leukopenia, thrombocytopenia, and

proteinuria—although uncommon in therapeutic doses, seriously limit the usefulness of the drug. N-acetyl-D,L-penicillamine (NAP), an investigational

analog of D-penicillamine, is thought to be a more effective chelator of mercury than is D-penicillamine, perhaps because of its greater stability.11,40,43

Organic Mercury Compounds

The neurotoxicity of methylmercury and other organic mercury compounds is resistant to treatment, and therapeutic options are less than
satisfactory. In rats, both dimercaprol and D-penicillamine effectively reduced tissue mercury and prevented neurologic toxicity if administered within

the first day of a methylmercury injection.126 Neither treatment reversed neurologic toxicity when administered 12 days after methylmercury injection.
2,3-Dimercapto-1-propanesulphonate, D-penicillamine, NAP, and a thiolated resin all led to a marked reduction of blood half-life of mercury (ie, 10, 24,

23, and 19 days, respectively, versus 60 days) during the outbreak of methylmercury poisoning in Iraq in 1971.24 Clinical improvement was not
observed in any treatment group, but it is reasonable to postulate that reducing the total-body burden of methylmercury may prevent or limit the

progression of disease. When studied in mice poisoned with methylmercury,1 succimer was superior to NAP, DMPS, and a thiolated resin in decreasing
brain mercury and increasing urinary excretion. Brain mercury was decreased to 35% of control, and the total-body burden fell to 19%. Some animal

evidence suggests that dimercaprol increases mercury mobilization into the brain.7,10,15 For this reason, and the lack of serious GI symptoms
necessitating parenteral chelation, We recommend against the use of dimercaprol the treatment of patients with organic mercury poisoning.

Because the neurologic impairment associated with methylmercury is both profound and essentially irreversible, early recognition of poisoning and
prevention of neurotoxicity are essential to a successful outcome. At this time, succimer is the most reasonable treatment for methylmercury
poisoning because of its apparently low toxicity and reported efficacy in animal trials.

SUMMARY

Mercury poisoning by any of the 3 major forms—elemental, inorganic, and organic—presents a complex toxicologic problem associated with a
large variety of clinical presentations.

An ever present awareness of the signs and symptoms coupled with the knowledge of the differing clinical forms is essential for both early
recognition and effective treatment.

Although some chelators show promise in the treatment of mercury poisoning, neurologic sequelae, particularly those resulting from organic
mercury exposures, remain largely irreversible.

Dietary fish remains an important source of mercury exposure and mercurial neuropsychologic illness.

There is no evidence for the role of mercury in the pathogenesis of autism.

Promotion of public education regarding the dangers of mercury, its avoidance, and proper disposal may aid in the prevention of mercury
poisoning.
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ATN = acute tubular necrosis; BAL = British anti-Lewisite; CNS = central nervous system; GI = gastrointestinal; + to +++ = present with increasing importance; - =

absent.

CNS = central nervous system; TBB = total body burden; + to ++ = useful testing specimen; - = lack of utility.
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Chapter 95: Mercury

Young-Jin Sue

INTRODUCTION

HISTORY AND EPIDEMIOLOGY

Mercury is a metal that is widely toxic to multiple organ systems. Its toxicologic manifestations are well known as a result of thousands of years of

medicinal applications, industrial use, and environmental disasters.69,112 Mercury occurs naturally in small amounts as the elemental (Hg0) silver-

colored liquid (quicksilver); as inorganic compounds such as mercuric (Hg2+) sulfide (cinnabar), mercurous (Hg+) chloride (calomel), mercuric chloride
(corrosive sublimate), and mercuric oxide; and as organic compounds (methylmercury and dimethylmercury). Mercury’s gastroenteric irritant effects
led to its use as a therapy for constipation. In recent (16th–19th), centuries, mercury-containing preparations, advocated for their potent diuretic and

sialogogic properties, were widely used to treat syphilis to “flush” the “virus” out.81 The musician Paganini was one of several famous persons whose
gingivitis, dental decay, ptyalism (excessive salivation), and erethism (pathologic irritability and emotional instability) were attributed to mercury

therapy.80 In the 1800s, the United States witnessed an epidemic of “hatters’ shakes” or “Danbury shakes” and “mercurial salivation” in hat industry

workers.123 Danbury, Connecticut, was a US center of felt hat manufacturing in which mercuric nitrate was used to mat animal furs into felt.112,123

In the early 1900s, acrodynia, a painful dusky pink discoloration of the hands and feet, or “pink disease,” was described in children who received

calomel for ascariasis or teething discomfort.16 Vividly described in a series of 41 children, the development of acrodynia was more common in

younger children, did not seem to correlate with mercury dose, and was not necessarily related to urine concentrations of mercury.122

One of the most devastating epidemics of mercury poisoning occurred as the result of a decade of contamination of Minamata Bay in Japan by a
nearby vinyl chloride plant during the 1940s. Methylmercury accumulated in the bay’s marine life and poisoned the inhabitants of the local fishing
community. Although officially only 121 victims were reported, thousands more are believed to have been affected by what has subsequently been

named Minamata disease.88,113 The largest outbreak of methylmercury poisoning to date occurred in Iraq in late 1971. Approximately 95,000 tons of
seed grain intended for planting and treated with methylmercury as a fungicide were baked into bread for direct consumption, resulting in widespread

neurologic symptoms, 6,530 hospital admissions, and more than 400 deaths.5,23,96

In 1990, the US Environmental Protection Agency (EPA) banned mercury-containing compounds from interior paints.3 However, mercury-containing
paints manufactured before that ruling may still be on interior walls, and mercury-containing paint can still be sold for outdoor use. In 1997, a scientist

succumbed to delayed, progressive neurologic deterioration after a minute dermal exposure to dimethylmercury.77 Contemporary exposures occur in

the form of mercury-tainted seafood, mercury-based preservatives (thimerosal), and artisanal gold mining.36

However, a once widely feared source of potential poisoning, mercury-containing dental amalgam does not result in clinical poisoning.14 Occasionally,
exposure to mercury from broken thermometers leads to poisoning in the home, but such thermometers are becoming less common because of

recent efforts to replace mercury with digital thermometers and other electronic devices.78

More recently, the ongoing movement to replace incandescent light bulbs with compact fluorescent bulbs has once again raised the concern of
exposure to mercury in the home and environment. Promoted to reduce greenhouse gas emissions, each bulb contains about 4 mg of elemental

mercury.2

Table 95–1 lists some potential sources of mercury exposure.

TABLE 95–1

Exposures to Mercury

Elemental Inorganic Organic

Manufacturing/Industrial Barometers

Bronzing

Ceramics

Chlorine manufacture

Electroplating

Jewelry

Metal refineries

Paints

Paper pulp

Photography

Batteries

Chemistry sets

Dyes

Explosives

Fireworks

Laboratory reagents

Tanneries

Taxidermy

Vinyl chloride manufacture

Agriculture

Embalming

Fungicides

Laboratory reagents

Pesticides

Wood preservatives

Medical/Medicinal Amalgam

Sphygmomanometry

Tissue fixatives

Thermometers

Weighted nasogastric tubes

Antiseptics

Calomel

Disinfectants

Laxatives

Nonprescription medications

Bactericidals

Pharmaceuticals

Preservatives

Food/Other Ritualistic, complementary Aesthetic, cosmetic

Ayurvedic

Grains (contaminated)

Seafood

FORMS OF MERCURY AND TOXICOKINETICS

The 3 clinically important forms of mercury—elemental, inorganic, and organic—differ with respect to their toxicodynamics and toxicokinetics (Table
95–2). Each produces distinct clinical patterns of poisoning stemming in part from their unique kinetic features (Table 95–3). For each form, the
specific manifestations are determined by the route of exposure, rate of exposure, distribution, biotransformation of mercury within the body, and
relative accumulation or elimination of mercury by the target organ systems. Whereas elemental mercury produces pulmonary toxicity, inorganic
mercury initially causes gastrointestinal (GI) symptoms followed by nephrotoxicity. A nearly pure neurologic toxicity results from organic
(methylmercury) exposure.

TABLE 95–2

Classes of  Mercury Compounds

Nomenclature Example

Elemental Hg0 Quicksilver

Inorganic Hg+

HgCl

Hg2+

HgCl2

Mercurous ion

Calomel, mercurous chloride

Mercuric ion

Mercuric chloride

Organic Short-chain alkyl–mercury compounds

Long-chain mercury compounds

Aryl mercury compounds

Methylmercury

Ethylmercury

Dimethylmercury

Methoxyethylmercury

Phenylmercury

TABLE 95–3

Differential Characteristics of Mercury Exposure

Elemental Inorganic Organic

Primary route of exposure Inhalation Oral Oral

Primary tissue distribution CNS, kidney Blood (transient, acute)

Kidney

CNS (delayed)

CNS, kidney, liver, blood, hair

Clearance Kidney, GI Kidney, GI Methyl: GI

Aryl: kidney, GI

Clinical effects

 CNS Tremor Tremor, erethism Paresthesias, ataxia, tremor, tunnel vision, dysarthria

 Pulmonary +++ – –

 Gastrointestinal + +++ (caustic) +

 Renal + +++ (ATN) +

 Acrodynia + ++ –

Therapy BAL, succimer BAL, succimer Succimer (early)

ABSORPTION

Elemental Mercury

Elemental mercury (Hg0) is absorbed primarily via inhalation of vapor, although slow absorption after aspiration, subcutaneous deposition, and direct

intravenous (IV) embolization occurs.60,74,121 Volatility, moderate at room temperature, increases significantly with heating or aerosolization, both of

which occur with vacuuming.44,102 When inhaled by human volunteers, 75% to 80% of mercury vapor is absorbed.44 However, elemental mercury is
negligibly absorbed from an anatomically and functionally normal GI tract, and it is usually considered nontoxic when ingested. Abnormal GI motility
prolongs mucosal exposure to elemental mercury, and massive ingestion increases subsequent ionization to more readily absorbed forms. Similarly,
anatomic GI abnormalities such as fistulae or perforation are associated with extravasation of mercury into the peritoneal in which where elemental
mercury is oxidized to more readily absorbed inorganic forms.

Inorganic Mercury

The principal route of absorption for inorganic mercury is the GI tract. Approximately 10% of soluble divalent (Hg2+) mercuric salts such as mercuric

chloride (HgCl2) are absorbed following ingestion and dissociation.66 Absorption of a relatively insoluble monovalent (Hg+) mercurous compound,

such as mercurous chloride (calomel; HgCl), is dependent on its oxidation to the divalent form.79 Inorganic mercury is also absorbed across the skin
and mucous membranes, as evidenced by urinary excretion of mercury after dermal application of skin-lightening mercurial ointments and powders

containing HgCl.106,122

The degree of dermal absorption varies by the concentration of mercury, skin integrity, and lipid solubility of the vehicle. With substantial dermal
exposures to mercury salts, skin absorption may be difficult to distinguish from concomitant absorption via other routes, such as ingestion.

Organic Mercury

As in the case of inorganic mercury, organic mercury is primarily absorbed from the GI tract. Methylmercury, considered the prototype of the short-

chain alkyl compounds, is approximately 90% absorbed from the gut. Aryl and long-chain alkyl compounds have more than 50% GI absorption.79

Although both dermal and inhalational absorption of organic mercury is reported, precise quantitation and exclusion of concomitant absorption by
ingestion are difficult to determine.

DISTRIBUTION AND BIOTRANSFORMATION

After absorption, mercury distributes widely to all tissues, predominantly the kidneys, liver, spleen, and central nervous system (CNS). The initial
distributive pattern into nervous tissue of elemental and organic mercury differs from that of the inorganic compounds because of their greater lipid
solubility.

Elemental Mercury

Although peak concentrations of elemental mercury are delayed in the CNS as compared with other organs (2–3 days versus 1 day),44 significant
accumulation in the CNS occurs after an acute, intense exposure to elemental mercury vapor. Conversion of elemental mercury to the charged

mercuric (Hg2+) cation within the CNS favors retention and local accumulation. Because elemental mercury does not covalently bind to other

compounds, its toxicity depends on its oxidation initially to the mercurous ion (Hg+) and then to the mercuric ion (Hg2+) by the enzyme catalase.66

Because this oxidation–reduction reaction favors the mercuric cation at steady state, the distribution and late manifestations of metallic mercury
toxicity eventually resemble those of inorganic mercury poisoning. Conversely, and to a lesser extent, inorganic mercuric ions are reduced to the

elemental state (Hg0), although the site and mechanism of this reaction are not well understood.79

Inorganic Mercury

The greatest concentration of mercuric ions is found in the kidneys, particularly within the renal tubules. At least in animal studies, administration of

mercury induces the renal synthesis of metallothionein, a compound that binds to and detoxifies mercuric ions.12 Very little mercury is found as free
mercuric ions. In blood, mercuric ions are found both within the red blood cells (RBCs) and bound to plasma proteins in approximately equal
proportions. Blood concentrations are greatest immediately after inorganic mercury exposure, with rapid waning as distribution to other tissues
occurs. Although penetration of the blood–brain barrier is poor because of low lipid solubility, slow elimination and prolonged exposure contribute to
significant CNS accumulation of mercuric ions. Within the CNS, mercuric ions concentrate in the cerebellum and hippocampus, and to a lesser degree,

the cerebral cortex.35 Although inorganic mercurials undergo organification in marine life, as in the Minamata Bay disaster,9,85 the importance of this

conversion in humans is unknown. Animal studies demonstrate that the placenta functions as an effective barrier to mercuric ions.79

Organic Mercury

Once absorbed, aryl (phenyl mercury) and long-chain alkyl mercury compounds differ from the short-chain organic mercury compounds
(methylmercury) in an important way—the former possess a labile carbon–mercury bond, which is subsequently cleaved, releasing the inorganic
mercuric ion. Thus, the distribution pattern and toxicologic manifestations produced by the aryl and long-chain alkyl compounds that occur beyond
the immediate postabsorptive phase are comparable to those of inorganic mercury, but organification has facilitated absorption and reduced the local

caustic effects.79 In contrast, short-chain alkyl mercury compounds possess relatively stable carbon–mercury bonds that survive the absorptive phase,

although conversion to the inorganic mercuric cation at a rate of less than 1% per day occurs after absorption.124 Because it is lipophilic,

methylmercury readily distributes across all tissues, including the blood–brain barrier and placenta.46 An important consequence of this property is
the devastating neurologic degeneration that develops in prenatally exposed infants with Minamata disease. The rapid decline of blood mercury
concentrations in both suckling rats and breastfeeding human infants is attributed to rapid growth of body volume combined with limited transport of

mercury by milk.76,97,98

After methylmercury is distributed to brain tissue, its fate is uncertain. Animal evidence indicates that methylmercury is converted to inorganic mercury

in brain tissue.63 Primates fed oral methylmercury daily for periods exceeding 1 year and then killed within days of the last exposure demonstrated an
average brain inorganic mercury fraction of only 19%. By contrast, when the postexposure period was extended to between 150 and 650 days, the
inorganic mercury fraction increased to 88%. Similarly, long-term survivors of methylmercury poisoning had a higher ratio of inorganic mercury to

total mercury in their brains.29 In one patient who survived 22 years after methylmercury ingestion, autopsy revealed that the brain mercury was nearly
completely in the inorganic form.

Methylmercury concentrates in RBCs to a much greater degree than do mercuric ions, with an RBC-to-plasma ratio of about 10:1 (in contrast to 1:1 RBC-

to-plasma ratio for inorganic mercury).124 However, despite this apparent affinity for nervous tissue and RBCs, the greatest methylmercury
concentrations are found in the kidneys and liver. In addition, because of the extensive sulfhydryl bonds in hair, methylmercury deposits in hair at

concentrations approximately 250 times that found in whole blood.55

ELIMINATION

Elemental Mercury and Inorganic Mercury

Mercuric ions are excreted through the kidney by both glomerular filtration and tubular secretion and in the GI tract by transfer across gut mesenteric
vessels into feces. Small amounts are reduced to elemental mercury vapor and volatilized from skin and lungs. The total-body half-life of elemental

mercury and inorganic mercury was previously estimated at approximately 30 to 60 days.22,66 However, a recent review of case studies indicates that

the half-life of inorganic mercury in human brains is on the order of several years to several decades.92

Organic Mercury

In contrast to elemental mercury and inorganic mercury, the elimination of short-chain alkyl mercury compounds (such as methylmercury) is
predominantly fecal. Enterohepatic recirculation contributes to its somewhat longer total body half-life of about 70 days. Less than 10% of

methylmercury is excreted in urine and feces as the mercuric cation.124

PATHOPHYSIOLOGY

The pervasive disruption of normal cell physiology by mercury arises from its avid covalent binding to sulfur, replacing the hydrogen ion in the body’s
ubiquitous sulfhydryl groups. Mercury also reacts with phosphoryl, carboxyl, and amide groups, resulting in widespread dysfunction of enzymes,
transport mechanisms, membranes, and structural proteins.

Because mercury deposits in all tissues, the clinical manifestations of mercury toxicity involve multiple organ systems with variable features and
intensity. Necrosis of the GI mucosa and proximal renal tubules, which occurs shortly after mercury salt poisoning, is thought to result from the direct
oxidative effect of mercuric ions. An immune mechanism is attributed to membranous glomerulonephritis and acrodynia associated with the use of

mercurial ointments.13

Neurologic manifestations of methylmercury poisoning correlate with pathologic findings in the brains of both adults and children who were

prenatally exposed.68,113 Grossly, atrophy of the brain is more severe in children who had prenatally or postnatally acquired methylmercury compared
with the brains of those exposed as adults. In the adult brain, neuronal necrosis and glial proliferation are most prominent in the calcarine cortex of
the cerebrum and in the cerebellar cortex. In fetal Minamata disease, similar lesions are present but in a more diffuse and severe form. Atrophy of the
cerebellar hemispheres, postcentral gyri, and calcarine area of the brain demonstrated on magnetic resonance images in organic mercury–poisoned

patients correlates with clinical findings of ataxia, sensory neuropathy, and visual field constriction, respectively.58 Neuropathologic examination of
the brain of a scientist who died after unintentional dermal exposure to dimethylmercury revealed lesions in the cerebellum, temporal lobe, and visual

cortex.105

In rats, neuronal cytotoxicity of methylmercury may result partly from muscarinic receptor–mediated calcium release from smooth endoplasmic

reticulum of cerebellar granule cells.62 There is animal evidence that methylmercury may trigger reactive oxygen species production. In addition,
methylmercury inhibits astrocyte uptake of cysteine, the rate-limiting step in the production of glutathione, a major antioxidant in mammalian cell

systems.104 Cultured astrocytes accumulated methylmercury and exhibited increased mitochondrial permeability and oxidative injury.125 Complexing
of methyl- mercury with L-cysteine may enhance brain uptake by mimicry of methionine, a substrate of the endogenous L amino acid transport system.

Uptake of the L-isomer significantly exceeds that of methylmercury–D-cysteine. Careful selection of stereospecific thiol complexing agents may lead to

strategies to limit brain uptake of methylmercury.56,70

CLINICAL MANIFESTATIONS

Elemental Mercury

Symptoms of acute elemental mercury inhalation occur within hours of exposure and consist of cough, chills, fever, and shortness of breath.
Gastrointestinal complaints include nausea, vomiting, and diarrhea accompanied by a metallic taste, dysphagia, salivation, weakness, headaches, and
visual disturbances. Chest radiography during the acute phase reveals interstitial pneumonitis and both patchy atelectasis and emphysema.
Symptoms either resolve with lesser exposures or progress to acute respiratory distress syndrome (ARDS) with respiratory failure and death. Some
survivors of severe pulmonary toxicity develop interstitial fibrosis and residual restrictive pulmonary disease. The acute respiratory symptoms occur
concomitantly with or precede the development of subacute inorganic mercury poisoning manifested by tremor, kidney dysfunction, and

gingivostomatitis.17,54,94 Thrombocytopenia is also reported to occur during the acute phase.38

Although acute exposure to elemental mercury vapor occurs most commonly in the occupational setting, poisonings caused by mishandling of the

metal in the home are well reported.19,29,50,72,108 In fact, attempts at home metallurgy using metallic mercury have resulted in fatalities with ambient air

concentrations of mercury as high as 0.9 mg/m3. The current US Occupational Safety and Health Administration permissible exposure limit (PEL) for

mercury vapor is 0.1 mg/m3 of air as a ceiling limit.82

As with other inhaled toxins, children are likely to be more sensitive to the pulmonary toxicity of mercury vapor because of their ratio of minute

ventilation volume to body size.72 Although pulmonary toxicity from elemental mercury usually results from inhalation of vapor, massive

endobronchial hemorrhage followed by death has occurred secondary to direct aspiration of metallic mercury into the tracheobronchial tree.127

Gradual volatilization of elemental mercury results in chronic toxicity from improper handling, such as vacuuming spilled mercury.102

The clinical importance of volatilized metallic mercury from dental amalgams for both the dentist and patient is controversial. The preponderance of
evidence refutes the idea that dental amalgam causes mercury poisoning. Several comprehensive reviews of the subject conclude that (1) occupational
exposure to mercury from dental amalgam is acceptably low, provided that recommended preventive measures such as adequate ventilation are
adhered to; (2) the quantity of mercury vaporized from dental amalgam by mechanical forces, such as chewing, is clinically insignificant; and (3) only in
exceedingly rare cases will immunologic hypersensitivity to mercury amalgam (manifested as cutaneous signs and symptoms and confirmed by patch

testing) necessitate removal of the amalgam.33,34,37,61,107

Unusual cases of chronic toxicity have resulted from intentional subcutaneous or IV injection of elemental mercury (Figs. 8–6 and 95–1).49,74 Aside from
management of systemic mercury toxicity, local wound care and excision of deposits of mercury are additional therapeutic challenges presented by
these cases. Serial or repeat radiographs are useful in guiding the removal of the radiopaque deposits.

FIGURE 95–1.

Anteroposterior (A) and lateral (B) views of the elbow after an unsuccessful suicidal gesture involving an attempted intravenous injection of elemental
mercury in the antecubital fossa. Note the extensive subcutaneous mercury deposition, which was partially removed by surgical intervention. (Used
with permission from Diane Sauter, MD.)

Inorganic Mercury

Acute ingestion of mercuric salts produces a characteristic spectrum from severe irritant to caustic gastroenteritis. Immediately after the ingestion, a
grayish discoloration of mucous membranes and metallic taste typically accompany local oropharyngeal pain, nausea, vomiting, and diarrhea followed

by abdominal pain, hematemesis, and hematochezia. The lethal dose of mercuric chloride is estimated to be 30 to 50 mg/kg.116 The life-threatening
manifestations of severe acute mercuric salt ingestion are hemorrhagic gastroenteritis, massive fluid loss resulting in shock, and acute kidney

failure.100

Oropharyngeal injury, nausea, hematemesis, hematochezia, and abdominal pain were the most prominent symptoms in a series of 54 patients who

presented after ingesting up to 4 g of mercuric chloride.116 In this series, fatality was associated with the early development of oliguria (within 3 days)
likely due in large part to lack of routinely available hemodialysis at that time. The development of anuria appeared to be related to the dose of
mercuric chloride ingested. The histopathologic finding of proximal tubular necrosis after mercuric salt poisoning results both from direct toxicity to

renal tubules and from renal hypoperfusion caused by shock. Consequently, aggressive fluid therapy to maintain perfusion is recommended.101

Acute ingestion of mercuric salts is usually intentional, but unintentional ingestion occurs sporadically in both children and adults.51 Although
ingestion of older button batteries containing mercuric oxide was associated with a greater incidence of fragmentation than with other batteries,

clinically significant systemic mercury toxicity by this route was not reported.64,67 Mercuric chloride–containing stool preservatives are another
potential source of unintentional inorganic mercury poisoning. Ingestion of 10 to 20 mL of a polyvinyl alcohol preservative that contained 4.5%

mercuric chloride resulted in bloody gastroenteritis and proteinuria.103 Nonprescription49 and Ayurvedic99 medicines are also associated with

unintentional inorganic mercury poisoning (Chap. 43).53 These xenobiotics are not subject to US Food and Drug Administration (FDA) regulation,
available without prescription, of variable composition, and are often inadequately labeled (Chap. 43).

Subacute or chronic mercury poisoning occurs after inhalation, aspiration, or injection of elemental mercury; ingestion or application of mercury salts;
or ingestion of aryl or long-chain alkyl mercury compounds. Slow in vivo oxidation of elemental mercury and dissociation of the carbon–mercury bond
of aryl or long-chain alkyl mercury compounds result in the production of the inorganic mercurous and mercuric ions.

The predominant manifestations of subacute or chronic mercury toxicity include GI symptoms, neurologic abnormalities, and renal dysfunction.
Gastrointestinal symptoms consist of a metallic taste and burning sensation in the mouth, loose teeth and gingivostomatitis, excessive salivation

(ptyalism), and nausea.122 The neurologic manifestations of chronic inorganic mercurialism include tremor, as well as the syndromes of neurasthenia
and erethism. Neurasthenia is a symptom complex that includes fatigue, depression, headaches, hypersensitivity to stimuli, psychosomatic
complaints, weakness, and loss of concentrating ability. Erethism, derived from the Greek word red, describes the easy blushing and extreme shyness
of affected individuals. Other symptoms of erethism include anxiety, emotional lability, irritability, insomnia, anorexia, weight loss, and delirium.
Mercury produces a characteristic central intention tremor (Chap. 22) that is abolished during sleep. In the most severe forms of mercury-associated
tremor, choreoathetosis and spasmodic ballismus are also reported. Other neurologic manifestations of inorganic mercurialism include a mixed
sensorimotor neuropathy, ataxia, concentric constriction of visual fields (“tunnel vision”), and anosmia.

Chronic poisoning with mercuric ions is associated with renal dysfunction, which ranges from asymptomatic, reversible proteinuria to nephrotic
syndrome with edema and hypoproteinemia. An idiosyncratic hypersensitivity to mercury ions is thought to be responsible for acrodynia, or “pink
disease,” which is an erythematous, edematous, and hyperkeratotic induration of the palms, soles, and face, and a pink papular rash that was first

described in a subset of children exposed to mercurous chloride powders.122 The rash is described as morbilliform, urticarial, vesicular, and
hemorrhagic. This symptom complex also includes excessive sweating, tachycardia, irritability, anorexia, photophobia, insomnia, tremors,
paresthesias, decreased deep tendon reflexes, and weakness. The acral rash frequently progresses to desquamation and ulceration. The prognosis is
favorable after withdrawal from mercury exposure. Childhood acrodynia has become uncommon since the abandonment of mercurial teething
powders and diaper rinses. Occasional case reports still implicate improperly disposed fluorescent light bulbs and phenylmercuric acetate–containing

paint.3,117

Thimerosal is an example of an aryl mercury compound that results in chronic inorganic mercury toxicity. It is a compound that was widely used as a
preservative in the pharmaceutical industry (Chap. 46). Although initial kinetics suggested a stable ethyl–mercury bond, the later elimination phase
more closely resembles that of the inorganic mercury compounds. Thimerosal is approximately 50% mercury by weight. Although generally
considered safe, toxicity and death can occur after both intentional overdose and excessive therapeutic application of merthiolate (0.1% thimerosal or

600 mcg/mL mercury).87,95

Concern that the cumulative dose of thimerosal in childhood immunizations exceeded federally recommended maximum mercury doses (EPA, 0.1
mcg/kg/day; Agency for Toxic Substances and Disease Registry, 0.3 mcg/kg/day; FDA, 0.4 mcg/kg/day) led to a call by the American Academy of

Pediatrics to reduce or eliminate thimerosal from vaccines.4 Thimerosal continues to be used in medically underserved nations as a preservative in

multidose vials in areas with inadequate refrigeration.31 Nevertheless, since 2001, routinely administered childhood vaccines in the United States no

longer contain thimerosal.4,47

Although sensitization after use in vaccinations has been reported in atopic children,86 clinical mercury toxicity has not been reported in appropriately

immunized children. The claim that thimerosal-containing vaccines causes autism has been refuted by numerous studies and meta-analyses.8,65,84,109

No causal association with early thimerosal exposure and adverse neuropsychological outcomes was shown in children tested at 7 to 10 years of

age.115 Clearly, the risk to child health from the diseases targeted for prevention by vaccines far exceeds the risk from thimerosal preservative in

vaccines.39,114,119 In 2010, US courts rejected a causal relationship between thimerosal and autism.32

Organic Mercury Compounds

In contrast to the inorganic mercurials, methylmercury produces an almost purely neurologic disease that is usually permanent except in the mildest of
cases. Although the predominant syndrome associated with methylmercury is that of a delayed neurotoxicity, acute GI symptoms, tremor, respiratory

distress, and dermatitis are also reported.124 In addition, ST segment changes on electrocardiography and renal tubular dysfunction are associated

with this poisoning.45 However, no increase in cardiovascular disease risk was reported with mercury exposure in a large cohort of US adults.73

The lipophilic property and slower elimination of methylmercury likely contribute to its profound neurologic effects. Characteristically, clinical
manifestations occur after the initial poisoning by a latent period of weeks to months. Consequently, the lethal dose of methylmercury is difficult to
determine. As noted previously, infants exposed prenatally to methylmercury were the most severely affected individuals in Minamata. Often born to
mothers with little or no manifestation of methylmercury toxicity themselves, exposed infants exhibited decreased birth weight and muscle tone,
profound developmental delay, seizure disorders, deafness, blindness, and severe spasticity.

Several weeks after methylmercury contaminated grain was ingested in Iraq, patients began to appear with paresthesias involving the lips, nose, and
distal extremities. Symptomatic patients also noted headaches, fatigue, and tremor. More serious cases progressed to ataxia, dysarthria, visual field
constriction, and blindness. Other neurologic deficits included hyperreflexia, hearing disturbances, movement disorders, salivation, and dementia.
The most severely affected patients lay in a mute, rigid posture punctuated only by spontaneous crying, primitive reflexive movements, or feeding

efforts.96

Although the outlook for methylmercury neurotoxicity is generally considered dismal, observations over the subsequent 2 years in 49 Iraqi children

poisoned during the 1971 outbreak revealed complete resolution or partial improvement in all but the most severely affected.5 Of the 40 symptomatic
children, 33 mildly to severely affected children showed partial to complete resolution of symptoms, but the 7 children classified as “very severely
poisoned” remained dysarthric, ataxic, blind, and bedridden.

An important route of organic mercury exposure is through seafood consumption. The safe amount of methylmercury in seafood remains
controversial. The FDA action concentration of 1 ppm for methylmercury in fish was set to limit consumption of methylmercury to less than 1/10th of

amounts found in cases of symptomatic poisoning. The EPA established a reference dose for methylmercury of 0.1 mcg/kg/day.90,118 Although
elevated blood concentrations (19–53 mcg/L) of mercury were found in one group of self-reported high consumers of seafood, increased incidence of

cognitive and GI complaints were not.52 Even so, concentrations at which fetuses experience adverse effects are unknown. Longitudinal studies of fish-
eating populations are conflicting. No effect of a high prenatal fish diet was found on developmental markers in children followed to 19 years of age in

the Seychelles Islands.27,28,120

However, in the studies done in the Faroe Islands and New Zealand, a subtle but significant effect on neuropsychological development was

reported.25,42,110 In the Faroe Islands, this effect persisted when children were retested at 22 years of age.30,31

One reason for the discrepancy that occurs between the 2 populations may be the different patterns of seafood consumption and concentrations of
methylmercury in the seafood consumed by each. The Faroese consume low level mercury–containing fish 1 to 3 times a week with episodic feasts of
highly contaminated pilot whale, whereas the Seychellois consume a more steady diet of low level–contaminated fish on average 12 times per week.
The pilot whales consumed in the Faroe Islands are also contaminated with neurotoxic polychlorinated biphenyls (PCBs), although these compounds
were measured and considered a potential confounding variable. The mean concentration of methylmercury in the whale meat consumed in the Faroe
Islands was 1.6 mcg/g, and the mean concentration of mercury found in New Zealand shark was 2.2 mcg/g. By contrast, the mean methylmercury

content of Seychellois fish was 0.3 mcg/g.75 The threshold concentration for neuropsychological effects may lie between these concentrations.

The development of neurologic symptoms in infants exclusively breastfed by women exposed to methylmercury after delivery and the detection of

mercury in the milk of lactating women implies a risk for mercury poisoning via breast milk.57 In one series of lactating women, mercury concentrations

in milk were approximately 30% of the concentrations found in blood.83 Perhaps because of high levels of PCBs in pilot whale meat, 7-year-old children
from the Faroe Islands, who have a diet traditionally high in the mercury-containing sea mammals and were breast-fed as infants, exhibited a

diminished benefit (but not deficit) on neuropsychological testing when compared with their counterparts fed formula.48

Further complicating findings in a cohort of Faroese children, the neurobehavioral deficits from methylmercury may be underestimated unless the

protective effects of long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, also found in fish) are included in the analysis.21 Likewise, the Seychelles
Child Development Study Nutrition Cohort 2 found no overall adverse association between prenatal methylmercury exposure and

neurodevelopmental outcomes in children with high maternal n-3 PUFA concentrations.111 The net neuropsychological effects of prenatal and dietary
methylmercury result from dose and timing of fish in the diet as well as the concentrations of methylmercury, neurotoxic PCBs, and neuroprotective

PUFA in the consumed fish.111

The FDA recommends that at-risk populations (pregnant women and women who may become pregnant, nursing mothers, and young children) avoid
large predator fish (shark, swordfish, tilefish, and king mackerel) that contain concentrations of methylmercury approaching 1 ppm (1 mcg/g). The
2004 FDA/EPA consumer advisory emphasizes the health benefits of eating fish and allow for up to 12 ounces per week of fish and shellfish lower in
mercury such as shrimp, canned light tuna, salmon, pollock and catfish and up to 6 ounces of albacore tuna per week. Given the beneficial effects of

seafood, efforts should be aimed at decreasing anthropogenic release of mercury rather than elimination of dietary exposure.91

Although methylmercury has greater importance worldwide, the extreme toxicity of another organic mercurial, dimethylmercury, was tragically
demonstrated by the delayed fatal neurotoxicity that developed in a chemist who inadvertently spilled dimethylmercury on a break in the gloves on her

hands.77 Over a period of several days, she developed progressive difficulty with speech, vision, and gait. Despite chelation and exchange transfusion,
she died of mercury neurotoxicity within several months of the exposure.

DIAGNOSTIC TESTING

The dual findings of unexplained neuropsychiatric and kidney abnormalities in an individual should alert the clinician to the possibility of
mercurialism, as should an at-risk occupation or access by the patient to a mercurial product (Table 95–1). Occupational or environmental exposure
and a consistent clinical scenario are suggestive of mercury poisoning, but demonstration of mercury in blood, urine, or tissues is necessary for
confirmation of exposure. Of the many methods available to measure mercury, cold atomic absorption spectrometry is rapid, sensitive, and accurate
but cannot distinguish the various forms of mercury. Thin-layer and gas chromatographic techniques are recommended to distinguish organic from
inorganic mercury. Whole blood should be collected into a trace element collection tube obtained from the laboratory performing the assay. Urine
should be collected for 24 hours into an acid-washed container obtained from a laboratory. Spot collections must be adjusted for creatinine
concentration. Attempts to measure or otherwise handle the specimen should be avoided to prevent external contamination (Table 95–4).

TABLE 95–4

Diagnostic Testing for Mercury

Whole  Blood 24-hour Urine Hair Clinical

Elemental/Inorganic (+)

Acute, transient

(++)

Confirm exposure

Monitor chelation

Poor correlation to

TBB

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Early detection

Organic (++)

Best reflects

TBB

(–)

Fecal elimination

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Reflects irreversible CNS

toxicity

Early detection

There is considerable overlap among concentrations of mercury found in the normal population, asymptomatic exposed individuals, and patients with
clinical evidence of poisoning. There is no definitive correlation between either whole blood or urine mercury concentration and mercury toxicity.
However, mercury serves no useful role in human physiology, and concentrations of 1.0 mcg/L or less for whole blood and 0.5 mcg/L for urine are
generally considered to reflect background exposure in nonpoisoned individuals. The inconsistencies of the values found in the literature for mercury
exposure are a recurrent issue in metal testing. A credible and qualified laboratory should be employed and their reference ranges accepted when

testing is desired.20

For inorganic mercury poisoning, urine mercury concentrations correlate roughly with exposure severity and neuropsychiatric symptoms,93 but the
relationship to total body burden is probably poor. Urine mercury determinations have their greatest usefulness in confirming exposure and
monitoring the efficacy of chelation therapy. Whole blood mercury concentrations reflect intense, acute inorganic mercury exposure but become less
reliable as redistribution to tissues takes place.

Because organic mercury is eliminated via the fecal route, urine mercury concentrations are not useful in methylmercury poisoning. Because
methylmercury concentrates in RBCs, the total-body methylmercury burden is best reflected acutely by whole-blood concentrations. As methylmercury
distributes to and accumulates in brain, the severity of clinical manifestations probably more closely reflects the degree of the irreversible neuronal
destruction that has taken place rather than the current body burden of mercury. Correlation of increasing whole-blood mercury concentrations with

prevalence of paresthesias was suggested in a population of Iraqis studied early in the course of methylmercury poisoning.24 However, in another

group of patients, whole-blood concentrations did not correlate with severity of methylmercury poisoning.96 This apparent discrepancy may have
resulted from the finding that paresthesias are among the earliest reported symptoms of methylmercury poisoning.

Because mercury accumulates in the hair, hair analysis has been used as a tool for measuring mercury burden. However, because metal incorporation
reflects past exposure and hair avidly binds to noningested environmental mercury, the reliability of this method is questionable and is not

recommended.89 In addition to mercury assays, neuropsychiatric testing, nerve conduction studies, and urine assays for N-acetyl-β-D-glucosaminidase

and β2-microglobulin are advocated for early detection of subclinical inorganic and organic mercury toxicity.34,45,93

GENERAL MANAGEMENT

After the initial assessment and stabilization, the early toxicologic management of a patient with mercury poisoning includes termination of exposure
by removal from vapors, washing exposed skin, GI decontamination, supportive measures (eg, hydration, humidified oxygen), baseline diagnostic
studies (eg, complete blood count, serum chemistries, venous blood gas, radiography, ECG), specific analysis of whole blood and urine for mercury,
evaluation of possible cointoxicants, and meticulous monitoring.

Elemental Mercury

Inhalation of mercury vapors or aspiration of metallic mercury may result in life-threatening respiratory failure; in this situation, stabilization of
cardiorespiratory function is the initial priority. Postural drainage and endotracheal suction are a reasonable technique to attempt to remove
aspirated metallic mercury. Parenteral deposition of subcutaneous or intramuscular (IM) mercury is amenable to surgical excision, if well localized
(Fig. 95–1).

An adjunct to the initial management of patients with mercury poisoning is environmental decontamination. Elemental mercury that spills onto solid
surfaces should be adsorbed to sand and the resulting mixture then swept into tightly sealed containers. Ideally, a mercury decontamination kit should
be used. The kit consists of calcium polysulfide, which contains excess sulfur to convert mercury to water-insoluble mercuric sulfide. Absorbent
surfaces, such as carpets, should be removed. Spilled mercury compounds should not be vacuumed because vacuuming could volatilize the

mercury.18 Broken compact fluorescent light bulbs should be handled and disposed of according to EPA guidelines and local requirements.2

Recommendations for decontamination after breakage include opening windows to release vapor, using adhesive tape to pick up visible fragments,
and discarding contaminated material in double-wrapped bags. Guidance for decontamination of major spills and disposal of materials can be
provided by local and federal hazardous materials agencies.

Inorganic Mercury

Because ingestion of inorganic mercuric may lead to cardiovascular collapse caused by severe gastroenteritis and third-space fluid loss, fluid
resuscitation is a priority. Gastrointestinal decontamination of ingested inorganic mercury is particularly problematic because of its causticity and risk
for perforating injury. Nevertheless, one series of patients with mercuric chloride ingestion of up to 4 g reported recovery without long-term GI

sequelae in patients who did not succumb to kidney failure.116 Therefore, unless there is high suspicion for penetrating GI mucosal injury, removal of
mercury from absorptive surfaces should take priority over endoscopic evaluation. The prominence of vomiting makes gastric lavage unnecessary for
most patients with inorganic mercury poisoning.

Metals are among the substances that are often considered to be poorly adsorbed to activated charcoal. Nevertheless, the serious nature of late
sequelae after mercury absorption, the typically small quantities of mercury ingested, and evidence that inorganic mercuric salts actually have
substantial adsorption to activated charcoal (800 mg mercuric chloride can be adsorbed to 1 g activated charcoal) justify the routine administration of

activated charcoal.6 Whole-bowel irrigation with polyethylene glycol solution is a reasonable adjunct to remove residual mercury, and its progress can
be followed with serial radiographs.

Organic Mercury

Organic mercury exposures do not typically present as single acute ingestions but rather as chronic or subacute ingestion of contaminated food.
Therefore, GI decontamination is generally moot with respect to organic mercury poisoning. Nevertheless, its irreversible toxicity coupled with
unsatisfactory treatments calls for aggressive decontamination when acute ingestions or dermal exposures occur.

CHELATION

After initial stabilization and decontamination, early institution of chelators minimizes or prevents the widespread effects of poisoning. Dimercaprol
was developed during World War II as an antidote against lewisite, an arsenical warfare agent. The water-soluble analogs DMPS and succimer were

developed in the 1950s, and the 3 chelators have remained the mainstay of therapy for mercury poisoning.59 A high degree of protein binding and
distribution to the brain are responsible for the lack of efficacy of other measures to increase mercury clearance, such as peritoneal dialysis and

hemodialysis.100 In one report of the use of continuous venovenous hemodiafiltration in combination with a chelator in a patient with severe inorganic

mercury poisoning, 12.7% of the ingested dose was recovered in the ultrafiltrate.26 Hemodialysis may nevertheless ultimately be necessary because of
the acute kidney failure that often occurs after mercuric chloride poisoning.

Chelators have thiol groups that compete with endogenous sulfhydryl groups for the binding of mercury, thereby preventing inactivation of sulfhydryl-
containing enzymes and other essential proteins (Antidotes in Depth: A28 and A29). A history of significant mercury exposure combined with the
presence of typical symptoms of mercury poisoning is an appropriate indication for the institution of chelation therapy. Elevated whole-blood and
urine mercury concentrations help support the decision to begin chelation therapy in unclear cases and can also be used to guide the duration of
therapy. Provocative chelation, in which urinary mercury excretion before and after a chelating dose is compared to determine the degree of mercury

poisoning, is of no value.52 Chelation tends to increase urinary elimination of mercury, regardless of exposure history and baseline excretion.

Elemental Mercury and Inorganic Mercury Salts

For patients with symptomatic acute inorganic mercury poisoning, dimercaprol should be administered for 10 days in dosages of 5 mg/kg/dose every 4
hours IM for 48 hours, then 2.5 mg/kg every 6 hours for 48 hours, followed by 2.5 mg/kg every 12 hours for 7 days. It is reasonable to adjust this dosing
regimen, which was derived from lead poisoning, according to clinical response and the occurrence of adverse reactions.

When a patient can take oral medications, we recommend that dimercaprol be replaced with succimer at 10 mg/kg orally 3 times a day for 5 days, then
twice a day for 14 days if the GI tract is clear. Because headache, nausea, vomiting, abdominal pain, and diaphoresis are common reactions during
dimercaprol chelation therapy, oral succimer is recommended in patients who are not acutely ill or who have been chronically poisoned.

Either dimercaprol or succimer is considered the treatment of choice for inorganic mercury poisoning in the United States, but a few other chelators
deserve mention. 2,3-Dimercapto-1-propanesulfonic acid (DMPS) is a water-soluble dimercaprol derivative that is used in Europe. It is administered
both IV and orally. D-Penicillamine is an orally administered monothiol. Its adverse events—GI distress, rashes, leukopenia, thrombocytopenia, and

proteinuria—although uncommon in therapeutic doses, seriously limit the usefulness of the drug. N-acetyl-D,L-penicillamine (NAP), an investigational

analog of D-penicillamine, is thought to be a more effective chelator of mercury than is D-penicillamine, perhaps because of its greater stability.11,40,43

Organic Mercury Compounds

The neurotoxicity of methylmercury and other organic mercury compounds is resistant to treatment, and therapeutic options are less than
satisfactory. In rats, both dimercaprol and D-penicillamine effectively reduced tissue mercury and prevented neurologic toxicity if administered within

the first day of a methylmercury injection.126 Neither treatment reversed neurologic toxicity when administered 12 days after methylmercury injection.
2,3-Dimercapto-1-propanesulphonate, D-penicillamine, NAP, and a thiolated resin all led to a marked reduction of blood half-life of mercury (ie, 10, 24,

23, and 19 days, respectively, versus 60 days) during the outbreak of methylmercury poisoning in Iraq in 1971.24 Clinical improvement was not
observed in any treatment group, but it is reasonable to postulate that reducing the total-body burden of methylmercury may prevent or limit the

progression of disease. When studied in mice poisoned with methylmercury,1 succimer was superior to NAP, DMPS, and a thiolated resin in decreasing
brain mercury and increasing urinary excretion. Brain mercury was decreased to 35% of control, and the total-body burden fell to 19%. Some animal

evidence suggests that dimercaprol increases mercury mobilization into the brain.7,10,15 For this reason, and the lack of serious GI symptoms
necessitating parenteral chelation, We recommend against the use of dimercaprol the treatment of patients with organic mercury poisoning.

Because the neurologic impairment associated with methylmercury is both profound and essentially irreversible, early recognition of poisoning and
prevention of neurotoxicity are essential to a successful outcome. At this time, succimer is the most reasonable treatment for methylmercury
poisoning because of its apparently low toxicity and reported efficacy in animal trials.

SUMMARY

Mercury poisoning by any of the 3 major forms—elemental, inorganic, and organic—presents a complex toxicologic problem associated with a
large variety of clinical presentations.

An ever present awareness of the signs and symptoms coupled with the knowledge of the differing clinical forms is essential for both early
recognition and effective treatment.

Although some chelators show promise in the treatment of mercury poisoning, neurologic sequelae, particularly those resulting from organic
mercury exposures, remain largely irreversible.

Dietary fish remains an important source of mercury exposure and mercurial neuropsychologic illness.

There is no evidence for the role of mercury in the pathogenesis of autism.

Promotion of public education regarding the dangers of mercury, its avoidance, and proper disposal may aid in the prevention of mercury
poisoning.
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ATN = acute tubular necrosis; BAL = British anti-Lewisite; CNS = central nervous system; GI = gastrointestinal; + to +++ = present with increasing importance; - =

absent.

CNS = central nervous system; TBB = total body burden; + to ++ = useful testing specimen; - = lack of utility.
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Chapter 95: Mercury

Young-Jin Sue

INTRODUCTION

HISTORY AND EPIDEMIOLOGY

Mercury is a metal that is widely toxic to multiple organ systems. Its toxicologic manifestations are well known as a result of thousands of years of

medicinal applications, industrial use, and environmental disasters.69,112 Mercury occurs naturally in small amounts as the elemental (Hg0) silver-

colored liquid (quicksilver); as inorganic compounds such as mercuric (Hg2+) sulfide (cinnabar), mercurous (Hg+) chloride (calomel), mercuric chloride
(corrosive sublimate), and mercuric oxide; and as organic compounds (methylmercury and dimethylmercury). Mercury’s gastroenteric irritant effects
led to its use as a therapy for constipation. In recent (16th–19th), centuries, mercury-containing preparations, advocated for their potent diuretic and

sialogogic properties, were widely used to treat syphilis to “flush” the “virus” out.81 The musician Paganini was one of several famous persons whose
gingivitis, dental decay, ptyalism (excessive salivation), and erethism (pathologic irritability and emotional instability) were attributed to mercury

therapy.80 In the 1800s, the United States witnessed an epidemic of “hatters’ shakes” or “Danbury shakes” and “mercurial salivation” in hat industry

workers.123 Danbury, Connecticut, was a US center of felt hat manufacturing in which mercuric nitrate was used to mat animal furs into felt.112,123

In the early 1900s, acrodynia, a painful dusky pink discoloration of the hands and feet, or “pink disease,” was described in children who received

calomel for ascariasis or teething discomfort.16 Vividly described in a series of 41 children, the development of acrodynia was more common in

younger children, did not seem to correlate with mercury dose, and was not necessarily related to urine concentrations of mercury.122

One of the most devastating epidemics of mercury poisoning occurred as the result of a decade of contamination of Minamata Bay in Japan by a
nearby vinyl chloride plant during the 1940s. Methylmercury accumulated in the bay’s marine life and poisoned the inhabitants of the local fishing
community. Although officially only 121 victims were reported, thousands more are believed to have been affected by what has subsequently been

named Minamata disease.88,113 The largest outbreak of methylmercury poisoning to date occurred in Iraq in late 1971. Approximately 95,000 tons of
seed grain intended for planting and treated with methylmercury as a fungicide were baked into bread for direct consumption, resulting in widespread

neurologic symptoms, 6,530 hospital admissions, and more than 400 deaths.5,23,96

In 1990, the US Environmental Protection Agency (EPA) banned mercury-containing compounds from interior paints.3 However, mercury-containing
paints manufactured before that ruling may still be on interior walls, and mercury-containing paint can still be sold for outdoor use. In 1997, a scientist

succumbed to delayed, progressive neurologic deterioration after a minute dermal exposure to dimethylmercury.77 Contemporary exposures occur in

the form of mercury-tainted seafood, mercury-based preservatives (thimerosal), and artisanal gold mining.36

However, a once widely feared source of potential poisoning, mercury-containing dental amalgam does not result in clinical poisoning.14 Occasionally,
exposure to mercury from broken thermometers leads to poisoning in the home, but such thermometers are becoming less common because of

recent efforts to replace mercury with digital thermometers and other electronic devices.78

More recently, the ongoing movement to replace incandescent light bulbs with compact fluorescent bulbs has once again raised the concern of
exposure to mercury in the home and environment. Promoted to reduce greenhouse gas emissions, each bulb contains about 4 mg of elemental

mercury.2

Table 95–1 lists some potential sources of mercury exposure.

TABLE 95–1

Exposures to Mercury

Elemental Inorganic Organic

Manufacturing/Industrial Barometers

Bronzing

Ceramics

Chlorine manufacture

Electroplating

Jewelry

Metal refineries

Paints

Paper pulp

Photography

Batteries

Chemistry sets

Dyes

Explosives

Fireworks

Laboratory reagents

Tanneries

Taxidermy

Vinyl chloride manufacture

Agriculture

Embalming

Fungicides

Laboratory reagents

Pesticides

Wood preservatives

Medical/Medicinal Amalgam

Sphygmomanometry

Tissue fixatives

Thermometers

Weighted nasogastric tubes

Antiseptics

Calomel

Disinfectants

Laxatives

Nonprescription medications

Bactericidals

Pharmaceuticals

Preservatives

Food/Other Ritualistic, complementary Aesthetic, cosmetic

Ayurvedic

Grains (contaminated)

Seafood

FORMS OF MERCURY AND TOXICOKINETICS

The 3 clinically important forms of mercury—elemental, inorganic, and organic—differ with respect to their toxicodynamics and toxicokinetics (Table
95–2). Each produces distinct clinical patterns of poisoning stemming in part from their unique kinetic features (Table 95–3). For each form, the
specific manifestations are determined by the route of exposure, rate of exposure, distribution, biotransformation of mercury within the body, and
relative accumulation or elimination of mercury by the target organ systems. Whereas elemental mercury produces pulmonary toxicity, inorganic
mercury initially causes gastrointestinal (GI) symptoms followed by nephrotoxicity. A nearly pure neurologic toxicity results from organic
(methylmercury) exposure.

TABLE 95–2

Classes of  Mercury Compounds

Nomenclature Example

Elemental Hg0 Quicksilver

Inorganic Hg+

HgCl

Hg2+

HgCl2

Mercurous ion

Calomel, mercurous chloride

Mercuric ion

Mercuric chloride

Organic Short-chain alkyl–mercury compounds

Long-chain mercury compounds

Aryl mercury compounds

Methylmercury

Ethylmercury

Dimethylmercury

Methoxyethylmercury

Phenylmercury

TABLE 95–3

Differential Characteristics of Mercury Exposure

Elemental Inorganic Organic

Primary route of exposure Inhalation Oral Oral

Primary tissue distribution CNS, kidney Blood (transient, acute)

Kidney

CNS (delayed)

CNS, kidney, liver, blood, hair

Clearance Kidney, GI Kidney, GI Methyl: GI

Aryl: kidney, GI

Clinical effects

 CNS Tremor Tremor, erethism Paresthesias, ataxia, tremor, tunnel vision, dysarthria

 Pulmonary +++ – –

 Gastrointestinal + +++ (caustic) +

 Renal + +++ (ATN) +

 Acrodynia + ++ –

Therapy BAL, succimer BAL, succimer Succimer (early)

ABSORPTION

Elemental Mercury

Elemental mercury (Hg0) is absorbed primarily via inhalation of vapor, although slow absorption after aspiration, subcutaneous deposition, and direct

intravenous (IV) embolization occurs.60,74,121 Volatility, moderate at room temperature, increases significantly with heating or aerosolization, both of

which occur with vacuuming.44,102 When inhaled by human volunteers, 75% to 80% of mercury vapor is absorbed.44 However, elemental mercury is
negligibly absorbed from an anatomically and functionally normal GI tract, and it is usually considered nontoxic when ingested. Abnormal GI motility
prolongs mucosal exposure to elemental mercury, and massive ingestion increases subsequent ionization to more readily absorbed forms. Similarly,
anatomic GI abnormalities such as fistulae or perforation are associated with extravasation of mercury into the peritoneal in which where elemental
mercury is oxidized to more readily absorbed inorganic forms.

Inorganic Mercury

The principal route of absorption for inorganic mercury is the GI tract. Approximately 10% of soluble divalent (Hg2+) mercuric salts such as mercuric

chloride (HgCl2) are absorbed following ingestion and dissociation.66 Absorption of a relatively insoluble monovalent (Hg+) mercurous compound,

such as mercurous chloride (calomel; HgCl), is dependent on its oxidation to the divalent form.79 Inorganic mercury is also absorbed across the skin
and mucous membranes, as evidenced by urinary excretion of mercury after dermal application of skin-lightening mercurial ointments and powders

containing HgCl.106,122

The degree of dermal absorption varies by the concentration of mercury, skin integrity, and lipid solubility of the vehicle. With substantial dermal
exposures to mercury salts, skin absorption may be difficult to distinguish from concomitant absorption via other routes, such as ingestion.

Organic Mercury

As in the case of inorganic mercury, organic mercury is primarily absorbed from the GI tract. Methylmercury, considered the prototype of the short-

chain alkyl compounds, is approximately 90% absorbed from the gut. Aryl and long-chain alkyl compounds have more than 50% GI absorption.79

Although both dermal and inhalational absorption of organic mercury is reported, precise quantitation and exclusion of concomitant absorption by
ingestion are difficult to determine.

DISTRIBUTION AND BIOTRANSFORMATION

After absorption, mercury distributes widely to all tissues, predominantly the kidneys, liver, spleen, and central nervous system (CNS). The initial
distributive pattern into nervous tissue of elemental and organic mercury differs from that of the inorganic compounds because of their greater lipid
solubility.

Elemental Mercury

Although peak concentrations of elemental mercury are delayed in the CNS as compared with other organs (2–3 days versus 1 day),44 significant
accumulation in the CNS occurs after an acute, intense exposure to elemental mercury vapor. Conversion of elemental mercury to the charged

mercuric (Hg2+) cation within the CNS favors retention and local accumulation. Because elemental mercury does not covalently bind to other

compounds, its toxicity depends on its oxidation initially to the mercurous ion (Hg+) and then to the mercuric ion (Hg2+) by the enzyme catalase.66

Because this oxidation–reduction reaction favors the mercuric cation at steady state, the distribution and late manifestations of metallic mercury
toxicity eventually resemble those of inorganic mercury poisoning. Conversely, and to a lesser extent, inorganic mercuric ions are reduced to the

elemental state (Hg0), although the site and mechanism of this reaction are not well understood.79

Inorganic Mercury

The greatest concentration of mercuric ions is found in the kidneys, particularly within the renal tubules. At least in animal studies, administration of

mercury induces the renal synthesis of metallothionein, a compound that binds to and detoxifies mercuric ions.12 Very little mercury is found as free
mercuric ions. In blood, mercuric ions are found both within the red blood cells (RBCs) and bound to plasma proteins in approximately equal
proportions. Blood concentrations are greatest immediately after inorganic mercury exposure, with rapid waning as distribution to other tissues
occurs. Although penetration of the blood–brain barrier is poor because of low lipid solubility, slow elimination and prolonged exposure contribute to
significant CNS accumulation of mercuric ions. Within the CNS, mercuric ions concentrate in the cerebellum and hippocampus, and to a lesser degree,

the cerebral cortex.35 Although inorganic mercurials undergo organification in marine life, as in the Minamata Bay disaster,9,85 the importance of this

conversion in humans is unknown. Animal studies demonstrate that the placenta functions as an effective barrier to mercuric ions.79

Organic Mercury

Once absorbed, aryl (phenyl mercury) and long-chain alkyl mercury compounds differ from the short-chain organic mercury compounds
(methylmercury) in an important way—the former possess a labile carbon–mercury bond, which is subsequently cleaved, releasing the inorganic
mercuric ion. Thus, the distribution pattern and toxicologic manifestations produced by the aryl and long-chain alkyl compounds that occur beyond
the immediate postabsorptive phase are comparable to those of inorganic mercury, but organification has facilitated absorption and reduced the local

caustic effects.79 In contrast, short-chain alkyl mercury compounds possess relatively stable carbon–mercury bonds that survive the absorptive phase,

although conversion to the inorganic mercuric cation at a rate of less than 1% per day occurs after absorption.124 Because it is lipophilic,

methylmercury readily distributes across all tissues, including the blood–brain barrier and placenta.46 An important consequence of this property is
the devastating neurologic degeneration that develops in prenatally exposed infants with Minamata disease. The rapid decline of blood mercury
concentrations in both suckling rats and breastfeeding human infants is attributed to rapid growth of body volume combined with limited transport of

mercury by milk.76,97,98

After methylmercury is distributed to brain tissue, its fate is uncertain. Animal evidence indicates that methylmercury is converted to inorganic mercury

in brain tissue.63 Primates fed oral methylmercury daily for periods exceeding 1 year and then killed within days of the last exposure demonstrated an
average brain inorganic mercury fraction of only 19%. By contrast, when the postexposure period was extended to between 150 and 650 days, the
inorganic mercury fraction increased to 88%. Similarly, long-term survivors of methylmercury poisoning had a higher ratio of inorganic mercury to

total mercury in their brains.29 In one patient who survived 22 years after methylmercury ingestion, autopsy revealed that the brain mercury was nearly
completely in the inorganic form.

Methylmercury concentrates in RBCs to a much greater degree than do mercuric ions, with an RBC-to-plasma ratio of about 10:1 (in contrast to 1:1 RBC-

to-plasma ratio for inorganic mercury).124 However, despite this apparent affinity for nervous tissue and RBCs, the greatest methylmercury
concentrations are found in the kidneys and liver. In addition, because of the extensive sulfhydryl bonds in hair, methylmercury deposits in hair at

concentrations approximately 250 times that found in whole blood.55

ELIMINATION

Elemental Mercury and Inorganic Mercury

Mercuric ions are excreted through the kidney by both glomerular filtration and tubular secretion and in the GI tract by transfer across gut mesenteric
vessels into feces. Small amounts are reduced to elemental mercury vapor and volatilized from skin and lungs. The total-body half-life of elemental

mercury and inorganic mercury was previously estimated at approximately 30 to 60 days.22,66 However, a recent review of case studies indicates that

the half-life of inorganic mercury in human brains is on the order of several years to several decades.92

Organic Mercury

In contrast to elemental mercury and inorganic mercury, the elimination of short-chain alkyl mercury compounds (such as methylmercury) is
predominantly fecal. Enterohepatic recirculation contributes to its somewhat longer total body half-life of about 70 days. Less than 10% of

methylmercury is excreted in urine and feces as the mercuric cation.124

PATHOPHYSIOLOGY

The pervasive disruption of normal cell physiology by mercury arises from its avid covalent binding to sulfur, replacing the hydrogen ion in the body’s
ubiquitous sulfhydryl groups. Mercury also reacts with phosphoryl, carboxyl, and amide groups, resulting in widespread dysfunction of enzymes,
transport mechanisms, membranes, and structural proteins.

Because mercury deposits in all tissues, the clinical manifestations of mercury toxicity involve multiple organ systems with variable features and
intensity. Necrosis of the GI mucosa and proximal renal tubules, which occurs shortly after mercury salt poisoning, is thought to result from the direct
oxidative effect of mercuric ions. An immune mechanism is attributed to membranous glomerulonephritis and acrodynia associated with the use of

mercurial ointments.13

Neurologic manifestations of methylmercury poisoning correlate with pathologic findings in the brains of both adults and children who were

prenatally exposed.68,113 Grossly, atrophy of the brain is more severe in children who had prenatally or postnatally acquired methylmercury compared
with the brains of those exposed as adults. In the adult brain, neuronal necrosis and glial proliferation are most prominent in the calcarine cortex of
the cerebrum and in the cerebellar cortex. In fetal Minamata disease, similar lesions are present but in a more diffuse and severe form. Atrophy of the
cerebellar hemispheres, postcentral gyri, and calcarine area of the brain demonstrated on magnetic resonance images in organic mercury–poisoned

patients correlates with clinical findings of ataxia, sensory neuropathy, and visual field constriction, respectively.58 Neuropathologic examination of
the brain of a scientist who died after unintentional dermal exposure to dimethylmercury revealed lesions in the cerebellum, temporal lobe, and visual

cortex.105

In rats, neuronal cytotoxicity of methylmercury may result partly from muscarinic receptor–mediated calcium release from smooth endoplasmic

reticulum of cerebellar granule cells.62 There is animal evidence that methylmercury may trigger reactive oxygen species production. In addition,
methylmercury inhibits astrocyte uptake of cysteine, the rate-limiting step in the production of glutathione, a major antioxidant in mammalian cell

systems.104 Cultured astrocytes accumulated methylmercury and exhibited increased mitochondrial permeability and oxidative injury.125 Complexing
of methyl- mercury with L-cysteine may enhance brain uptake by mimicry of methionine, a substrate of the endogenous L amino acid transport system.

Uptake of the L-isomer significantly exceeds that of methylmercury–D-cysteine. Careful selection of stereospecific thiol complexing agents may lead to

strategies to limit brain uptake of methylmercury.56,70

CLINICAL MANIFESTATIONS

Elemental Mercury

Symptoms of acute elemental mercury inhalation occur within hours of exposure and consist of cough, chills, fever, and shortness of breath.
Gastrointestinal complaints include nausea, vomiting, and diarrhea accompanied by a metallic taste, dysphagia, salivation, weakness, headaches, and
visual disturbances. Chest radiography during the acute phase reveals interstitial pneumonitis and both patchy atelectasis and emphysema.
Symptoms either resolve with lesser exposures or progress to acute respiratory distress syndrome (ARDS) with respiratory failure and death. Some
survivors of severe pulmonary toxicity develop interstitial fibrosis and residual restrictive pulmonary disease. The acute respiratory symptoms occur
concomitantly with or precede the development of subacute inorganic mercury poisoning manifested by tremor, kidney dysfunction, and

gingivostomatitis.17,54,94 Thrombocytopenia is also reported to occur during the acute phase.38

Although acute exposure to elemental mercury vapor occurs most commonly in the occupational setting, poisonings caused by mishandling of the

metal in the home are well reported.19,29,50,72,108 In fact, attempts at home metallurgy using metallic mercury have resulted in fatalities with ambient air

concentrations of mercury as high as 0.9 mg/m3. The current US Occupational Safety and Health Administration permissible exposure limit (PEL) for

mercury vapor is 0.1 mg/m3 of air as a ceiling limit.82

As with other inhaled toxins, children are likely to be more sensitive to the pulmonary toxicity of mercury vapor because of their ratio of minute

ventilation volume to body size.72 Although pulmonary toxicity from elemental mercury usually results from inhalation of vapor, massive

endobronchial hemorrhage followed by death has occurred secondary to direct aspiration of metallic mercury into the tracheobronchial tree.127

Gradual volatilization of elemental mercury results in chronic toxicity from improper handling, such as vacuuming spilled mercury.102

The clinical importance of volatilized metallic mercury from dental amalgams for both the dentist and patient is controversial. The preponderance of
evidence refutes the idea that dental amalgam causes mercury poisoning. Several comprehensive reviews of the subject conclude that (1) occupational
exposure to mercury from dental amalgam is acceptably low, provided that recommended preventive measures such as adequate ventilation are
adhered to; (2) the quantity of mercury vaporized from dental amalgam by mechanical forces, such as chewing, is clinically insignificant; and (3) only in
exceedingly rare cases will immunologic hypersensitivity to mercury amalgam (manifested as cutaneous signs and symptoms and confirmed by patch

testing) necessitate removal of the amalgam.33,34,37,61,107

Unusual cases of chronic toxicity have resulted from intentional subcutaneous or IV injection of elemental mercury (Figs. 8–6 and 95–1).49,74 Aside from
management of systemic mercury toxicity, local wound care and excision of deposits of mercury are additional therapeutic challenges presented by
these cases. Serial or repeat radiographs are useful in guiding the removal of the radiopaque deposits.

FIGURE 95–1.

Anteroposterior (A) and lateral (B) views of the elbow after an unsuccessful suicidal gesture involving an attempted intravenous injection of elemental
mercury in the antecubital fossa. Note the extensive subcutaneous mercury deposition, which was partially removed by surgical intervention. (Used
with permission from Diane Sauter, MD.)

Inorganic Mercury

Acute ingestion of mercuric salts produces a characteristic spectrum from severe irritant to caustic gastroenteritis. Immediately after the ingestion, a
grayish discoloration of mucous membranes and metallic taste typically accompany local oropharyngeal pain, nausea, vomiting, and diarrhea followed

by abdominal pain, hematemesis, and hematochezia. The lethal dose of mercuric chloride is estimated to be 30 to 50 mg/kg.116 The life-threatening
manifestations of severe acute mercuric salt ingestion are hemorrhagic gastroenteritis, massive fluid loss resulting in shock, and acute kidney

failure.100

Oropharyngeal injury, nausea, hematemesis, hematochezia, and abdominal pain were the most prominent symptoms in a series of 54 patients who

presented after ingesting up to 4 g of mercuric chloride.116 In this series, fatality was associated with the early development of oliguria (within 3 days)
likely due in large part to lack of routinely available hemodialysis at that time. The development of anuria appeared to be related to the dose of
mercuric chloride ingested. The histopathologic finding of proximal tubular necrosis after mercuric salt poisoning results both from direct toxicity to

renal tubules and from renal hypoperfusion caused by shock. Consequently, aggressive fluid therapy to maintain perfusion is recommended.101

Acute ingestion of mercuric salts is usually intentional, but unintentional ingestion occurs sporadically in both children and adults.51 Although
ingestion of older button batteries containing mercuric oxide was associated with a greater incidence of fragmentation than with other batteries,

clinically significant systemic mercury toxicity by this route was not reported.64,67 Mercuric chloride–containing stool preservatives are another
potential source of unintentional inorganic mercury poisoning. Ingestion of 10 to 20 mL of a polyvinyl alcohol preservative that contained 4.5%

mercuric chloride resulted in bloody gastroenteritis and proteinuria.103 Nonprescription49 and Ayurvedic99 medicines are also associated with

unintentional inorganic mercury poisoning (Chap. 43).53 These xenobiotics are not subject to US Food and Drug Administration (FDA) regulation,
available without prescription, of variable composition, and are often inadequately labeled (Chap. 43).

Subacute or chronic mercury poisoning occurs after inhalation, aspiration, or injection of elemental mercury; ingestion or application of mercury salts;
or ingestion of aryl or long-chain alkyl mercury compounds. Slow in vivo oxidation of elemental mercury and dissociation of the carbon–mercury bond
of aryl or long-chain alkyl mercury compounds result in the production of the inorganic mercurous and mercuric ions.

The predominant manifestations of subacute or chronic mercury toxicity include GI symptoms, neurologic abnormalities, and renal dysfunction.
Gastrointestinal symptoms consist of a metallic taste and burning sensation in the mouth, loose teeth and gingivostomatitis, excessive salivation

(ptyalism), and nausea.122 The neurologic manifestations of chronic inorganic mercurialism include tremor, as well as the syndromes of neurasthenia
and erethism. Neurasthenia is a symptom complex that includes fatigue, depression, headaches, hypersensitivity to stimuli, psychosomatic
complaints, weakness, and loss of concentrating ability. Erethism, derived from the Greek word red, describes the easy blushing and extreme shyness
of affected individuals. Other symptoms of erethism include anxiety, emotional lability, irritability, insomnia, anorexia, weight loss, and delirium.
Mercury produces a characteristic central intention tremor (Chap. 22) that is abolished during sleep. In the most severe forms of mercury-associated
tremor, choreoathetosis and spasmodic ballismus are also reported. Other neurologic manifestations of inorganic mercurialism include a mixed
sensorimotor neuropathy, ataxia, concentric constriction of visual fields (“tunnel vision”), and anosmia.

Chronic poisoning with mercuric ions is associated with renal dysfunction, which ranges from asymptomatic, reversible proteinuria to nephrotic
syndrome with edema and hypoproteinemia. An idiosyncratic hypersensitivity to mercury ions is thought to be responsible for acrodynia, or “pink
disease,” which is an erythematous, edematous, and hyperkeratotic induration of the palms, soles, and face, and a pink papular rash that was first

described in a subset of children exposed to mercurous chloride powders.122 The rash is described as morbilliform, urticarial, vesicular, and
hemorrhagic. This symptom complex also includes excessive sweating, tachycardia, irritability, anorexia, photophobia, insomnia, tremors,
paresthesias, decreased deep tendon reflexes, and weakness. The acral rash frequently progresses to desquamation and ulceration. The prognosis is
favorable after withdrawal from mercury exposure. Childhood acrodynia has become uncommon since the abandonment of mercurial teething
powders and diaper rinses. Occasional case reports still implicate improperly disposed fluorescent light bulbs and phenylmercuric acetate–containing

paint.3,117

Thimerosal is an example of an aryl mercury compound that results in chronic inorganic mercury toxicity. It is a compound that was widely used as a
preservative in the pharmaceutical industry (Chap. 46). Although initial kinetics suggested a stable ethyl–mercury bond, the later elimination phase
more closely resembles that of the inorganic mercury compounds. Thimerosal is approximately 50% mercury by weight. Although generally
considered safe, toxicity and death can occur after both intentional overdose and excessive therapeutic application of merthiolate (0.1% thimerosal or

600 mcg/mL mercury).87,95

Concern that the cumulative dose of thimerosal in childhood immunizations exceeded federally recommended maximum mercury doses (EPA, 0.1
mcg/kg/day; Agency for Toxic Substances and Disease Registry, 0.3 mcg/kg/day; FDA, 0.4 mcg/kg/day) led to a call by the American Academy of

Pediatrics to reduce or eliminate thimerosal from vaccines.4 Thimerosal continues to be used in medically underserved nations as a preservative in

multidose vials in areas with inadequate refrigeration.31 Nevertheless, since 2001, routinely administered childhood vaccines in the United States no

longer contain thimerosal.4,47

Although sensitization after use in vaccinations has been reported in atopic children,86 clinical mercury toxicity has not been reported in appropriately

immunized children. The claim that thimerosal-containing vaccines causes autism has been refuted by numerous studies and meta-analyses.8,65,84,109

No causal association with early thimerosal exposure and adverse neuropsychological outcomes was shown in children tested at 7 to 10 years of

age.115 Clearly, the risk to child health from the diseases targeted for prevention by vaccines far exceeds the risk from thimerosal preservative in

vaccines.39,114,119 In 2010, US courts rejected a causal relationship between thimerosal and autism.32

Organic Mercury Compounds

In contrast to the inorganic mercurials, methylmercury produces an almost purely neurologic disease that is usually permanent except in the mildest of
cases. Although the predominant syndrome associated with methylmercury is that of a delayed neurotoxicity, acute GI symptoms, tremor, respiratory

distress, and dermatitis are also reported.124 In addition, ST segment changes on electrocardiography and renal tubular dysfunction are associated

with this poisoning.45 However, no increase in cardiovascular disease risk was reported with mercury exposure in a large cohort of US adults.73

The lipophilic property and slower elimination of methylmercury likely contribute to its profound neurologic effects. Characteristically, clinical
manifestations occur after the initial poisoning by a latent period of weeks to months. Consequently, the lethal dose of methylmercury is difficult to
determine. As noted previously, infants exposed prenatally to methylmercury were the most severely affected individuals in Minamata. Often born to
mothers with little or no manifestation of methylmercury toxicity themselves, exposed infants exhibited decreased birth weight and muscle tone,
profound developmental delay, seizure disorders, deafness, blindness, and severe spasticity.

Several weeks after methylmercury contaminated grain was ingested in Iraq, patients began to appear with paresthesias involving the lips, nose, and
distal extremities. Symptomatic patients also noted headaches, fatigue, and tremor. More serious cases progressed to ataxia, dysarthria, visual field
constriction, and blindness. Other neurologic deficits included hyperreflexia, hearing disturbances, movement disorders, salivation, and dementia.
The most severely affected patients lay in a mute, rigid posture punctuated only by spontaneous crying, primitive reflexive movements, or feeding

efforts.96

Although the outlook for methylmercury neurotoxicity is generally considered dismal, observations over the subsequent 2 years in 49 Iraqi children

poisoned during the 1971 outbreak revealed complete resolution or partial improvement in all but the most severely affected.5 Of the 40 symptomatic
children, 33 mildly to severely affected children showed partial to complete resolution of symptoms, but the 7 children classified as “very severely
poisoned” remained dysarthric, ataxic, blind, and bedridden.

An important route of organic mercury exposure is through seafood consumption. The safe amount of methylmercury in seafood remains
controversial. The FDA action concentration of 1 ppm for methylmercury in fish was set to limit consumption of methylmercury to less than 1/10th of

amounts found in cases of symptomatic poisoning. The EPA established a reference dose for methylmercury of 0.1 mcg/kg/day.90,118 Although
elevated blood concentrations (19–53 mcg/L) of mercury were found in one group of self-reported high consumers of seafood, increased incidence of

cognitive and GI complaints were not.52 Even so, concentrations at which fetuses experience adverse effects are unknown. Longitudinal studies of fish-
eating populations are conflicting. No effect of a high prenatal fish diet was found on developmental markers in children followed to 19 years of age in

the Seychelles Islands.27,28,120

However, in the studies done in the Faroe Islands and New Zealand, a subtle but significant effect on neuropsychological development was

reported.25,42,110 In the Faroe Islands, this effect persisted when children were retested at 22 years of age.30,31

One reason for the discrepancy that occurs between the 2 populations may be the different patterns of seafood consumption and concentrations of
methylmercury in the seafood consumed by each. The Faroese consume low level mercury–containing fish 1 to 3 times a week with episodic feasts of
highly contaminated pilot whale, whereas the Seychellois consume a more steady diet of low level–contaminated fish on average 12 times per week.
The pilot whales consumed in the Faroe Islands are also contaminated with neurotoxic polychlorinated biphenyls (PCBs), although these compounds
were measured and considered a potential confounding variable. The mean concentration of methylmercury in the whale meat consumed in the Faroe
Islands was 1.6 mcg/g, and the mean concentration of mercury found in New Zealand shark was 2.2 mcg/g. By contrast, the mean methylmercury

content of Seychellois fish was 0.3 mcg/g.75 The threshold concentration for neuropsychological effects may lie between these concentrations.

The development of neurologic symptoms in infants exclusively breastfed by women exposed to methylmercury after delivery and the detection of

mercury in the milk of lactating women implies a risk for mercury poisoning via breast milk.57 In one series of lactating women, mercury concentrations

in milk were approximately 30% of the concentrations found in blood.83 Perhaps because of high levels of PCBs in pilot whale meat, 7-year-old children
from the Faroe Islands, who have a diet traditionally high in the mercury-containing sea mammals and were breast-fed as infants, exhibited a

diminished benefit (but not deficit) on neuropsychological testing when compared with their counterparts fed formula.48

Further complicating findings in a cohort of Faroese children, the neurobehavioral deficits from methylmercury may be underestimated unless the

protective effects of long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, also found in fish) are included in the analysis.21 Likewise, the Seychelles
Child Development Study Nutrition Cohort 2 found no overall adverse association between prenatal methylmercury exposure and

neurodevelopmental outcomes in children with high maternal n-3 PUFA concentrations.111 The net neuropsychological effects of prenatal and dietary
methylmercury result from dose and timing of fish in the diet as well as the concentrations of methylmercury, neurotoxic PCBs, and neuroprotective

PUFA in the consumed fish.111

The FDA recommends that at-risk populations (pregnant women and women who may become pregnant, nursing mothers, and young children) avoid
large predator fish (shark, swordfish, tilefish, and king mackerel) that contain concentrations of methylmercury approaching 1 ppm (1 mcg/g). The
2004 FDA/EPA consumer advisory emphasizes the health benefits of eating fish and allow for up to 12 ounces per week of fish and shellfish lower in
mercury such as shrimp, canned light tuna, salmon, pollock and catfish and up to 6 ounces of albacore tuna per week. Given the beneficial effects of

seafood, efforts should be aimed at decreasing anthropogenic release of mercury rather than elimination of dietary exposure.91

Although methylmercury has greater importance worldwide, the extreme toxicity of another organic mercurial, dimethylmercury, was tragically
demonstrated by the delayed fatal neurotoxicity that developed in a chemist who inadvertently spilled dimethylmercury on a break in the gloves on her

hands.77 Over a period of several days, she developed progressive difficulty with speech, vision, and gait. Despite chelation and exchange transfusion,
she died of mercury neurotoxicity within several months of the exposure.

DIAGNOSTIC TESTING

The dual findings of unexplained neuropsychiatric and kidney abnormalities in an individual should alert the clinician to the possibility of
mercurialism, as should an at-risk occupation or access by the patient to a mercurial product (Table 95–1). Occupational or environmental exposure
and a consistent clinical scenario are suggestive of mercury poisoning, but demonstration of mercury in blood, urine, or tissues is necessary for
confirmation of exposure. Of the many methods available to measure mercury, cold atomic absorption spectrometry is rapid, sensitive, and accurate
but cannot distinguish the various forms of mercury. Thin-layer and gas chromatographic techniques are recommended to distinguish organic from
inorganic mercury. Whole blood should be collected into a trace element collection tube obtained from the laboratory performing the assay. Urine
should be collected for 24 hours into an acid-washed container obtained from a laboratory. Spot collections must be adjusted for creatinine
concentration. Attempts to measure or otherwise handle the specimen should be avoided to prevent external contamination (Table 95–4).

TABLE 95–4

Diagnostic Testing for Mercury

Whole  Blood 24-hour Urine Hair Clinical

Elemental/Inorganic (+)

Acute, transient

(++)

Confirm exposure

Monitor chelation

Poor correlation to

TBB

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Early detection

Organic (++)

Best reflects

TBB

(–)

Fecal elimination

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Reflects irreversible CNS

toxicity

Early detection

There is considerable overlap among concentrations of mercury found in the normal population, asymptomatic exposed individuals, and patients with
clinical evidence of poisoning. There is no definitive correlation between either whole blood or urine mercury concentration and mercury toxicity.
However, mercury serves no useful role in human physiology, and concentrations of 1.0 mcg/L or less for whole blood and 0.5 mcg/L for urine are
generally considered to reflect background exposure in nonpoisoned individuals. The inconsistencies of the values found in the literature for mercury
exposure are a recurrent issue in metal testing. A credible and qualified laboratory should be employed and their reference ranges accepted when

testing is desired.20

For inorganic mercury poisoning, urine mercury concentrations correlate roughly with exposure severity and neuropsychiatric symptoms,93 but the
relationship to total body burden is probably poor. Urine mercury determinations have their greatest usefulness in confirming exposure and
monitoring the efficacy of chelation therapy. Whole blood mercury concentrations reflect intense, acute inorganic mercury exposure but become less
reliable as redistribution to tissues takes place.

Because organic mercury is eliminated via the fecal route, urine mercury concentrations are not useful in methylmercury poisoning. Because
methylmercury concentrates in RBCs, the total-body methylmercury burden is best reflected acutely by whole-blood concentrations. As methylmercury
distributes to and accumulates in brain, the severity of clinical manifestations probably more closely reflects the degree of the irreversible neuronal
destruction that has taken place rather than the current body burden of mercury. Correlation of increasing whole-blood mercury concentrations with

prevalence of paresthesias was suggested in a population of Iraqis studied early in the course of methylmercury poisoning.24 However, in another

group of patients, whole-blood concentrations did not correlate with severity of methylmercury poisoning.96 This apparent discrepancy may have
resulted from the finding that paresthesias are among the earliest reported symptoms of methylmercury poisoning.

Because mercury accumulates in the hair, hair analysis has been used as a tool for measuring mercury burden. However, because metal incorporation
reflects past exposure and hair avidly binds to noningested environmental mercury, the reliability of this method is questionable and is not

recommended.89 In addition to mercury assays, neuropsychiatric testing, nerve conduction studies, and urine assays for N-acetyl-β-D-glucosaminidase

and β2-microglobulin are advocated for early detection of subclinical inorganic and organic mercury toxicity.34,45,93

GENERAL MANAGEMENT

After the initial assessment and stabilization, the early toxicologic management of a patient with mercury poisoning includes termination of exposure
by removal from vapors, washing exposed skin, GI decontamination, supportive measures (eg, hydration, humidified oxygen), baseline diagnostic
studies (eg, complete blood count, serum chemistries, venous blood gas, radiography, ECG), specific analysis of whole blood and urine for mercury,
evaluation of possible cointoxicants, and meticulous monitoring.

Elemental Mercury

Inhalation of mercury vapors or aspiration of metallic mercury may result in life-threatening respiratory failure; in this situation, stabilization of
cardiorespiratory function is the initial priority. Postural drainage and endotracheal suction are a reasonable technique to attempt to remove
aspirated metallic mercury. Parenteral deposition of subcutaneous or intramuscular (IM) mercury is amenable to surgical excision, if well localized
(Fig. 95–1).

An adjunct to the initial management of patients with mercury poisoning is environmental decontamination. Elemental mercury that spills onto solid
surfaces should be adsorbed to sand and the resulting mixture then swept into tightly sealed containers. Ideally, a mercury decontamination kit should
be used. The kit consists of calcium polysulfide, which contains excess sulfur to convert mercury to water-insoluble mercuric sulfide. Absorbent
surfaces, such as carpets, should be removed. Spilled mercury compounds should not be vacuumed because vacuuming could volatilize the

mercury.18 Broken compact fluorescent light bulbs should be handled and disposed of according to EPA guidelines and local requirements.2

Recommendations for decontamination after breakage include opening windows to release vapor, using adhesive tape to pick up visible fragments,
and discarding contaminated material in double-wrapped bags. Guidance for decontamination of major spills and disposal of materials can be
provided by local and federal hazardous materials agencies.

Inorganic Mercury

Because ingestion of inorganic mercuric may lead to cardiovascular collapse caused by severe gastroenteritis and third-space fluid loss, fluid
resuscitation is a priority. Gastrointestinal decontamination of ingested inorganic mercury is particularly problematic because of its causticity and risk
for perforating injury. Nevertheless, one series of patients with mercuric chloride ingestion of up to 4 g reported recovery without long-term GI

sequelae in patients who did not succumb to kidney failure.116 Therefore, unless there is high suspicion for penetrating GI mucosal injury, removal of
mercury from absorptive surfaces should take priority over endoscopic evaluation. The prominence of vomiting makes gastric lavage unnecessary for
most patients with inorganic mercury poisoning.

Metals are among the substances that are often considered to be poorly adsorbed to activated charcoal. Nevertheless, the serious nature of late
sequelae after mercury absorption, the typically small quantities of mercury ingested, and evidence that inorganic mercuric salts actually have
substantial adsorption to activated charcoal (800 mg mercuric chloride can be adsorbed to 1 g activated charcoal) justify the routine administration of

activated charcoal.6 Whole-bowel irrigation with polyethylene glycol solution is a reasonable adjunct to remove residual mercury, and its progress can
be followed with serial radiographs.

Organic Mercury

Organic mercury exposures do not typically present as single acute ingestions but rather as chronic or subacute ingestion of contaminated food.
Therefore, GI decontamination is generally moot with respect to organic mercury poisoning. Nevertheless, its irreversible toxicity coupled with
unsatisfactory treatments calls for aggressive decontamination when acute ingestions or dermal exposures occur.

CHELATION

After initial stabilization and decontamination, early institution of chelators minimizes or prevents the widespread effects of poisoning. Dimercaprol
was developed during World War II as an antidote against lewisite, an arsenical warfare agent. The water-soluble analogs DMPS and succimer were

developed in the 1950s, and the 3 chelators have remained the mainstay of therapy for mercury poisoning.59 A high degree of protein binding and
distribution to the brain are responsible for the lack of efficacy of other measures to increase mercury clearance, such as peritoneal dialysis and

hemodialysis.100 In one report of the use of continuous venovenous hemodiafiltration in combination with a chelator in a patient with severe inorganic

mercury poisoning, 12.7% of the ingested dose was recovered in the ultrafiltrate.26 Hemodialysis may nevertheless ultimately be necessary because of
the acute kidney failure that often occurs after mercuric chloride poisoning.

Chelators have thiol groups that compete with endogenous sulfhydryl groups for the binding of mercury, thereby preventing inactivation of sulfhydryl-
containing enzymes and other essential proteins (Antidotes in Depth: A28 and A29). A history of significant mercury exposure combined with the
presence of typical symptoms of mercury poisoning is an appropriate indication for the institution of chelation therapy. Elevated whole-blood and
urine mercury concentrations help support the decision to begin chelation therapy in unclear cases and can also be used to guide the duration of
therapy. Provocative chelation, in which urinary mercury excretion before and after a chelating dose is compared to determine the degree of mercury

poisoning, is of no value.52 Chelation tends to increase urinary elimination of mercury, regardless of exposure history and baseline excretion.

Elemental Mercury and Inorganic Mercury Salts

For patients with symptomatic acute inorganic mercury poisoning, dimercaprol should be administered for 10 days in dosages of 5 mg/kg/dose every 4
hours IM for 48 hours, then 2.5 mg/kg every 6 hours for 48 hours, followed by 2.5 mg/kg every 12 hours for 7 days. It is reasonable to adjust this dosing
regimen, which was derived from lead poisoning, according to clinical response and the occurrence of adverse reactions.

When a patient can take oral medications, we recommend that dimercaprol be replaced with succimer at 10 mg/kg orally 3 times a day for 5 days, then
twice a day for 14 days if the GI tract is clear. Because headache, nausea, vomiting, abdominal pain, and diaphoresis are common reactions during
dimercaprol chelation therapy, oral succimer is recommended in patients who are not acutely ill or who have been chronically poisoned.

Either dimercaprol or succimer is considered the treatment of choice for inorganic mercury poisoning in the United States, but a few other chelators
deserve mention. 2,3-Dimercapto-1-propanesulfonic acid (DMPS) is a water-soluble dimercaprol derivative that is used in Europe. It is administered
both IV and orally. D-Penicillamine is an orally administered monothiol. Its adverse events—GI distress, rashes, leukopenia, thrombocytopenia, and

proteinuria—although uncommon in therapeutic doses, seriously limit the usefulness of the drug. N-acetyl-D,L-penicillamine (NAP), an investigational

analog of D-penicillamine, is thought to be a more effective chelator of mercury than is D-penicillamine, perhaps because of its greater stability.11,40,43

Organic Mercury Compounds

The neurotoxicity of methylmercury and other organic mercury compounds is resistant to treatment, and therapeutic options are less than
satisfactory. In rats, both dimercaprol and D-penicillamine effectively reduced tissue mercury and prevented neurologic toxicity if administered within

the first day of a methylmercury injection.126 Neither treatment reversed neurologic toxicity when administered 12 days after methylmercury injection.
2,3-Dimercapto-1-propanesulphonate, D-penicillamine, NAP, and a thiolated resin all led to a marked reduction of blood half-life of mercury (ie, 10, 24,

23, and 19 days, respectively, versus 60 days) during the outbreak of methylmercury poisoning in Iraq in 1971.24 Clinical improvement was not
observed in any treatment group, but it is reasonable to postulate that reducing the total-body burden of methylmercury may prevent or limit the

progression of disease. When studied in mice poisoned with methylmercury,1 succimer was superior to NAP, DMPS, and a thiolated resin in decreasing
brain mercury and increasing urinary excretion. Brain mercury was decreased to 35% of control, and the total-body burden fell to 19%. Some animal

evidence suggests that dimercaprol increases mercury mobilization into the brain.7,10,15 For this reason, and the lack of serious GI symptoms
necessitating parenteral chelation, We recommend against the use of dimercaprol the treatment of patients with organic mercury poisoning.

Because the neurologic impairment associated with methylmercury is both profound and essentially irreversible, early recognition of poisoning and
prevention of neurotoxicity are essential to a successful outcome. At this time, succimer is the most reasonable treatment for methylmercury
poisoning because of its apparently low toxicity and reported efficacy in animal trials.

SUMMARY

Mercury poisoning by any of the 3 major forms—elemental, inorganic, and organic—presents a complex toxicologic problem associated with a
large variety of clinical presentations.

An ever present awareness of the signs and symptoms coupled with the knowledge of the differing clinical forms is essential for both early
recognition and effective treatment.

Although some chelators show promise in the treatment of mercury poisoning, neurologic sequelae, particularly those resulting from organic
mercury exposures, remain largely irreversible.

Dietary fish remains an important source of mercury exposure and mercurial neuropsychologic illness.

There is no evidence for the role of mercury in the pathogenesis of autism.

Promotion of public education regarding the dangers of mercury, its avoidance, and proper disposal may aid in the prevention of mercury
poisoning.

REFERENCES

Aaseth  J, Frieheim  EA. Treatment of methyl mercury poisoning in mice with 2,3-dimercaptosuccinic acid and other complexing thiols. Acta
Pharmacol Toxicol (Copenh).  1978;42:248–252. [PubMed: 580671] 

Agency USEP. Cleaning up a broken CFL. http://www2.epa.gov/cfl/cleaning-broken-cfl.

Agocs  MM, et al. Mercury exposure from interior latex paint. N Engl J Med.  1990; 323:1096–1101. [PubMed: 2215577] 

American Academy of Pediatrics Committee on Infectious Diseases and Committee on Environmental Health. Thimerosal in vaccines—an interim
report to clinicians. Pediatrics.  1999;104:570–574. [PubMed: 10469789] 

Amin-zaki  L, et al. Methylmercury poisoning in Iraqi children: clinical observations over two years. Br Med J.  1978;1:613–616. [PubMed: 630256] 

Andersen  A. Experimental studies on the pharmacology of activated charcoal. III: adsorption from gastrointestinal contents. Acta Pharmacol
Toxicol.  1948;4:275–284.

Andersen  O, Aaseth  J. Molecular mechanisms of in vivo metal chelation: implications for clinical treatment of metal intoxications. Environ Health
Perspect.  2002;110(suppl 5):887–890. [PubMed: 12426153] 

Andrews  N, et al. Thimerosal exposure in infants and developmental disorders: a retrospective cohort study in the United Kingdom does not
support a causal association. Pediatrics.  2004;114:584–591. [PubMed: 15342825] 

Poulain  AJ, Barkay  T. Cracking the mercury methylation code. Science.  2013;339:1280. [PubMed: 23493700] 

Aposhian  HV, et al. Mobilization of heavy metals by newer therapeutically useful chelating agents. Toxicology . 1995;97:23–38. [PubMed: 7716789] 

Aronow  R, Fleischmann  LE. Mercury poisoning in children. The value of N -acetyl-D,L-penicillamine in a combined therapeutic approach. Clin

Pediatr (Phila).  1976;15:936–937, 943-945. [PubMed: 971568] 

Asano  S, et al. Review article: acute inorganic mercury vapor inhalation poisoning. Pathol Int.  2000;50:169–174. [PubMed: 10792779] 

Becker  CG, et al. Nephrotic syndrome after contact with mercury. A report of five cases, three after the use of ammoniated mercury ointment. Arch
Intern Med.  1962;110:178–186. [PubMed: 13866316] 

Bellinger  DC, et al. Neuropsychological and renal effects of dental amalgam in children. A randomized clinical trial. JAMA.  2006;295:1775–1783. 
[PubMed: 16622139] 

Berlin  M, Rylander  R. Increased brain uptake of mercury induced by 2,3-dimercaptopropanol (BAL) in mice exposed to phenylmercuric acetate. J
Pharmacol Exp Ther.  1964;146:236–240. [PubMed: 14236935] 

Black  J. The puzzle of pink disease. J R Soc Med.  1999;92:478–481. [PubMed: 10645305] 

Bluhm  RE, et al. Elemental mercury vapour toxicity, treatment, and prognosis after acute, intensive exposure in chloralkali plant workers. Part I:
history, neuropsychological findings and chelator effects. Hum Exp Toxicol.  1992;11:201–210. [PubMed: 1352115] 

Caldwell  KL, et al. Total blood mercury concentrations in the U.S. population: 1999–2006. Int J Hyg Environ Health.  2009;212:588–598. [PubMed:
19481974] 

Centers for Disease Control and Prevention. Epidemiologic notes and reports elemental mercury poisoning in a household—Ohio, 1989. MMWR
Morb Mortal Wkly Rep.  1990;39:424–425. [PubMed: 2113168] 

Centers for Disease Control and Prevention. Fourth National Report on Human Exposure to Environmental Chemicals.  July 26, 2012. 2009.

Choi  AL, et al. Negative confounding by essential fatty acids in methylmercury neurotoxicity associations. Neurotoxicol Teratol.  2014;42:85–92. 
[PubMed: 24561639] 

Clarkson  T. Mercury. J Am Coll Toxicol.  1989;8:1291–1296.

Clarkson  TW, et al. An outbreak of methylmercury poisoning due to consumption of contaminated grain. Fed Proc.  1976;35:2395–2399. [PubMed:
964390] 

Clarkson  TW, et al. Tests of efficacy of antidotes for removal of methylmercury in human poisoning during the Iraq outbreak. J Pharmacol Exp
Ther.  1981;218:74–83. [PubMed: 7241391] 

Crump  KS, et al. Influence of prenatal mercury exposure upon scholastic and psychological test performance: benchmark analysis of a New
Zealand cohort. Risk Anal.  1998;18:701–713. [PubMed: 9972579] 

Dargan  PI, et al. Case report: severe mercuric sulphate poisoning treated with 2,3-dimercaptopropane-1-sulphonate and haemodiafiltration. Crit
Care.  2003;7:R1–R6. [PubMed: 12793883] 

Davidson  PW, et al. Fish consumption and prenatal methylmercury exposure: cognitive and behavioral outcomes in the main cohort at 17 years
from the Seychelles child development study. Neurotoxicology.  2011;32:711–717. [PubMed: 21889535] 

Davidson  PW, et al. Fish consumption, mercury exposure, and their associations with scholastic achievement in the Seychelles Child Development
Study. Neurotoxicology.  2010;31:439–447. [PubMed: 20576509] 

Davis  LE, et al. Methylmercury poisoning: long-term clinical, radiological, toxicological, and pathological studies of an affected family. Ann Neurol.
1994;35:680–688. [PubMed: 8210224] 

Debes  F, et al. Impact of prenatal methylmercury exposure on neurobehavioral function at age 14 years. Neurotoxicol Teratol.  2006;28:536–547. 
[PubMed: 17067778] 

Debes  F, et al. Cognitive deficits at age 22 years associated with prenatal exposure to methylmercury. Cortex.  2016;74:358–369. [PubMed:
26109549] 

Dyer  C. Thiomersal does not cause autism, US court finds. BMJ.  2010;340:c1518. [PubMed: 20233774] 

Eley  BM, Cox  SW. Mercury from dental amalgam fillings in patients. Br Dent J.  1987;163:221–226. [PubMed: 3314942] 

Eti  S, et al. Slight renal effect of mercury from amalgam fillings. Pharmacol Toxicol.  1995;76:47–49. [PubMed: 7753757] 

Feng  W, et al. Mercury and trace element distribution in organic tissues and regional brain of fetal rat after in utero and weaning exposure to low
dose of inorganic mercury. Toxicol Lett.  2004;152:223–234. [PubMed: 15331131] 

Fraser  B. Peru’s gold rush prompts public-health emergency. Nature.  2016;534:162. [PubMed: 27279188] 

Fung  YK, Molvar  MP. Toxicity of mercury from dental environment and from amalgam restorations. J Toxicol Clin Toxicol.  1992;30:49–61. 
[PubMed: 1542149] 

Fuortes  LJ, et al. Immune thrombocytopenia and elemental mercury poisoning. J Toxicol Clin Toxicol.  1995;33:449–455. [PubMed: 7650769] 

Gadad  BS, et al. Administration of thimerosal-containing vaccines to infant rhesus macaques does not result in autism-like behavior or
neuropathology. Proc Natl Acad Sci U S A . 2015;112:12498–12503. [PubMed: 26417083] 

Gledhill  RF, Hopkins  AP. Chronic inorganic mercury poisoning treated with N -acetyl-D-penicillamine. Br J Ind Med.  1972;29:225–228. [PubMed:

5022002] 

Global Alliance for Vaccines and Immunisation. Report to the GAVI Alliance Board Report of the Chief Executive Officer.  2012.

Grandjean  P, et al. Cognitive deficit in 7-year-old children with prenatal exposure to methylmercury. Neurotoxicol Teratol.  1997;19:417–428. 
[PubMed: 9392777] 

Hryhorczuk  DO, et al. Treatment of mercury intoxication in a dentist with N -acetyl-D,L-penicillamine. J Toxicol Clin Toxicol.  1982;19:401–408. 

[PubMed: 7143525] 

Hursh  JB, et al. Clearance of mercury (HG-197, HG-203) vapor inhaled by human subjects. Arch Environ Health.  1976;31:302–309. [PubMed: 999343]

Iesato  K, et al. Renal tubular dysfunction in Minamata disease: detection of renal tubular antigen and beta-2-microglobulin in the urine. Ann Intern
Med.  1977;86:731–737. [PubMed: 68693] 

Inouye  M, Kajiwara  Y. Developmental disturbances of the fetal brain in guinea-pigs caused by methylmercury. Arch Toxicol.  1988;62:15–21. 
[PubMed: 3190452] 

Jacobson  R. Vaccine safety. Immunol Allergy Clin North Am.  2003;23:589–603. [PubMed: 14753382] 

Jensen  TK, et al. Effects of breast feeding on neuropsychological development in a community with methylmercury exposure from seafood. J Expo
Anal Environ Epidemiol.  2005;15:423–430. [PubMed: 15674318] 

Johnson  HR, Koumides  O. Unusual case of mercury poisoning. Br Med J.  1967;1:340–341. [PubMed: 6017490] 

Jung  RC, Aaronson  J. Death following inhalation of mercury vapor at home. West J Med.  1980;132:539–543. [PubMed: 7405205] 

Kahn  A, et al. Accidental ingestion of mercuric sulphate in a 4-year-old child. Management with BAL and peritoneal dialysis. Clin Pediatr (Phila).
1977;16:956–958. [PubMed: 891074] 

Kales  SN, Goldman  RH. Mercury exposure: current concepts, controversies, and a clinic’s experience. J Occup Environ Med.  2002;44:143–154. 
[PubMed: 11851215] 

Kang-Yum  E, Oransky  SH. Chinese patent medicine as a potential source of mercury poisoning. Vet Hum Toxicol.  1992;34:235–238. [PubMed:
1609495] 

Kanluen  S, Gottlieb  CA. A clinical pathologic study of four adult cases of acute mercury inhalation toxicity. Arch Pathol Lab Med.  1991;115:56–60. 
[PubMed: 1987914] 

Katz  SA, Katz  RB. Use of hair analysis for evaluating mercury intoxication of the human body: a review. J Appl Toxicol.  1992;12:79–84. [PubMed:
1556385] 

Kerper  LE, et al. Methylmercury transport across the blood-brain barrier by an amino acid carrier. Am J Physiol.  1992;262(5, pt 2):R761–R765. 
[PubMed: 1590471] 

Koos  BJ, Longo  LD. Mercury toxicity in the pregnant woman, fetus, and newborn infant. A review. Am J Obstet Gynecol.  1976;126:390–409. 
[PubMed: 786026] 

Korogi  Y, et al. MR findings in seven patients with organic mercury poisoning (Minamata disease). AJNR Am J Neuroradiol.  1994;15:1575–1578. 
[PubMed: 7985580] 

Kosnett  MJ. The role of chelation in the treatment of arsenic and mercury poisoning. J Med Toxicol.  2013;9:347–354. [PubMed: 24178900] 

Krohn  IT, et al. Subcutaneous injection of metallic mercury. JAMA.  1980;243:548–549. [PubMed: 7351787] 

Langan  DC, et al. The use of mercury in dentistry: critical review of the recent literature. J Am Dent Assoc.  1987;115:867–879. [PubMed: 3320152] 

Limke  TL, et al. Acute exposure to methylmercury causes Ca2+ dysregulation and neuronal death in rat cerebellar granule cells through an M3
muscarinic receptor-linked pathway. Toxicol Sci.  2004;80:60–68. [PubMed: 15141107] 

Lind  B FL, Nylander  M. Preliminary studies on methylmercury biotransformation and clearance in the brain of primates: II. Demethylation of
mercury in brain. J Trace Elem Exp Med.  1988;1:49–56.

Litovitz  T, Schmitz  BF. Ingestion of cylindrical and button batteries: an analysis of 2382 cases. Pediatrics.  1992;89:747–757. [PubMed: 1557273] 

Madsen  KM, et al. Thimerosal and the occurrence of autism: negative ecological evidence from Danish population-based data. Pediatrics.
2003;112:604–606. [PubMed: 12949291] 

Magos  L. Mercury. In: Seiler  HG, ed. Handbook on Toxicity of Inorganic Compounds. New York, NY: Marcel Dekker; 1988:419–436.

Mant  TGK, et al. Mercury poisoning after disc-battery ingestion. Hum Toxicol.  1987;6:179–181. [PubMed: 3557477] 

Matsumoto  H, et al. Fetal Minamata disease: a neuropathological study of two cases of intrauterine intoxication by a methyl mercury compound. J
Neuropathol Exp Neurol.  1964;24:563–574.

Maurissen  J. History of mercury and mercurialism. N Y State J Med.  1981;81:1902–1909.

Mokrzan  EM, et al. Methylmercury-thiol uptake into cultured brain capillary endothelial cells on amino acid system L. J Pharmacol Exp Ther.
1995;272:1277–1284. [PubMed: 7891344] 

Mostafazadeh  B, et al. Mercury exposure of gold mining workers in the northwest of Iran. Pak J Pharm Sci.  2013;26:1267–1270. [PubMed:
24191337] 

Moutinho  ME, et al. Acute mercury vapor poisoning. Fatality in an infant. Am J Dis Child.  1981;135:42–44. [PubMed: 7457442] 

Mozaffarian  D, et al. Mercury exposure and risk of cardiovascular disease in two U.S. cohorts. N Engl J Med.  2011;364:1116–1125. [PubMed:
21428767] 

Murray  KM, Hedgepeth  JC. Intravenous self-administration of elemental mercury: efficacy of dimercaprol therapy. Drug Intell Clin Pharm.
1988;22:972–975. [PubMed: 3243178] 

Myers  G. Prenatal methylmercury exposure from ocean fish consumption in the Seychelles child development study. Lancet.  2003;361:1686–1692. 
[PubMed: 12767734] 

Newland  MC, Reile  PA. Blood and brain mercury levels after chronic gestational exposure to methylmercury in rats. Toxicol Sci.  1999;50:106–116. 
[PubMed: 10445759] 

Nierenberg  DW, et al. Delayed cerebellar disease and death after accidental exposure to dimethylmercury. N Engl J Med.  1998;338:1672–1676. 
[PubMed: 9614258] 

NIST. End of an era: NIST to cease calibrating mercury thermometers. February 02, 2011 https://www.nist.gov/news-events/news/2011/02/end-era-
nist-cease-calibrating-mercury-thermometers. Created February 01, 2011. Updated September 21, 2016.

Nordberg  GF, Skerfving  S. Metabolism. In: Friberg  L, Vostal  J, eds. Mercury in the Environment: An Epidemiological and Toxicological Appraisal .
Cleveland, OH: CRC Press; 1972:29–90.

O’Shea  J. Was Paganini poisoned with mercury? J R Soc Med.  1988;81:594–597. [PubMed: 3054102] 

O’Shea  JG. Two minutes with venus, two years with mercury—mercury as an antisyphilitic chemotherapeutic agent. J R Soc Med.  1990;83:392–395. 
[PubMed: 2199676] 

Occupational Safety and Health Administration. Occupational Safety and Health Guideline for Mercury Vapor. Occupational Safety and Health
Guidelines. http://www.osha.gov/SLTC/healthguidelines/mercuryvapor/recognition.html.

Oskarsson  A, et al. Exposure to toxic elements via breast milk. Analyst.  1995;120:765–770. [PubMed: 7741226] 

Parker  SK, et al. Thimerosal-containing vaccines and autistic spectrum disorder: a critical review of published original data. Pediatrics.
2004;114:793–804. [PubMed: 15342856] 

Parks  JM, et al. The genetic basis for bacterial mercury methylation. Science.  2013;339:1332–1335. [PubMed: 23393089] 

Patrizi  A, et al. Sensitization to thimerosal in atopic children. Contact Dermatitis.  1999;40:94–97. [PubMed: 10048654] 

Pfab  R, et al. Clinical course of severe poisoning with thimerosal. J Toxicol Clin Toxicol.  1996;34:453–460. [PubMed: 8699562] 

Powell  P. Minamata disease: a story of mercury’s malevolence. South Med J.  1991; 84:1352–1358. [PubMed: 1948221] 

Queipo  Abad S, et al. Evidence of the direct adsorption of mercury in human hair during occupational exposure to mercury vapour. J Trace Elem
Med Biol.  2016;36:16–21. [PubMed: 27259347] 

Rice  D. Methods and rationale for derivation of a reference dose for methylmercury by the US EPA. Risk Anal.  2003;23:107–115. [PubMed:
12635727] 

Rice  DC. The US EPA reference dose for methylmercury: sources of uncertainty Backgrounder for the 2004 FDA/EPA Consumer Advisory: what you
need to know about mercury in fish and shellfish. Environ Res.  2004;406–413.
http://water.epa.gov/scitech/swguidance/fishshellfish/outreach/factsheet.cfm.

Rooney  JP. The retention time of inorganic mercury in the brain—a systematic review of the evidence. Toxicol Appl Pharmacol.  2014;274:425–435. 
[PubMed: 24368178] 

Rosenman  KD, et al. Sensitive indicators of inorganic mercury toxicity. Arch Environ Health.  1986;41:208–215. [PubMed: 3767430] 

Rowens  B, et al. Respiratory failure and death following acute inhalation of mercury vapor. A clinical and histologic perspective. Chest.
1991;99:185–190. [PubMed: 1984951] 

Royhans  J, et al. Mercury toxicity following Merthiolate ear irrigations. J Pediatr.  1984;104:311–313. [PubMed: 6694031] 

Rustam  H, Hamdi  T. Methyl mercury poisoning in Iraq. A neurological study. Brain.  1974;97:500–510. [PubMed: 4425451] 

Sakamoto  M, et al. Evaluation of changes in methylmercury accumulation in the developing rat brain and its effects: a study with consecutive and
moderate dose exposure throughout gestation and lactation periods. Brain Res.  2002;949:51–59. [PubMed: 12213299] 

Sakamoto  M, et al. Declining risk of methylmercury exposure to infants during lactation. Environ Res.  2002;90:185–189. [PubMed: 12477463] 

Saper  RB, et al. Lead, mercury, and arsenic in US- and Indian-manufactured Ayurvedic medicines sold via the Internet. JAMA.  2008;300:915–923. 
[PubMed: 18728265] 

Sauder  P, et al. Acute mercury chloride intoxication. Effects of hemodialysis and plasma exchange on mercury kinetic. J Toxicol Clin Toxicol.
1988;26:189–197. [PubMed: 3418774] 

Schnellmann  R. Toxic responses of the kidney. In: Klaassen  CD, Casarett  LJ, eds. Casarett and Doull’s Toxicology: The Basic Science of Poisons .
6th ed. New York, NY: McGraw-Hill; 2001:491–514.

Schwartz  JG, et al. Toxicity of a family from vacuumed mercury. Am J Emerg Med.  1992;10:258–261. [PubMed: 1316757] 

Seidel  J. Acute mercury poisoning after polyvinyl alcohol preservative ingestion. Pediatrics.  1980;66:132–134. [PubMed: 7402778] 

Shanker  G, Aschner  M. Identification and characterization of uptake systems for cystine and cysteine in cultured astrocytes and neurons:
evidence for methylmercury-targeted disruption of astrocyte transport. J Neurosci Res.  2001;66:998–1002. [PubMed: 11746429] 

Siegler  RW, et al. Fatal poisoning from liquid dimethylmercury: a neuropathologic study. Hum Pathol.  1999;30:720–723. [PubMed: 10374784] 

Sin  KW, Tsang  HS. Large-scale mercury exposure due to a cream cosmetic: community-wide case series. Hong Kong Med J.  2003;9:329–334. 
[PubMed: 14530526] 

Snapp  KR, et al. The contribution of dental amalgam to mercury in blood. J Dent Res.  1989;68:780–785. [PubMed: 2715470] 

Snodgrass  W, et al. Mercury poisoning from home gold ore processing. Use of penicillamine and dimercaprol. JAMA.  1981;246:1929–1931. 
[PubMed: 7288970] 

Stehr-Green  P. Autism and thimerosal-containing vaccines: lack of consistent evidence for an association. Am J Prev Med.  2003;25:101–106. 
[PubMed: 12880876] 

Stern  A, et al. Do recent data from the Seychelles Islands alter the conclusions of the NRC report on the toxicologic effects of methylmercury?
Environ Health.  2004;3.

Strain  JJ, et al. Prenatal exposure to methyl mercury from fish consumption and polyunsaturated fatty acids: associations with child development
at 20 mo of age in an observational study in the Republic of Seychelles. Am J Clin Nutr.  2015;101:530–537. [PubMed: 25733638] 

Sunderman  FW. Perils of mercury. Ann Clin Lab Sci.  1988;18:89–101. [PubMed: 3289472] 

Takeuchi  T. Pathology of Minamata disease. With special reference to its pathogenesis. Acta Pathol Jpn.  1982;32(suppl 1):73–99. [PubMed:
6765001] 

Taylor  LE, et al. Vaccines are not associated with autism: an evidence-based meta-analysis of case-control and cohort studies. Vaccine.
2014;32:3623–3629. [PubMed: 24814559] 

Thompson  W, et al. Early Thimerosal exposure and neuropsychological outcomes at 7-10 years. N Engl J Med.  2007;357:1281–1292. [PubMed:
17898097] 

Troen  P, et al. Mercuric bichloride poisoning. N Engl J Med.  1951;244:459–463. [PubMed: 14806784] 

Tunnessen  WW Jr, et al. Acrodynia: exposure to mercury from fluorescent light bulbs. Pediatrics.  1987;79:786–789. [PubMed: 3575038] 

United States Environmental Protection Agency. Characterization of Human Health and Wildlife Risks from Anthropogenic Mercury Emissions in
the United States . Washington, DC: US EPA; 1997.

Uno  Y, et al. Early exposure to the combined measles-mumps-rubella vaccine and thimerosal-containing vaccines and risk of autism spectrum
disorder. Vaccine.  2015;33:2511–2516. [PubMed: 25562790] 

van Wijngaarden  E, et al. Prenatal methyl mercury exposure in relation to neurodevelopment and behavior at 19 years of age in the Seychelles
Child Development Study. Neurotoxicol Teratol.  2013;39:19–25. [PubMed: 23770126] 

Wallach  L. Aspiration of elemental mercury—evidence of absorption without toxicity. N Engl J Med.  1972;287:178–179. [PubMed: 5033527] 

Warkany  J, Hubbard  DM. Adverse mercurial reactions in the form of acrodynia and related conditions. AMA Am J Dis Child.  1951;81:335–373. 
[PubMed: 14810170] 

Wedeen  R. Were the hatters of New Jersey “mad”? Am J Ind Meds.  1989;16:225–233.

Winship  K. Organic mercury compounds and their toxicity. Adverse Drug React Toxicol Rev.  1986;3:141–180.

Yin  Z, et al. Methylmercury induces oxidative injury, alterations in permeability and glutamine transport in cultured astrocytes. Brain Res.
2007;1131:1–10. [PubMed: 17182013] 

Zimmer  L, Carter  DE. The effect of 2,3-dimercaptopropanol and D-penicillamine on methyl mercury induced neurological signs and weight loss.

Life Sci.  1978;23: 1025–1034. [PubMed: 713681] 

Zimmerman  JE. Fatality following metallic mercury aspiration during removal of a long intestinal tube. JAMA.  1969;208:2158–2160. [PubMed:
5818993] 

Emory University

Access Provided by:

Downloaded 2021­3­15 4:13 P  Your IP is 170.140.142.252
Chapter 95: Mercury, Young­Jin Sue
©2021 McGraw Hill. All Rights Reserved.   Terms of Use • Privacy Policy • Notice • Accessibility

Page 14 / 21

http://accessemergencymedicine.mhmedical.com/drugs.aspx?GbosID=131140
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf7
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf10
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch95rf15
http://accessemergencymedicine.mhmedical.com/drugs.aspx?GbosID=131140
http://accessemergencymedicine.mhmedical.com/drugs.aspx?GbosID=425270
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/580671
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/580671
http://www2.epa.gov/cfl/cleaning-broken-cfl
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/2215577
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/2215577
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/10469789
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/10469789
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/630256
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/630256
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/12426153
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/12426153
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/15342825
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/15342825
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/23493700
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/23493700
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/7716789
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/7716789
http://accessemergencymedicine.mhmedical.com/ss/terms.aspx
http://accessemergencymedicine.mhmedical.com/privacy
http://accessemergencymedicine.mhmedical.com/ss/notice.aspx
http://accessemergencymedicine.mhmedical.com/about/accessibility.html


ATN = acute tubular necrosis; BAL = British anti-Lewisite; CNS = central nervous system; GI = gastrointestinal; + to +++ = present with increasing importance; - =

absent.

CNS = central nervous system; TBB = total body burden; + to ++ = useful testing specimen; - = lack of utility.
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Chapter 95: Mercury

Young-Jin Sue

INTRODUCTION

HISTORY AND EPIDEMIOLOGY

Mercury is a metal that is widely toxic to multiple organ systems. Its toxicologic manifestations are well known as a result of thousands of years of

medicinal applications, industrial use, and environmental disasters.69,112 Mercury occurs naturally in small amounts as the elemental (Hg0) silver-

colored liquid (quicksilver); as inorganic compounds such as mercuric (Hg2+) sulfide (cinnabar), mercurous (Hg+) chloride (calomel), mercuric chloride
(corrosive sublimate), and mercuric oxide; and as organic compounds (methylmercury and dimethylmercury). Mercury’s gastroenteric irritant effects
led to its use as a therapy for constipation. In recent (16th–19th), centuries, mercury-containing preparations, advocated for their potent diuretic and

sialogogic properties, were widely used to treat syphilis to “flush” the “virus” out.81 The musician Paganini was one of several famous persons whose
gingivitis, dental decay, ptyalism (excessive salivation), and erethism (pathologic irritability and emotional instability) were attributed to mercury

therapy.80 In the 1800s, the United States witnessed an epidemic of “hatters’ shakes” or “Danbury shakes” and “mercurial salivation” in hat industry

workers.123 Danbury, Connecticut, was a US center of felt hat manufacturing in which mercuric nitrate was used to mat animal furs into felt.112,123

In the early 1900s, acrodynia, a painful dusky pink discoloration of the hands and feet, or “pink disease,” was described in children who received

calomel for ascariasis or teething discomfort.16 Vividly described in a series of 41 children, the development of acrodynia was more common in

younger children, did not seem to correlate with mercury dose, and was not necessarily related to urine concentrations of mercury.122

One of the most devastating epidemics of mercury poisoning occurred as the result of a decade of contamination of Minamata Bay in Japan by a
nearby vinyl chloride plant during the 1940s. Methylmercury accumulated in the bay’s marine life and poisoned the inhabitants of the local fishing
community. Although officially only 121 victims were reported, thousands more are believed to have been affected by what has subsequently been

named Minamata disease.88,113 The largest outbreak of methylmercury poisoning to date occurred in Iraq in late 1971. Approximately 95,000 tons of
seed grain intended for planting and treated with methylmercury as a fungicide were baked into bread for direct consumption, resulting in widespread

neurologic symptoms, 6,530 hospital admissions, and more than 400 deaths.5,23,96

In 1990, the US Environmental Protection Agency (EPA) banned mercury-containing compounds from interior paints.3 However, mercury-containing
paints manufactured before that ruling may still be on interior walls, and mercury-containing paint can still be sold for outdoor use. In 1997, a scientist

succumbed to delayed, progressive neurologic deterioration after a minute dermal exposure to dimethylmercury.77 Contemporary exposures occur in

the form of mercury-tainted seafood, mercury-based preservatives (thimerosal), and artisanal gold mining.36

However, a once widely feared source of potential poisoning, mercury-containing dental amalgam does not result in clinical poisoning.14 Occasionally,
exposure to mercury from broken thermometers leads to poisoning in the home, but such thermometers are becoming less common because of

recent efforts to replace mercury with digital thermometers and other electronic devices.78

More recently, the ongoing movement to replace incandescent light bulbs with compact fluorescent bulbs has once again raised the concern of
exposure to mercury in the home and environment. Promoted to reduce greenhouse gas emissions, each bulb contains about 4 mg of elemental

mercury.2

Table 95–1 lists some potential sources of mercury exposure.

TABLE 95–1

Exposures to Mercury

Elemental Inorganic Organic

Manufacturing/Industrial Barometers

Bronzing

Ceramics

Chlorine manufacture

Electroplating

Jewelry

Metal refineries

Paints

Paper pulp

Photography

Batteries

Chemistry sets

Dyes

Explosives

Fireworks

Laboratory reagents

Tanneries

Taxidermy

Vinyl chloride manufacture

Agriculture

Embalming

Fungicides

Laboratory reagents

Pesticides

Wood preservatives

Medical/Medicinal Amalgam

Sphygmomanometry

Tissue fixatives

Thermometers

Weighted nasogastric tubes

Antiseptics

Calomel

Disinfectants

Laxatives

Nonprescription medications

Bactericidals

Pharmaceuticals

Preservatives

Food/Other Ritualistic, complementary Aesthetic, cosmetic

Ayurvedic

Grains (contaminated)

Seafood

FORMS OF MERCURY AND TOXICOKINETICS

The 3 clinically important forms of mercury—elemental, inorganic, and organic—differ with respect to their toxicodynamics and toxicokinetics (Table
95–2). Each produces distinct clinical patterns of poisoning stemming in part from their unique kinetic features (Table 95–3). For each form, the
specific manifestations are determined by the route of exposure, rate of exposure, distribution, biotransformation of mercury within the body, and
relative accumulation or elimination of mercury by the target organ systems. Whereas elemental mercury produces pulmonary toxicity, inorganic
mercury initially causes gastrointestinal (GI) symptoms followed by nephrotoxicity. A nearly pure neurologic toxicity results from organic
(methylmercury) exposure.

TABLE 95–2

Classes of  Mercury Compounds

Nomenclature Example

Elemental Hg0 Quicksilver

Inorganic Hg+

HgCl

Hg2+

HgCl2

Mercurous ion

Calomel, mercurous chloride

Mercuric ion

Mercuric chloride

Organic Short-chain alkyl–mercury compounds

Long-chain mercury compounds

Aryl mercury compounds

Methylmercury

Ethylmercury

Dimethylmercury

Methoxyethylmercury

Phenylmercury

TABLE 95–3

Differential Characteristics of Mercury Exposure

Elemental Inorganic Organic

Primary route of exposure Inhalation Oral Oral

Primary tissue distribution CNS, kidney Blood (transient, acute)

Kidney

CNS (delayed)

CNS, kidney, liver, blood, hair

Clearance Kidney, GI Kidney, GI Methyl: GI

Aryl: kidney, GI

Clinical effects

 CNS Tremor Tremor, erethism Paresthesias, ataxia, tremor, tunnel vision, dysarthria

 Pulmonary +++ – –

 Gastrointestinal + +++ (caustic) +

 Renal + +++ (ATN) +

 Acrodynia + ++ –

Therapy BAL, succimer BAL, succimer Succimer (early)

ABSORPTION

Elemental Mercury

Elemental mercury (Hg0) is absorbed primarily via inhalation of vapor, although slow absorption after aspiration, subcutaneous deposition, and direct

intravenous (IV) embolization occurs.60,74,121 Volatility, moderate at room temperature, increases significantly with heating or aerosolization, both of

which occur with vacuuming.44,102 When inhaled by human volunteers, 75% to 80% of mercury vapor is absorbed.44 However, elemental mercury is
negligibly absorbed from an anatomically and functionally normal GI tract, and it is usually considered nontoxic when ingested. Abnormal GI motility
prolongs mucosal exposure to elemental mercury, and massive ingestion increases subsequent ionization to more readily absorbed forms. Similarly,
anatomic GI abnormalities such as fistulae or perforation are associated with extravasation of mercury into the peritoneal in which where elemental
mercury is oxidized to more readily absorbed inorganic forms.

Inorganic Mercury

The principal route of absorption for inorganic mercury is the GI tract. Approximately 10% of soluble divalent (Hg2+) mercuric salts such as mercuric

chloride (HgCl2) are absorbed following ingestion and dissociation.66 Absorption of a relatively insoluble monovalent (Hg+) mercurous compound,

such as mercurous chloride (calomel; HgCl), is dependent on its oxidation to the divalent form.79 Inorganic mercury is also absorbed across the skin
and mucous membranes, as evidenced by urinary excretion of mercury after dermal application of skin-lightening mercurial ointments and powders

containing HgCl.106,122

The degree of dermal absorption varies by the concentration of mercury, skin integrity, and lipid solubility of the vehicle. With substantial dermal
exposures to mercury salts, skin absorption may be difficult to distinguish from concomitant absorption via other routes, such as ingestion.

Organic Mercury

As in the case of inorganic mercury, organic mercury is primarily absorbed from the GI tract. Methylmercury, considered the prototype of the short-

chain alkyl compounds, is approximately 90% absorbed from the gut. Aryl and long-chain alkyl compounds have more than 50% GI absorption.79

Although both dermal and inhalational absorption of organic mercury is reported, precise quantitation and exclusion of concomitant absorption by
ingestion are difficult to determine.

DISTRIBUTION AND BIOTRANSFORMATION

After absorption, mercury distributes widely to all tissues, predominantly the kidneys, liver, spleen, and central nervous system (CNS). The initial
distributive pattern into nervous tissue of elemental and organic mercury differs from that of the inorganic compounds because of their greater lipid
solubility.

Elemental Mercury

Although peak concentrations of elemental mercury are delayed in the CNS as compared with other organs (2–3 days versus 1 day),44 significant
accumulation in the CNS occurs after an acute, intense exposure to elemental mercury vapor. Conversion of elemental mercury to the charged

mercuric (Hg2+) cation within the CNS favors retention and local accumulation. Because elemental mercury does not covalently bind to other

compounds, its toxicity depends on its oxidation initially to the mercurous ion (Hg+) and then to the mercuric ion (Hg2+) by the enzyme catalase.66

Because this oxidation–reduction reaction favors the mercuric cation at steady state, the distribution and late manifestations of metallic mercury
toxicity eventually resemble those of inorganic mercury poisoning. Conversely, and to a lesser extent, inorganic mercuric ions are reduced to the

elemental state (Hg0), although the site and mechanism of this reaction are not well understood.79

Inorganic Mercury

The greatest concentration of mercuric ions is found in the kidneys, particularly within the renal tubules. At least in animal studies, administration of

mercury induces the renal synthesis of metallothionein, a compound that binds to and detoxifies mercuric ions.12 Very little mercury is found as free
mercuric ions. In blood, mercuric ions are found both within the red blood cells (RBCs) and bound to plasma proteins in approximately equal
proportions. Blood concentrations are greatest immediately after inorganic mercury exposure, with rapid waning as distribution to other tissues
occurs. Although penetration of the blood–brain barrier is poor because of low lipid solubility, slow elimination and prolonged exposure contribute to
significant CNS accumulation of mercuric ions. Within the CNS, mercuric ions concentrate in the cerebellum and hippocampus, and to a lesser degree,

the cerebral cortex.35 Although inorganic mercurials undergo organification in marine life, as in the Minamata Bay disaster,9,85 the importance of this

conversion in humans is unknown. Animal studies demonstrate that the placenta functions as an effective barrier to mercuric ions.79

Organic Mercury

Once absorbed, aryl (phenyl mercury) and long-chain alkyl mercury compounds differ from the short-chain organic mercury compounds
(methylmercury) in an important way—the former possess a labile carbon–mercury bond, which is subsequently cleaved, releasing the inorganic
mercuric ion. Thus, the distribution pattern and toxicologic manifestations produced by the aryl and long-chain alkyl compounds that occur beyond
the immediate postabsorptive phase are comparable to those of inorganic mercury, but organification has facilitated absorption and reduced the local

caustic effects.79 In contrast, short-chain alkyl mercury compounds possess relatively stable carbon–mercury bonds that survive the absorptive phase,

although conversion to the inorganic mercuric cation at a rate of less than 1% per day occurs after absorption.124 Because it is lipophilic,

methylmercury readily distributes across all tissues, including the blood–brain barrier and placenta.46 An important consequence of this property is
the devastating neurologic degeneration that develops in prenatally exposed infants with Minamata disease. The rapid decline of blood mercury
concentrations in both suckling rats and breastfeeding human infants is attributed to rapid growth of body volume combined with limited transport of

mercury by milk.76,97,98

After methylmercury is distributed to brain tissue, its fate is uncertain. Animal evidence indicates that methylmercury is converted to inorganic mercury

in brain tissue.63 Primates fed oral methylmercury daily for periods exceeding 1 year and then killed within days of the last exposure demonstrated an
average brain inorganic mercury fraction of only 19%. By contrast, when the postexposure period was extended to between 150 and 650 days, the
inorganic mercury fraction increased to 88%. Similarly, long-term survivors of methylmercury poisoning had a higher ratio of inorganic mercury to

total mercury in their brains.29 In one patient who survived 22 years after methylmercury ingestion, autopsy revealed that the brain mercury was nearly
completely in the inorganic form.

Methylmercury concentrates in RBCs to a much greater degree than do mercuric ions, with an RBC-to-plasma ratio of about 10:1 (in contrast to 1:1 RBC-

to-plasma ratio for inorganic mercury).124 However, despite this apparent affinity for nervous tissue and RBCs, the greatest methylmercury
concentrations are found in the kidneys and liver. In addition, because of the extensive sulfhydryl bonds in hair, methylmercury deposits in hair at

concentrations approximately 250 times that found in whole blood.55

ELIMINATION

Elemental Mercury and Inorganic Mercury

Mercuric ions are excreted through the kidney by both glomerular filtration and tubular secretion and in the GI tract by transfer across gut mesenteric
vessels into feces. Small amounts are reduced to elemental mercury vapor and volatilized from skin and lungs. The total-body half-life of elemental

mercury and inorganic mercury was previously estimated at approximately 30 to 60 days.22,66 However, a recent review of case studies indicates that

the half-life of inorganic mercury in human brains is on the order of several years to several decades.92

Organic Mercury

In contrast to elemental mercury and inorganic mercury, the elimination of short-chain alkyl mercury compounds (such as methylmercury) is
predominantly fecal. Enterohepatic recirculation contributes to its somewhat longer total body half-life of about 70 days. Less than 10% of

methylmercury is excreted in urine and feces as the mercuric cation.124

PATHOPHYSIOLOGY

The pervasive disruption of normal cell physiology by mercury arises from its avid covalent binding to sulfur, replacing the hydrogen ion in the body’s
ubiquitous sulfhydryl groups. Mercury also reacts with phosphoryl, carboxyl, and amide groups, resulting in widespread dysfunction of enzymes,
transport mechanisms, membranes, and structural proteins.

Because mercury deposits in all tissues, the clinical manifestations of mercury toxicity involve multiple organ systems with variable features and
intensity. Necrosis of the GI mucosa and proximal renal tubules, which occurs shortly after mercury salt poisoning, is thought to result from the direct
oxidative effect of mercuric ions. An immune mechanism is attributed to membranous glomerulonephritis and acrodynia associated with the use of

mercurial ointments.13

Neurologic manifestations of methylmercury poisoning correlate with pathologic findings in the brains of both adults and children who were

prenatally exposed.68,113 Grossly, atrophy of the brain is more severe in children who had prenatally or postnatally acquired methylmercury compared
with the brains of those exposed as adults. In the adult brain, neuronal necrosis and glial proliferation are most prominent in the calcarine cortex of
the cerebrum and in the cerebellar cortex. In fetal Minamata disease, similar lesions are present but in a more diffuse and severe form. Atrophy of the
cerebellar hemispheres, postcentral gyri, and calcarine area of the brain demonstrated on magnetic resonance images in organic mercury–poisoned

patients correlates with clinical findings of ataxia, sensory neuropathy, and visual field constriction, respectively.58 Neuropathologic examination of
the brain of a scientist who died after unintentional dermal exposure to dimethylmercury revealed lesions in the cerebellum, temporal lobe, and visual

cortex.105

In rats, neuronal cytotoxicity of methylmercury may result partly from muscarinic receptor–mediated calcium release from smooth endoplasmic

reticulum of cerebellar granule cells.62 There is animal evidence that methylmercury may trigger reactive oxygen species production. In addition,
methylmercury inhibits astrocyte uptake of cysteine, the rate-limiting step in the production of glutathione, a major antioxidant in mammalian cell

systems.104 Cultured astrocytes accumulated methylmercury and exhibited increased mitochondrial permeability and oxidative injury.125 Complexing
of methyl- mercury with L-cysteine may enhance brain uptake by mimicry of methionine, a substrate of the endogenous L amino acid transport system.

Uptake of the L-isomer significantly exceeds that of methylmercury–D-cysteine. Careful selection of stereospecific thiol complexing agents may lead to

strategies to limit brain uptake of methylmercury.56,70

CLINICAL MANIFESTATIONS

Elemental Mercury

Symptoms of acute elemental mercury inhalation occur within hours of exposure and consist of cough, chills, fever, and shortness of breath.
Gastrointestinal complaints include nausea, vomiting, and diarrhea accompanied by a metallic taste, dysphagia, salivation, weakness, headaches, and
visual disturbances. Chest radiography during the acute phase reveals interstitial pneumonitis and both patchy atelectasis and emphysema.
Symptoms either resolve with lesser exposures or progress to acute respiratory distress syndrome (ARDS) with respiratory failure and death. Some
survivors of severe pulmonary toxicity develop interstitial fibrosis and residual restrictive pulmonary disease. The acute respiratory symptoms occur
concomitantly with or precede the development of subacute inorganic mercury poisoning manifested by tremor, kidney dysfunction, and

gingivostomatitis.17,54,94 Thrombocytopenia is also reported to occur during the acute phase.38

Although acute exposure to elemental mercury vapor occurs most commonly in the occupational setting, poisonings caused by mishandling of the

metal in the home are well reported.19,29,50,72,108 In fact, attempts at home metallurgy using metallic mercury have resulted in fatalities with ambient air

concentrations of mercury as high as 0.9 mg/m3. The current US Occupational Safety and Health Administration permissible exposure limit (PEL) for

mercury vapor is 0.1 mg/m3 of air as a ceiling limit.82

As with other inhaled toxins, children are likely to be more sensitive to the pulmonary toxicity of mercury vapor because of their ratio of minute

ventilation volume to body size.72 Although pulmonary toxicity from elemental mercury usually results from inhalation of vapor, massive

endobronchial hemorrhage followed by death has occurred secondary to direct aspiration of metallic mercury into the tracheobronchial tree.127

Gradual volatilization of elemental mercury results in chronic toxicity from improper handling, such as vacuuming spilled mercury.102

The clinical importance of volatilized metallic mercury from dental amalgams for both the dentist and patient is controversial. The preponderance of
evidence refutes the idea that dental amalgam causes mercury poisoning. Several comprehensive reviews of the subject conclude that (1) occupational
exposure to mercury from dental amalgam is acceptably low, provided that recommended preventive measures such as adequate ventilation are
adhered to; (2) the quantity of mercury vaporized from dental amalgam by mechanical forces, such as chewing, is clinically insignificant; and (3) only in
exceedingly rare cases will immunologic hypersensitivity to mercury amalgam (manifested as cutaneous signs and symptoms and confirmed by patch

testing) necessitate removal of the amalgam.33,34,37,61,107

Unusual cases of chronic toxicity have resulted from intentional subcutaneous or IV injection of elemental mercury (Figs. 8–6 and 95–1).49,74 Aside from
management of systemic mercury toxicity, local wound care and excision of deposits of mercury are additional therapeutic challenges presented by
these cases. Serial or repeat radiographs are useful in guiding the removal of the radiopaque deposits.

FIGURE 95–1.

Anteroposterior (A) and lateral (B) views of the elbow after an unsuccessful suicidal gesture involving an attempted intravenous injection of elemental
mercury in the antecubital fossa. Note the extensive subcutaneous mercury deposition, which was partially removed by surgical intervention. (Used
with permission from Diane Sauter, MD.)

Inorganic Mercury

Acute ingestion of mercuric salts produces a characteristic spectrum from severe irritant to caustic gastroenteritis. Immediately after the ingestion, a
grayish discoloration of mucous membranes and metallic taste typically accompany local oropharyngeal pain, nausea, vomiting, and diarrhea followed

by abdominal pain, hematemesis, and hematochezia. The lethal dose of mercuric chloride is estimated to be 30 to 50 mg/kg.116 The life-threatening
manifestations of severe acute mercuric salt ingestion are hemorrhagic gastroenteritis, massive fluid loss resulting in shock, and acute kidney

failure.100

Oropharyngeal injury, nausea, hematemesis, hematochezia, and abdominal pain were the most prominent symptoms in a series of 54 patients who

presented after ingesting up to 4 g of mercuric chloride.116 In this series, fatality was associated with the early development of oliguria (within 3 days)
likely due in large part to lack of routinely available hemodialysis at that time. The development of anuria appeared to be related to the dose of
mercuric chloride ingested. The histopathologic finding of proximal tubular necrosis after mercuric salt poisoning results both from direct toxicity to

renal tubules and from renal hypoperfusion caused by shock. Consequently, aggressive fluid therapy to maintain perfusion is recommended.101

Acute ingestion of mercuric salts is usually intentional, but unintentional ingestion occurs sporadically in both children and adults.51 Although
ingestion of older button batteries containing mercuric oxide was associated with a greater incidence of fragmentation than with other batteries,

clinically significant systemic mercury toxicity by this route was not reported.64,67 Mercuric chloride–containing stool preservatives are another
potential source of unintentional inorganic mercury poisoning. Ingestion of 10 to 20 mL of a polyvinyl alcohol preservative that contained 4.5%

mercuric chloride resulted in bloody gastroenteritis and proteinuria.103 Nonprescription49 and Ayurvedic99 medicines are also associated with

unintentional inorganic mercury poisoning (Chap. 43).53 These xenobiotics are not subject to US Food and Drug Administration (FDA) regulation,
available without prescription, of variable composition, and are often inadequately labeled (Chap. 43).

Subacute or chronic mercury poisoning occurs after inhalation, aspiration, or injection of elemental mercury; ingestion or application of mercury salts;
or ingestion of aryl or long-chain alkyl mercury compounds. Slow in vivo oxidation of elemental mercury and dissociation of the carbon–mercury bond
of aryl or long-chain alkyl mercury compounds result in the production of the inorganic mercurous and mercuric ions.

The predominant manifestations of subacute or chronic mercury toxicity include GI symptoms, neurologic abnormalities, and renal dysfunction.
Gastrointestinal symptoms consist of a metallic taste and burning sensation in the mouth, loose teeth and gingivostomatitis, excessive salivation

(ptyalism), and nausea.122 The neurologic manifestations of chronic inorganic mercurialism include tremor, as well as the syndromes of neurasthenia
and erethism. Neurasthenia is a symptom complex that includes fatigue, depression, headaches, hypersensitivity to stimuli, psychosomatic
complaints, weakness, and loss of concentrating ability. Erethism, derived from the Greek word red, describes the easy blushing and extreme shyness
of affected individuals. Other symptoms of erethism include anxiety, emotional lability, irritability, insomnia, anorexia, weight loss, and delirium.
Mercury produces a characteristic central intention tremor (Chap. 22) that is abolished during sleep. In the most severe forms of mercury-associated
tremor, choreoathetosis and spasmodic ballismus are also reported. Other neurologic manifestations of inorganic mercurialism include a mixed
sensorimotor neuropathy, ataxia, concentric constriction of visual fields (“tunnel vision”), and anosmia.

Chronic poisoning with mercuric ions is associated with renal dysfunction, which ranges from asymptomatic, reversible proteinuria to nephrotic
syndrome with edema and hypoproteinemia. An idiosyncratic hypersensitivity to mercury ions is thought to be responsible for acrodynia, or “pink
disease,” which is an erythematous, edematous, and hyperkeratotic induration of the palms, soles, and face, and a pink papular rash that was first

described in a subset of children exposed to mercurous chloride powders.122 The rash is described as morbilliform, urticarial, vesicular, and
hemorrhagic. This symptom complex also includes excessive sweating, tachycardia, irritability, anorexia, photophobia, insomnia, tremors,
paresthesias, decreased deep tendon reflexes, and weakness. The acral rash frequently progresses to desquamation and ulceration. The prognosis is
favorable after withdrawal from mercury exposure. Childhood acrodynia has become uncommon since the abandonment of mercurial teething
powders and diaper rinses. Occasional case reports still implicate improperly disposed fluorescent light bulbs and phenylmercuric acetate–containing

paint.3,117

Thimerosal is an example of an aryl mercury compound that results in chronic inorganic mercury toxicity. It is a compound that was widely used as a
preservative in the pharmaceutical industry (Chap. 46). Although initial kinetics suggested a stable ethyl–mercury bond, the later elimination phase
more closely resembles that of the inorganic mercury compounds. Thimerosal is approximately 50% mercury by weight. Although generally
considered safe, toxicity and death can occur after both intentional overdose and excessive therapeutic application of merthiolate (0.1% thimerosal or

600 mcg/mL mercury).87,95

Concern that the cumulative dose of thimerosal in childhood immunizations exceeded federally recommended maximum mercury doses (EPA, 0.1
mcg/kg/day; Agency for Toxic Substances and Disease Registry, 0.3 mcg/kg/day; FDA, 0.4 mcg/kg/day) led to a call by the American Academy of

Pediatrics to reduce or eliminate thimerosal from vaccines.4 Thimerosal continues to be used in medically underserved nations as a preservative in

multidose vials in areas with inadequate refrigeration.31 Nevertheless, since 2001, routinely administered childhood vaccines in the United States no

longer contain thimerosal.4,47

Although sensitization after use in vaccinations has been reported in atopic children,86 clinical mercury toxicity has not been reported in appropriately

immunized children. The claim that thimerosal-containing vaccines causes autism has been refuted by numerous studies and meta-analyses.8,65,84,109

No causal association with early thimerosal exposure and adverse neuropsychological outcomes was shown in children tested at 7 to 10 years of

age.115 Clearly, the risk to child health from the diseases targeted for prevention by vaccines far exceeds the risk from thimerosal preservative in

vaccines.39,114,119 In 2010, US courts rejected a causal relationship between thimerosal and autism.32

Organic Mercury Compounds

In contrast to the inorganic mercurials, methylmercury produces an almost purely neurologic disease that is usually permanent except in the mildest of
cases. Although the predominant syndrome associated with methylmercury is that of a delayed neurotoxicity, acute GI symptoms, tremor, respiratory

distress, and dermatitis are also reported.124 In addition, ST segment changes on electrocardiography and renal tubular dysfunction are associated

with this poisoning.45 However, no increase in cardiovascular disease risk was reported with mercury exposure in a large cohort of US adults.73

The lipophilic property and slower elimination of methylmercury likely contribute to its profound neurologic effects. Characteristically, clinical
manifestations occur after the initial poisoning by a latent period of weeks to months. Consequently, the lethal dose of methylmercury is difficult to
determine. As noted previously, infants exposed prenatally to methylmercury were the most severely affected individuals in Minamata. Often born to
mothers with little or no manifestation of methylmercury toxicity themselves, exposed infants exhibited decreased birth weight and muscle tone,
profound developmental delay, seizure disorders, deafness, blindness, and severe spasticity.

Several weeks after methylmercury contaminated grain was ingested in Iraq, patients began to appear with paresthesias involving the lips, nose, and
distal extremities. Symptomatic patients also noted headaches, fatigue, and tremor. More serious cases progressed to ataxia, dysarthria, visual field
constriction, and blindness. Other neurologic deficits included hyperreflexia, hearing disturbances, movement disorders, salivation, and dementia.
The most severely affected patients lay in a mute, rigid posture punctuated only by spontaneous crying, primitive reflexive movements, or feeding

efforts.96

Although the outlook for methylmercury neurotoxicity is generally considered dismal, observations over the subsequent 2 years in 49 Iraqi children

poisoned during the 1971 outbreak revealed complete resolution or partial improvement in all but the most severely affected.5 Of the 40 symptomatic
children, 33 mildly to severely affected children showed partial to complete resolution of symptoms, but the 7 children classified as “very severely
poisoned” remained dysarthric, ataxic, blind, and bedridden.

An important route of organic mercury exposure is through seafood consumption. The safe amount of methylmercury in seafood remains
controversial. The FDA action concentration of 1 ppm for methylmercury in fish was set to limit consumption of methylmercury to less than 1/10th of

amounts found in cases of symptomatic poisoning. The EPA established a reference dose for methylmercury of 0.1 mcg/kg/day.90,118 Although
elevated blood concentrations (19–53 mcg/L) of mercury were found in one group of self-reported high consumers of seafood, increased incidence of

cognitive and GI complaints were not.52 Even so, concentrations at which fetuses experience adverse effects are unknown. Longitudinal studies of fish-
eating populations are conflicting. No effect of a high prenatal fish diet was found on developmental markers in children followed to 19 years of age in

the Seychelles Islands.27,28,120

However, in the studies done in the Faroe Islands and New Zealand, a subtle but significant effect on neuropsychological development was

reported.25,42,110 In the Faroe Islands, this effect persisted when children were retested at 22 years of age.30,31

One reason for the discrepancy that occurs between the 2 populations may be the different patterns of seafood consumption and concentrations of
methylmercury in the seafood consumed by each. The Faroese consume low level mercury–containing fish 1 to 3 times a week with episodic feasts of
highly contaminated pilot whale, whereas the Seychellois consume a more steady diet of low level–contaminated fish on average 12 times per week.
The pilot whales consumed in the Faroe Islands are also contaminated with neurotoxic polychlorinated biphenyls (PCBs), although these compounds
were measured and considered a potential confounding variable. The mean concentration of methylmercury in the whale meat consumed in the Faroe
Islands was 1.6 mcg/g, and the mean concentration of mercury found in New Zealand shark was 2.2 mcg/g. By contrast, the mean methylmercury

content of Seychellois fish was 0.3 mcg/g.75 The threshold concentration for neuropsychological effects may lie between these concentrations.

The development of neurologic symptoms in infants exclusively breastfed by women exposed to methylmercury after delivery and the detection of

mercury in the milk of lactating women implies a risk for mercury poisoning via breast milk.57 In one series of lactating women, mercury concentrations

in milk were approximately 30% of the concentrations found in blood.83 Perhaps because of high levels of PCBs in pilot whale meat, 7-year-old children
from the Faroe Islands, who have a diet traditionally high in the mercury-containing sea mammals and were breast-fed as infants, exhibited a

diminished benefit (but not deficit) on neuropsychological testing when compared with their counterparts fed formula.48

Further complicating findings in a cohort of Faroese children, the neurobehavioral deficits from methylmercury may be underestimated unless the

protective effects of long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, also found in fish) are included in the analysis.21 Likewise, the Seychelles
Child Development Study Nutrition Cohort 2 found no overall adverse association between prenatal methylmercury exposure and

neurodevelopmental outcomes in children with high maternal n-3 PUFA concentrations.111 The net neuropsychological effects of prenatal and dietary
methylmercury result from dose and timing of fish in the diet as well as the concentrations of methylmercury, neurotoxic PCBs, and neuroprotective

PUFA in the consumed fish.111

The FDA recommends that at-risk populations (pregnant women and women who may become pregnant, nursing mothers, and young children) avoid
large predator fish (shark, swordfish, tilefish, and king mackerel) that contain concentrations of methylmercury approaching 1 ppm (1 mcg/g). The
2004 FDA/EPA consumer advisory emphasizes the health benefits of eating fish and allow for up to 12 ounces per week of fish and shellfish lower in
mercury such as shrimp, canned light tuna, salmon, pollock and catfish and up to 6 ounces of albacore tuna per week. Given the beneficial effects of

seafood, efforts should be aimed at decreasing anthropogenic release of mercury rather than elimination of dietary exposure.91

Although methylmercury has greater importance worldwide, the extreme toxicity of another organic mercurial, dimethylmercury, was tragically
demonstrated by the delayed fatal neurotoxicity that developed in a chemist who inadvertently spilled dimethylmercury on a break in the gloves on her

hands.77 Over a period of several days, she developed progressive difficulty with speech, vision, and gait. Despite chelation and exchange transfusion,
she died of mercury neurotoxicity within several months of the exposure.

DIAGNOSTIC TESTING

The dual findings of unexplained neuropsychiatric and kidney abnormalities in an individual should alert the clinician to the possibility of
mercurialism, as should an at-risk occupation or access by the patient to a mercurial product (Table 95–1). Occupational or environmental exposure
and a consistent clinical scenario are suggestive of mercury poisoning, but demonstration of mercury in blood, urine, or tissues is necessary for
confirmation of exposure. Of the many methods available to measure mercury, cold atomic absorption spectrometry is rapid, sensitive, and accurate
but cannot distinguish the various forms of mercury. Thin-layer and gas chromatographic techniques are recommended to distinguish organic from
inorganic mercury. Whole blood should be collected into a trace element collection tube obtained from the laboratory performing the assay. Urine
should be collected for 24 hours into an acid-washed container obtained from a laboratory. Spot collections must be adjusted for creatinine
concentration. Attempts to measure or otherwise handle the specimen should be avoided to prevent external contamination (Table 95–4).

TABLE 95–4

Diagnostic Testing for Mercury

Whole  Blood 24-hour Urine Hair Clinical

Elemental/Inorganic (+)

Acute, transient

(++)

Confirm exposure

Monitor chelation

Poor correlation to

TBB

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Early detection

Organic (++)

Best reflects

TBB

(–)

Fecal elimination

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Reflects irreversible CNS

toxicity

Early detection

There is considerable overlap among concentrations of mercury found in the normal population, asymptomatic exposed individuals, and patients with
clinical evidence of poisoning. There is no definitive correlation between either whole blood or urine mercury concentration and mercury toxicity.
However, mercury serves no useful role in human physiology, and concentrations of 1.0 mcg/L or less for whole blood and 0.5 mcg/L for urine are
generally considered to reflect background exposure in nonpoisoned individuals. The inconsistencies of the values found in the literature for mercury
exposure are a recurrent issue in metal testing. A credible and qualified laboratory should be employed and their reference ranges accepted when

testing is desired.20

For inorganic mercury poisoning, urine mercury concentrations correlate roughly with exposure severity and neuropsychiatric symptoms,93 but the
relationship to total body burden is probably poor. Urine mercury determinations have their greatest usefulness in confirming exposure and
monitoring the efficacy of chelation therapy. Whole blood mercury concentrations reflect intense, acute inorganic mercury exposure but become less
reliable as redistribution to tissues takes place.

Because organic mercury is eliminated via the fecal route, urine mercury concentrations are not useful in methylmercury poisoning. Because
methylmercury concentrates in RBCs, the total-body methylmercury burden is best reflected acutely by whole-blood concentrations. As methylmercury
distributes to and accumulates in brain, the severity of clinical manifestations probably more closely reflects the degree of the irreversible neuronal
destruction that has taken place rather than the current body burden of mercury. Correlation of increasing whole-blood mercury concentrations with

prevalence of paresthesias was suggested in a population of Iraqis studied early in the course of methylmercury poisoning.24 However, in another

group of patients, whole-blood concentrations did not correlate with severity of methylmercury poisoning.96 This apparent discrepancy may have
resulted from the finding that paresthesias are among the earliest reported symptoms of methylmercury poisoning.

Because mercury accumulates in the hair, hair analysis has been used as a tool for measuring mercury burden. However, because metal incorporation
reflects past exposure and hair avidly binds to noningested environmental mercury, the reliability of this method is questionable and is not

recommended.89 In addition to mercury assays, neuropsychiatric testing, nerve conduction studies, and urine assays for N-acetyl-β-D-glucosaminidase

and β2-microglobulin are advocated for early detection of subclinical inorganic and organic mercury toxicity.34,45,93

GENERAL MANAGEMENT

After the initial assessment and stabilization, the early toxicologic management of a patient with mercury poisoning includes termination of exposure
by removal from vapors, washing exposed skin, GI decontamination, supportive measures (eg, hydration, humidified oxygen), baseline diagnostic
studies (eg, complete blood count, serum chemistries, venous blood gas, radiography, ECG), specific analysis of whole blood and urine for mercury,
evaluation of possible cointoxicants, and meticulous monitoring.

Elemental Mercury

Inhalation of mercury vapors or aspiration of metallic mercury may result in life-threatening respiratory failure; in this situation, stabilization of
cardiorespiratory function is the initial priority. Postural drainage and endotracheal suction are a reasonable technique to attempt to remove
aspirated metallic mercury. Parenteral deposition of subcutaneous or intramuscular (IM) mercury is amenable to surgical excision, if well localized
(Fig. 95–1).

An adjunct to the initial management of patients with mercury poisoning is environmental decontamination. Elemental mercury that spills onto solid
surfaces should be adsorbed to sand and the resulting mixture then swept into tightly sealed containers. Ideally, a mercury decontamination kit should
be used. The kit consists of calcium polysulfide, which contains excess sulfur to convert mercury to water-insoluble mercuric sulfide. Absorbent
surfaces, such as carpets, should be removed. Spilled mercury compounds should not be vacuumed because vacuuming could volatilize the

mercury.18 Broken compact fluorescent light bulbs should be handled and disposed of according to EPA guidelines and local requirements.2

Recommendations for decontamination after breakage include opening windows to release vapor, using adhesive tape to pick up visible fragments,
and discarding contaminated material in double-wrapped bags. Guidance for decontamination of major spills and disposal of materials can be
provided by local and federal hazardous materials agencies.

Inorganic Mercury

Because ingestion of inorganic mercuric may lead to cardiovascular collapse caused by severe gastroenteritis and third-space fluid loss, fluid
resuscitation is a priority. Gastrointestinal decontamination of ingested inorganic mercury is particularly problematic because of its causticity and risk
for perforating injury. Nevertheless, one series of patients with mercuric chloride ingestion of up to 4 g reported recovery without long-term GI

sequelae in patients who did not succumb to kidney failure.116 Therefore, unless there is high suspicion for penetrating GI mucosal injury, removal of
mercury from absorptive surfaces should take priority over endoscopic evaluation. The prominence of vomiting makes gastric lavage unnecessary for
most patients with inorganic mercury poisoning.

Metals are among the substances that are often considered to be poorly adsorbed to activated charcoal. Nevertheless, the serious nature of late
sequelae after mercury absorption, the typically small quantities of mercury ingested, and evidence that inorganic mercuric salts actually have
substantial adsorption to activated charcoal (800 mg mercuric chloride can be adsorbed to 1 g activated charcoal) justify the routine administration of

activated charcoal.6 Whole-bowel irrigation with polyethylene glycol solution is a reasonable adjunct to remove residual mercury, and its progress can
be followed with serial radiographs.

Organic Mercury

Organic mercury exposures do not typically present as single acute ingestions but rather as chronic or subacute ingestion of contaminated food.
Therefore, GI decontamination is generally moot with respect to organic mercury poisoning. Nevertheless, its irreversible toxicity coupled with
unsatisfactory treatments calls for aggressive decontamination when acute ingestions or dermal exposures occur.

CHELATION

After initial stabilization and decontamination, early institution of chelators minimizes or prevents the widespread effects of poisoning. Dimercaprol
was developed during World War II as an antidote against lewisite, an arsenical warfare agent. The water-soluble analogs DMPS and succimer were

developed in the 1950s, and the 3 chelators have remained the mainstay of therapy for mercury poisoning.59 A high degree of protein binding and
distribution to the brain are responsible for the lack of efficacy of other measures to increase mercury clearance, such as peritoneal dialysis and

hemodialysis.100 In one report of the use of continuous venovenous hemodiafiltration in combination with a chelator in a patient with severe inorganic

mercury poisoning, 12.7% of the ingested dose was recovered in the ultrafiltrate.26 Hemodialysis may nevertheless ultimately be necessary because of
the acute kidney failure that often occurs after mercuric chloride poisoning.

Chelators have thiol groups that compete with endogenous sulfhydryl groups for the binding of mercury, thereby preventing inactivation of sulfhydryl-
containing enzymes and other essential proteins (Antidotes in Depth: A28 and A29). A history of significant mercury exposure combined with the
presence of typical symptoms of mercury poisoning is an appropriate indication for the institution of chelation therapy. Elevated whole-blood and
urine mercury concentrations help support the decision to begin chelation therapy in unclear cases and can also be used to guide the duration of
therapy. Provocative chelation, in which urinary mercury excretion before and after a chelating dose is compared to determine the degree of mercury

poisoning, is of no value.52 Chelation tends to increase urinary elimination of mercury, regardless of exposure history and baseline excretion.

Elemental Mercury and Inorganic Mercury Salts

For patients with symptomatic acute inorganic mercury poisoning, dimercaprol should be administered for 10 days in dosages of 5 mg/kg/dose every 4
hours IM for 48 hours, then 2.5 mg/kg every 6 hours for 48 hours, followed by 2.5 mg/kg every 12 hours for 7 days. It is reasonable to adjust this dosing
regimen, which was derived from lead poisoning, according to clinical response and the occurrence of adverse reactions.

When a patient can take oral medications, we recommend that dimercaprol be replaced with succimer at 10 mg/kg orally 3 times a day for 5 days, then
twice a day for 14 days if the GI tract is clear. Because headache, nausea, vomiting, abdominal pain, and diaphoresis are common reactions during
dimercaprol chelation therapy, oral succimer is recommended in patients who are not acutely ill or who have been chronically poisoned.

Either dimercaprol or succimer is considered the treatment of choice for inorganic mercury poisoning in the United States, but a few other chelators
deserve mention. 2,3-Dimercapto-1-propanesulfonic acid (DMPS) is a water-soluble dimercaprol derivative that is used in Europe. It is administered
both IV and orally. D-Penicillamine is an orally administered monothiol. Its adverse events—GI distress, rashes, leukopenia, thrombocytopenia, and

proteinuria—although uncommon in therapeutic doses, seriously limit the usefulness of the drug. N-acetyl-D,L-penicillamine (NAP), an investigational

analog of D-penicillamine, is thought to be a more effective chelator of mercury than is D-penicillamine, perhaps because of its greater stability.11,40,43

Organic Mercury Compounds

The neurotoxicity of methylmercury and other organic mercury compounds is resistant to treatment, and therapeutic options are less than
satisfactory. In rats, both dimercaprol and D-penicillamine effectively reduced tissue mercury and prevented neurologic toxicity if administered within

the first day of a methylmercury injection.126 Neither treatment reversed neurologic toxicity when administered 12 days after methylmercury injection.
2,3-Dimercapto-1-propanesulphonate, D-penicillamine, NAP, and a thiolated resin all led to a marked reduction of blood half-life of mercury (ie, 10, 24,

23, and 19 days, respectively, versus 60 days) during the outbreak of methylmercury poisoning in Iraq in 1971.24 Clinical improvement was not
observed in any treatment group, but it is reasonable to postulate that reducing the total-body burden of methylmercury may prevent or limit the

progression of disease. When studied in mice poisoned with methylmercury,1 succimer was superior to NAP, DMPS, and a thiolated resin in decreasing
brain mercury and increasing urinary excretion. Brain mercury was decreased to 35% of control, and the total-body burden fell to 19%. Some animal

evidence suggests that dimercaprol increases mercury mobilization into the brain.7,10,15 For this reason, and the lack of serious GI symptoms
necessitating parenteral chelation, We recommend against the use of dimercaprol the treatment of patients with organic mercury poisoning.

Because the neurologic impairment associated with methylmercury is both profound and essentially irreversible, early recognition of poisoning and
prevention of neurotoxicity are essential to a successful outcome. At this time, succimer is the most reasonable treatment for methylmercury
poisoning because of its apparently low toxicity and reported efficacy in animal trials.

SUMMARY

Mercury poisoning by any of the 3 major forms—elemental, inorganic, and organic—presents a complex toxicologic problem associated with a
large variety of clinical presentations.

An ever present awareness of the signs and symptoms coupled with the knowledge of the differing clinical forms is essential for both early
recognition and effective treatment.

Although some chelators show promise in the treatment of mercury poisoning, neurologic sequelae, particularly those resulting from organic
mercury exposures, remain largely irreversible.

Dietary fish remains an important source of mercury exposure and mercurial neuropsychologic illness.

There is no evidence for the role of mercury in the pathogenesis of autism.

Promotion of public education regarding the dangers of mercury, its avoidance, and proper disposal may aid in the prevention of mercury
poisoning.
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ATN = acute tubular necrosis; BAL = British anti-Lewisite; CNS = central nervous system; GI = gastrointestinal; + to +++ = present with increasing importance; - =

absent.

CNS = central nervous system; TBB = total body burden; + to ++ = useful testing specimen; - = lack of utility.
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Chapter 95: Mercury

Young-Jin Sue

INTRODUCTION

HISTORY AND EPIDEMIOLOGY

Mercury is a metal that is widely toxic to multiple organ systems. Its toxicologic manifestations are well known as a result of thousands of years of

medicinal applications, industrial use, and environmental disasters.69,112 Mercury occurs naturally in small amounts as the elemental (Hg0) silver-

colored liquid (quicksilver); as inorganic compounds such as mercuric (Hg2+) sulfide (cinnabar), mercurous (Hg+) chloride (calomel), mercuric chloride
(corrosive sublimate), and mercuric oxide; and as organic compounds (methylmercury and dimethylmercury). Mercury’s gastroenteric irritant effects
led to its use as a therapy for constipation. In recent (16th–19th), centuries, mercury-containing preparations, advocated for their potent diuretic and

sialogogic properties, were widely used to treat syphilis to “flush” the “virus” out.81 The musician Paganini was one of several famous persons whose
gingivitis, dental decay, ptyalism (excessive salivation), and erethism (pathologic irritability and emotional instability) were attributed to mercury

therapy.80 In the 1800s, the United States witnessed an epidemic of “hatters’ shakes” or “Danbury shakes” and “mercurial salivation” in hat industry

workers.123 Danbury, Connecticut, was a US center of felt hat manufacturing in which mercuric nitrate was used to mat animal furs into felt.112,123

In the early 1900s, acrodynia, a painful dusky pink discoloration of the hands and feet, or “pink disease,” was described in children who received

calomel for ascariasis or teething discomfort.16 Vividly described in a series of 41 children, the development of acrodynia was more common in

younger children, did not seem to correlate with mercury dose, and was not necessarily related to urine concentrations of mercury.122

One of the most devastating epidemics of mercury poisoning occurred as the result of a decade of contamination of Minamata Bay in Japan by a
nearby vinyl chloride plant during the 1940s. Methylmercury accumulated in the bay’s marine life and poisoned the inhabitants of the local fishing
community. Although officially only 121 victims were reported, thousands more are believed to have been affected by what has subsequently been

named Minamata disease.88,113 The largest outbreak of methylmercury poisoning to date occurred in Iraq in late 1971. Approximately 95,000 tons of
seed grain intended for planting and treated with methylmercury as a fungicide were baked into bread for direct consumption, resulting in widespread

neurologic symptoms, 6,530 hospital admissions, and more than 400 deaths.5,23,96

In 1990, the US Environmental Protection Agency (EPA) banned mercury-containing compounds from interior paints.3 However, mercury-containing
paints manufactured before that ruling may still be on interior walls, and mercury-containing paint can still be sold for outdoor use. In 1997, a scientist

succumbed to delayed, progressive neurologic deterioration after a minute dermal exposure to dimethylmercury.77 Contemporary exposures occur in

the form of mercury-tainted seafood, mercury-based preservatives (thimerosal), and artisanal gold mining.36

However, a once widely feared source of potential poisoning, mercury-containing dental amalgam does not result in clinical poisoning.14 Occasionally,
exposure to mercury from broken thermometers leads to poisoning in the home, but such thermometers are becoming less common because of

recent efforts to replace mercury with digital thermometers and other electronic devices.78

More recently, the ongoing movement to replace incandescent light bulbs with compact fluorescent bulbs has once again raised the concern of
exposure to mercury in the home and environment. Promoted to reduce greenhouse gas emissions, each bulb contains about 4 mg of elemental

mercury.2

Table 95–1 lists some potential sources of mercury exposure.

TABLE 95–1

Exposures to Mercury

Elemental Inorganic Organic

Manufacturing/Industrial Barometers

Bronzing

Ceramics

Chlorine manufacture

Electroplating

Jewelry

Metal refineries

Paints

Paper pulp

Photography

Batteries

Chemistry sets

Dyes

Explosives

Fireworks

Laboratory reagents

Tanneries

Taxidermy

Vinyl chloride manufacture

Agriculture

Embalming

Fungicides

Laboratory reagents

Pesticides

Wood preservatives

Medical/Medicinal Amalgam

Sphygmomanometry

Tissue fixatives

Thermometers

Weighted nasogastric tubes

Antiseptics

Calomel

Disinfectants

Laxatives

Nonprescription medications

Bactericidals

Pharmaceuticals

Preservatives

Food/Other Ritualistic, complementary Aesthetic, cosmetic

Ayurvedic

Grains (contaminated)

Seafood

FORMS OF MERCURY AND TOXICOKINETICS

The 3 clinically important forms of mercury—elemental, inorganic, and organic—differ with respect to their toxicodynamics and toxicokinetics (Table
95–2). Each produces distinct clinical patterns of poisoning stemming in part from their unique kinetic features (Table 95–3). For each form, the
specific manifestations are determined by the route of exposure, rate of exposure, distribution, biotransformation of mercury within the body, and
relative accumulation or elimination of mercury by the target organ systems. Whereas elemental mercury produces pulmonary toxicity, inorganic
mercury initially causes gastrointestinal (GI) symptoms followed by nephrotoxicity. A nearly pure neurologic toxicity results from organic
(methylmercury) exposure.

TABLE 95–2

Classes of  Mercury Compounds

Nomenclature Example

Elemental Hg0 Quicksilver

Inorganic Hg+

HgCl

Hg2+

HgCl2

Mercurous ion

Calomel, mercurous chloride

Mercuric ion

Mercuric chloride

Organic Short-chain alkyl–mercury compounds

Long-chain mercury compounds

Aryl mercury compounds

Methylmercury

Ethylmercury

Dimethylmercury

Methoxyethylmercury

Phenylmercury

TABLE 95–3

Differential Characteristics of Mercury Exposure

Elemental Inorganic Organic

Primary route of exposure Inhalation Oral Oral

Primary tissue distribution CNS, kidney Blood (transient, acute)

Kidney

CNS (delayed)

CNS, kidney, liver, blood, hair

Clearance Kidney, GI Kidney, GI Methyl: GI

Aryl: kidney, GI

Clinical effects

 CNS Tremor Tremor, erethism Paresthesias, ataxia, tremor, tunnel vision, dysarthria

 Pulmonary +++ – –

 Gastrointestinal + +++ (caustic) +

 Renal + +++ (ATN) +

 Acrodynia + ++ –

Therapy BAL, succimer BAL, succimer Succimer (early)

ABSORPTION

Elemental Mercury

Elemental mercury (Hg0) is absorbed primarily via inhalation of vapor, although slow absorption after aspiration, subcutaneous deposition, and direct

intravenous (IV) embolization occurs.60,74,121 Volatility, moderate at room temperature, increases significantly with heating or aerosolization, both of

which occur with vacuuming.44,102 When inhaled by human volunteers, 75% to 80% of mercury vapor is absorbed.44 However, elemental mercury is
negligibly absorbed from an anatomically and functionally normal GI tract, and it is usually considered nontoxic when ingested. Abnormal GI motility
prolongs mucosal exposure to elemental mercury, and massive ingestion increases subsequent ionization to more readily absorbed forms. Similarly,
anatomic GI abnormalities such as fistulae or perforation are associated with extravasation of mercury into the peritoneal in which where elemental
mercury is oxidized to more readily absorbed inorganic forms.

Inorganic Mercury

The principal route of absorption for inorganic mercury is the GI tract. Approximately 10% of soluble divalent (Hg2+) mercuric salts such as mercuric

chloride (HgCl2) are absorbed following ingestion and dissociation.66 Absorption of a relatively insoluble monovalent (Hg+) mercurous compound,

such as mercurous chloride (calomel; HgCl), is dependent on its oxidation to the divalent form.79 Inorganic mercury is also absorbed across the skin
and mucous membranes, as evidenced by urinary excretion of mercury after dermal application of skin-lightening mercurial ointments and powders

containing HgCl.106,122

The degree of dermal absorption varies by the concentration of mercury, skin integrity, and lipid solubility of the vehicle. With substantial dermal
exposures to mercury salts, skin absorption may be difficult to distinguish from concomitant absorption via other routes, such as ingestion.

Organic Mercury

As in the case of inorganic mercury, organic mercury is primarily absorbed from the GI tract. Methylmercury, considered the prototype of the short-

chain alkyl compounds, is approximately 90% absorbed from the gut. Aryl and long-chain alkyl compounds have more than 50% GI absorption.79

Although both dermal and inhalational absorption of organic mercury is reported, precise quantitation and exclusion of concomitant absorption by
ingestion are difficult to determine.

DISTRIBUTION AND BIOTRANSFORMATION

After absorption, mercury distributes widely to all tissues, predominantly the kidneys, liver, spleen, and central nervous system (CNS). The initial
distributive pattern into nervous tissue of elemental and organic mercury differs from that of the inorganic compounds because of their greater lipid
solubility.

Elemental Mercury

Although peak concentrations of elemental mercury are delayed in the CNS as compared with other organs (2–3 days versus 1 day),44 significant
accumulation in the CNS occurs after an acute, intense exposure to elemental mercury vapor. Conversion of elemental mercury to the charged

mercuric (Hg2+) cation within the CNS favors retention and local accumulation. Because elemental mercury does not covalently bind to other

compounds, its toxicity depends on its oxidation initially to the mercurous ion (Hg+) and then to the mercuric ion (Hg2+) by the enzyme catalase.66

Because this oxidation–reduction reaction favors the mercuric cation at steady state, the distribution and late manifestations of metallic mercury
toxicity eventually resemble those of inorganic mercury poisoning. Conversely, and to a lesser extent, inorganic mercuric ions are reduced to the

elemental state (Hg0), although the site and mechanism of this reaction are not well understood.79

Inorganic Mercury

The greatest concentration of mercuric ions is found in the kidneys, particularly within the renal tubules. At least in animal studies, administration of

mercury induces the renal synthesis of metallothionein, a compound that binds to and detoxifies mercuric ions.12 Very little mercury is found as free
mercuric ions. In blood, mercuric ions are found both within the red blood cells (RBCs) and bound to plasma proteins in approximately equal
proportions. Blood concentrations are greatest immediately after inorganic mercury exposure, with rapid waning as distribution to other tissues
occurs. Although penetration of the blood–brain barrier is poor because of low lipid solubility, slow elimination and prolonged exposure contribute to
significant CNS accumulation of mercuric ions. Within the CNS, mercuric ions concentrate in the cerebellum and hippocampus, and to a lesser degree,

the cerebral cortex.35 Although inorganic mercurials undergo organification in marine life, as in the Minamata Bay disaster,9,85 the importance of this

conversion in humans is unknown. Animal studies demonstrate that the placenta functions as an effective barrier to mercuric ions.79

Organic Mercury

Once absorbed, aryl (phenyl mercury) and long-chain alkyl mercury compounds differ from the short-chain organic mercury compounds
(methylmercury) in an important way—the former possess a labile carbon–mercury bond, which is subsequently cleaved, releasing the inorganic
mercuric ion. Thus, the distribution pattern and toxicologic manifestations produced by the aryl and long-chain alkyl compounds that occur beyond
the immediate postabsorptive phase are comparable to those of inorganic mercury, but organification has facilitated absorption and reduced the local

caustic effects.79 In contrast, short-chain alkyl mercury compounds possess relatively stable carbon–mercury bonds that survive the absorptive phase,

although conversion to the inorganic mercuric cation at a rate of less than 1% per day occurs after absorption.124 Because it is lipophilic,

methylmercury readily distributes across all tissues, including the blood–brain barrier and placenta.46 An important consequence of this property is
the devastating neurologic degeneration that develops in prenatally exposed infants with Minamata disease. The rapid decline of blood mercury
concentrations in both suckling rats and breastfeeding human infants is attributed to rapid growth of body volume combined with limited transport of

mercury by milk.76,97,98

After methylmercury is distributed to brain tissue, its fate is uncertain. Animal evidence indicates that methylmercury is converted to inorganic mercury

in brain tissue.63 Primates fed oral methylmercury daily for periods exceeding 1 year and then killed within days of the last exposure demonstrated an
average brain inorganic mercury fraction of only 19%. By contrast, when the postexposure period was extended to between 150 and 650 days, the
inorganic mercury fraction increased to 88%. Similarly, long-term survivors of methylmercury poisoning had a higher ratio of inorganic mercury to

total mercury in their brains.29 In one patient who survived 22 years after methylmercury ingestion, autopsy revealed that the brain mercury was nearly
completely in the inorganic form.

Methylmercury concentrates in RBCs to a much greater degree than do mercuric ions, with an RBC-to-plasma ratio of about 10:1 (in contrast to 1:1 RBC-

to-plasma ratio for inorganic mercury).124 However, despite this apparent affinity for nervous tissue and RBCs, the greatest methylmercury
concentrations are found in the kidneys and liver. In addition, because of the extensive sulfhydryl bonds in hair, methylmercury deposits in hair at

concentrations approximately 250 times that found in whole blood.55

ELIMINATION

Elemental Mercury and Inorganic Mercury

Mercuric ions are excreted through the kidney by both glomerular filtration and tubular secretion and in the GI tract by transfer across gut mesenteric
vessels into feces. Small amounts are reduced to elemental mercury vapor and volatilized from skin and lungs. The total-body half-life of elemental

mercury and inorganic mercury was previously estimated at approximately 30 to 60 days.22,66 However, a recent review of case studies indicates that

the half-life of inorganic mercury in human brains is on the order of several years to several decades.92

Organic Mercury

In contrast to elemental mercury and inorganic mercury, the elimination of short-chain alkyl mercury compounds (such as methylmercury) is
predominantly fecal. Enterohepatic recirculation contributes to its somewhat longer total body half-life of about 70 days. Less than 10% of

methylmercury is excreted in urine and feces as the mercuric cation.124

PATHOPHYSIOLOGY

The pervasive disruption of normal cell physiology by mercury arises from its avid covalent binding to sulfur, replacing the hydrogen ion in the body’s
ubiquitous sulfhydryl groups. Mercury also reacts with phosphoryl, carboxyl, and amide groups, resulting in widespread dysfunction of enzymes,
transport mechanisms, membranes, and structural proteins.

Because mercury deposits in all tissues, the clinical manifestations of mercury toxicity involve multiple organ systems with variable features and
intensity. Necrosis of the GI mucosa and proximal renal tubules, which occurs shortly after mercury salt poisoning, is thought to result from the direct
oxidative effect of mercuric ions. An immune mechanism is attributed to membranous glomerulonephritis and acrodynia associated with the use of

mercurial ointments.13

Neurologic manifestations of methylmercury poisoning correlate with pathologic findings in the brains of both adults and children who were

prenatally exposed.68,113 Grossly, atrophy of the brain is more severe in children who had prenatally or postnatally acquired methylmercury compared
with the brains of those exposed as adults. In the adult brain, neuronal necrosis and glial proliferation are most prominent in the calcarine cortex of
the cerebrum and in the cerebellar cortex. In fetal Minamata disease, similar lesions are present but in a more diffuse and severe form. Atrophy of the
cerebellar hemispheres, postcentral gyri, and calcarine area of the brain demonstrated on magnetic resonance images in organic mercury–poisoned

patients correlates with clinical findings of ataxia, sensory neuropathy, and visual field constriction, respectively.58 Neuropathologic examination of
the brain of a scientist who died after unintentional dermal exposure to dimethylmercury revealed lesions in the cerebellum, temporal lobe, and visual

cortex.105

In rats, neuronal cytotoxicity of methylmercury may result partly from muscarinic receptor–mediated calcium release from smooth endoplasmic

reticulum of cerebellar granule cells.62 There is animal evidence that methylmercury may trigger reactive oxygen species production. In addition,
methylmercury inhibits astrocyte uptake of cysteine, the rate-limiting step in the production of glutathione, a major antioxidant in mammalian cell

systems.104 Cultured astrocytes accumulated methylmercury and exhibited increased mitochondrial permeability and oxidative injury.125 Complexing
of methyl- mercury with L-cysteine may enhance brain uptake by mimicry of methionine, a substrate of the endogenous L amino acid transport system.

Uptake of the L-isomer significantly exceeds that of methylmercury–D-cysteine. Careful selection of stereospecific thiol complexing agents may lead to

strategies to limit brain uptake of methylmercury.56,70

CLINICAL MANIFESTATIONS

Elemental Mercury

Symptoms of acute elemental mercury inhalation occur within hours of exposure and consist of cough, chills, fever, and shortness of breath.
Gastrointestinal complaints include nausea, vomiting, and diarrhea accompanied by a metallic taste, dysphagia, salivation, weakness, headaches, and
visual disturbances. Chest radiography during the acute phase reveals interstitial pneumonitis and both patchy atelectasis and emphysema.
Symptoms either resolve with lesser exposures or progress to acute respiratory distress syndrome (ARDS) with respiratory failure and death. Some
survivors of severe pulmonary toxicity develop interstitial fibrosis and residual restrictive pulmonary disease. The acute respiratory symptoms occur
concomitantly with or precede the development of subacute inorganic mercury poisoning manifested by tremor, kidney dysfunction, and

gingivostomatitis.17,54,94 Thrombocytopenia is also reported to occur during the acute phase.38

Although acute exposure to elemental mercury vapor occurs most commonly in the occupational setting, poisonings caused by mishandling of the

metal in the home are well reported.19,29,50,72,108 In fact, attempts at home metallurgy using metallic mercury have resulted in fatalities with ambient air

concentrations of mercury as high as 0.9 mg/m3. The current US Occupational Safety and Health Administration permissible exposure limit (PEL) for

mercury vapor is 0.1 mg/m3 of air as a ceiling limit.82

As with other inhaled toxins, children are likely to be more sensitive to the pulmonary toxicity of mercury vapor because of their ratio of minute

ventilation volume to body size.72 Although pulmonary toxicity from elemental mercury usually results from inhalation of vapor, massive

endobronchial hemorrhage followed by death has occurred secondary to direct aspiration of metallic mercury into the tracheobronchial tree.127

Gradual volatilization of elemental mercury results in chronic toxicity from improper handling, such as vacuuming spilled mercury.102

The clinical importance of volatilized metallic mercury from dental amalgams for both the dentist and patient is controversial. The preponderance of
evidence refutes the idea that dental amalgam causes mercury poisoning. Several comprehensive reviews of the subject conclude that (1) occupational
exposure to mercury from dental amalgam is acceptably low, provided that recommended preventive measures such as adequate ventilation are
adhered to; (2) the quantity of mercury vaporized from dental amalgam by mechanical forces, such as chewing, is clinically insignificant; and (3) only in
exceedingly rare cases will immunologic hypersensitivity to mercury amalgam (manifested as cutaneous signs and symptoms and confirmed by patch

testing) necessitate removal of the amalgam.33,34,37,61,107

Unusual cases of chronic toxicity have resulted from intentional subcutaneous or IV injection of elemental mercury (Figs. 8–6 and 95–1).49,74 Aside from
management of systemic mercury toxicity, local wound care and excision of deposits of mercury are additional therapeutic challenges presented by
these cases. Serial or repeat radiographs are useful in guiding the removal of the radiopaque deposits.

FIGURE 95–1.

Anteroposterior (A) and lateral (B) views of the elbow after an unsuccessful suicidal gesture involving an attempted intravenous injection of elemental
mercury in the antecubital fossa. Note the extensive subcutaneous mercury deposition, which was partially removed by surgical intervention. (Used
with permission from Diane Sauter, MD.)

Inorganic Mercury

Acute ingestion of mercuric salts produces a characteristic spectrum from severe irritant to caustic gastroenteritis. Immediately after the ingestion, a
grayish discoloration of mucous membranes and metallic taste typically accompany local oropharyngeal pain, nausea, vomiting, and diarrhea followed

by abdominal pain, hematemesis, and hematochezia. The lethal dose of mercuric chloride is estimated to be 30 to 50 mg/kg.116 The life-threatening
manifestations of severe acute mercuric salt ingestion are hemorrhagic gastroenteritis, massive fluid loss resulting in shock, and acute kidney

failure.100

Oropharyngeal injury, nausea, hematemesis, hematochezia, and abdominal pain were the most prominent symptoms in a series of 54 patients who

presented after ingesting up to 4 g of mercuric chloride.116 In this series, fatality was associated with the early development of oliguria (within 3 days)
likely due in large part to lack of routinely available hemodialysis at that time. The development of anuria appeared to be related to the dose of
mercuric chloride ingested. The histopathologic finding of proximal tubular necrosis after mercuric salt poisoning results both from direct toxicity to

renal tubules and from renal hypoperfusion caused by shock. Consequently, aggressive fluid therapy to maintain perfusion is recommended.101

Acute ingestion of mercuric salts is usually intentional, but unintentional ingestion occurs sporadically in both children and adults.51 Although
ingestion of older button batteries containing mercuric oxide was associated with a greater incidence of fragmentation than with other batteries,

clinically significant systemic mercury toxicity by this route was not reported.64,67 Mercuric chloride–containing stool preservatives are another
potential source of unintentional inorganic mercury poisoning. Ingestion of 10 to 20 mL of a polyvinyl alcohol preservative that contained 4.5%

mercuric chloride resulted in bloody gastroenteritis and proteinuria.103 Nonprescription49 and Ayurvedic99 medicines are also associated with

unintentional inorganic mercury poisoning (Chap. 43).53 These xenobiotics are not subject to US Food and Drug Administration (FDA) regulation,
available without prescription, of variable composition, and are often inadequately labeled (Chap. 43).

Subacute or chronic mercury poisoning occurs after inhalation, aspiration, or injection of elemental mercury; ingestion or application of mercury salts;
or ingestion of aryl or long-chain alkyl mercury compounds. Slow in vivo oxidation of elemental mercury and dissociation of the carbon–mercury bond
of aryl or long-chain alkyl mercury compounds result in the production of the inorganic mercurous and mercuric ions.

The predominant manifestations of subacute or chronic mercury toxicity include GI symptoms, neurologic abnormalities, and renal dysfunction.
Gastrointestinal symptoms consist of a metallic taste and burning sensation in the mouth, loose teeth and gingivostomatitis, excessive salivation

(ptyalism), and nausea.122 The neurologic manifestations of chronic inorganic mercurialism include tremor, as well as the syndromes of neurasthenia
and erethism. Neurasthenia is a symptom complex that includes fatigue, depression, headaches, hypersensitivity to stimuli, psychosomatic
complaints, weakness, and loss of concentrating ability. Erethism, derived from the Greek word red, describes the easy blushing and extreme shyness
of affected individuals. Other symptoms of erethism include anxiety, emotional lability, irritability, insomnia, anorexia, weight loss, and delirium.
Mercury produces a characteristic central intention tremor (Chap. 22) that is abolished during sleep. In the most severe forms of mercury-associated
tremor, choreoathetosis and spasmodic ballismus are also reported. Other neurologic manifestations of inorganic mercurialism include a mixed
sensorimotor neuropathy, ataxia, concentric constriction of visual fields (“tunnel vision”), and anosmia.

Chronic poisoning with mercuric ions is associated with renal dysfunction, which ranges from asymptomatic, reversible proteinuria to nephrotic
syndrome with edema and hypoproteinemia. An idiosyncratic hypersensitivity to mercury ions is thought to be responsible for acrodynia, or “pink
disease,” which is an erythematous, edematous, and hyperkeratotic induration of the palms, soles, and face, and a pink papular rash that was first

described in a subset of children exposed to mercurous chloride powders.122 The rash is described as morbilliform, urticarial, vesicular, and
hemorrhagic. This symptom complex also includes excessive sweating, tachycardia, irritability, anorexia, photophobia, insomnia, tremors,
paresthesias, decreased deep tendon reflexes, and weakness. The acral rash frequently progresses to desquamation and ulceration. The prognosis is
favorable after withdrawal from mercury exposure. Childhood acrodynia has become uncommon since the abandonment of mercurial teething
powders and diaper rinses. Occasional case reports still implicate improperly disposed fluorescent light bulbs and phenylmercuric acetate–containing

paint.3,117

Thimerosal is an example of an aryl mercury compound that results in chronic inorganic mercury toxicity. It is a compound that was widely used as a
preservative in the pharmaceutical industry (Chap. 46). Although initial kinetics suggested a stable ethyl–mercury bond, the later elimination phase
more closely resembles that of the inorganic mercury compounds. Thimerosal is approximately 50% mercury by weight. Although generally
considered safe, toxicity and death can occur after both intentional overdose and excessive therapeutic application of merthiolate (0.1% thimerosal or

600 mcg/mL mercury).87,95

Concern that the cumulative dose of thimerosal in childhood immunizations exceeded federally recommended maximum mercury doses (EPA, 0.1
mcg/kg/day; Agency for Toxic Substances and Disease Registry, 0.3 mcg/kg/day; FDA, 0.4 mcg/kg/day) led to a call by the American Academy of

Pediatrics to reduce or eliminate thimerosal from vaccines.4 Thimerosal continues to be used in medically underserved nations as a preservative in

multidose vials in areas with inadequate refrigeration.31 Nevertheless, since 2001, routinely administered childhood vaccines in the United States no

longer contain thimerosal.4,47

Although sensitization after use in vaccinations has been reported in atopic children,86 clinical mercury toxicity has not been reported in appropriately

immunized children. The claim that thimerosal-containing vaccines causes autism has been refuted by numerous studies and meta-analyses.8,65,84,109

No causal association with early thimerosal exposure and adverse neuropsychological outcomes was shown in children tested at 7 to 10 years of

age.115 Clearly, the risk to child health from the diseases targeted for prevention by vaccines far exceeds the risk from thimerosal preservative in

vaccines.39,114,119 In 2010, US courts rejected a causal relationship between thimerosal and autism.32

Organic Mercury Compounds

In contrast to the inorganic mercurials, methylmercury produces an almost purely neurologic disease that is usually permanent except in the mildest of
cases. Although the predominant syndrome associated with methylmercury is that of a delayed neurotoxicity, acute GI symptoms, tremor, respiratory

distress, and dermatitis are also reported.124 In addition, ST segment changes on electrocardiography and renal tubular dysfunction are associated

with this poisoning.45 However, no increase in cardiovascular disease risk was reported with mercury exposure in a large cohort of US adults.73

The lipophilic property and slower elimination of methylmercury likely contribute to its profound neurologic effects. Characteristically, clinical
manifestations occur after the initial poisoning by a latent period of weeks to months. Consequently, the lethal dose of methylmercury is difficult to
determine. As noted previously, infants exposed prenatally to methylmercury were the most severely affected individuals in Minamata. Often born to
mothers with little or no manifestation of methylmercury toxicity themselves, exposed infants exhibited decreased birth weight and muscle tone,
profound developmental delay, seizure disorders, deafness, blindness, and severe spasticity.

Several weeks after methylmercury contaminated grain was ingested in Iraq, patients began to appear with paresthesias involving the lips, nose, and
distal extremities. Symptomatic patients also noted headaches, fatigue, and tremor. More serious cases progressed to ataxia, dysarthria, visual field
constriction, and blindness. Other neurologic deficits included hyperreflexia, hearing disturbances, movement disorders, salivation, and dementia.
The most severely affected patients lay in a mute, rigid posture punctuated only by spontaneous crying, primitive reflexive movements, or feeding

efforts.96

Although the outlook for methylmercury neurotoxicity is generally considered dismal, observations over the subsequent 2 years in 49 Iraqi children

poisoned during the 1971 outbreak revealed complete resolution or partial improvement in all but the most severely affected.5 Of the 40 symptomatic
children, 33 mildly to severely affected children showed partial to complete resolution of symptoms, but the 7 children classified as “very severely
poisoned” remained dysarthric, ataxic, blind, and bedridden.

An important route of organic mercury exposure is through seafood consumption. The safe amount of methylmercury in seafood remains
controversial. The FDA action concentration of 1 ppm for methylmercury in fish was set to limit consumption of methylmercury to less than 1/10th of

amounts found in cases of symptomatic poisoning. The EPA established a reference dose for methylmercury of 0.1 mcg/kg/day.90,118 Although
elevated blood concentrations (19–53 mcg/L) of mercury were found in one group of self-reported high consumers of seafood, increased incidence of

cognitive and GI complaints were not.52 Even so, concentrations at which fetuses experience adverse effects are unknown. Longitudinal studies of fish-
eating populations are conflicting. No effect of a high prenatal fish diet was found on developmental markers in children followed to 19 years of age in

the Seychelles Islands.27,28,120

However, in the studies done in the Faroe Islands and New Zealand, a subtle but significant effect on neuropsychological development was

reported.25,42,110 In the Faroe Islands, this effect persisted when children were retested at 22 years of age.30,31

One reason for the discrepancy that occurs between the 2 populations may be the different patterns of seafood consumption and concentrations of
methylmercury in the seafood consumed by each. The Faroese consume low level mercury–containing fish 1 to 3 times a week with episodic feasts of
highly contaminated pilot whale, whereas the Seychellois consume a more steady diet of low level–contaminated fish on average 12 times per week.
The pilot whales consumed in the Faroe Islands are also contaminated with neurotoxic polychlorinated biphenyls (PCBs), although these compounds
were measured and considered a potential confounding variable. The mean concentration of methylmercury in the whale meat consumed in the Faroe
Islands was 1.6 mcg/g, and the mean concentration of mercury found in New Zealand shark was 2.2 mcg/g. By contrast, the mean methylmercury

content of Seychellois fish was 0.3 mcg/g.75 The threshold concentration for neuropsychological effects may lie between these concentrations.

The development of neurologic symptoms in infants exclusively breastfed by women exposed to methylmercury after delivery and the detection of

mercury in the milk of lactating women implies a risk for mercury poisoning via breast milk.57 In one series of lactating women, mercury concentrations

in milk were approximately 30% of the concentrations found in blood.83 Perhaps because of high levels of PCBs in pilot whale meat, 7-year-old children
from the Faroe Islands, who have a diet traditionally high in the mercury-containing sea mammals and were breast-fed as infants, exhibited a

diminished benefit (but not deficit) on neuropsychological testing when compared with their counterparts fed formula.48

Further complicating findings in a cohort of Faroese children, the neurobehavioral deficits from methylmercury may be underestimated unless the

protective effects of long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, also found in fish) are included in the analysis.21 Likewise, the Seychelles
Child Development Study Nutrition Cohort 2 found no overall adverse association between prenatal methylmercury exposure and

neurodevelopmental outcomes in children with high maternal n-3 PUFA concentrations.111 The net neuropsychological effects of prenatal and dietary
methylmercury result from dose and timing of fish in the diet as well as the concentrations of methylmercury, neurotoxic PCBs, and neuroprotective

PUFA in the consumed fish.111

The FDA recommends that at-risk populations (pregnant women and women who may become pregnant, nursing mothers, and young children) avoid
large predator fish (shark, swordfish, tilefish, and king mackerel) that contain concentrations of methylmercury approaching 1 ppm (1 mcg/g). The
2004 FDA/EPA consumer advisory emphasizes the health benefits of eating fish and allow for up to 12 ounces per week of fish and shellfish lower in
mercury such as shrimp, canned light tuna, salmon, pollock and catfish and up to 6 ounces of albacore tuna per week. Given the beneficial effects of

seafood, efforts should be aimed at decreasing anthropogenic release of mercury rather than elimination of dietary exposure.91

Although methylmercury has greater importance worldwide, the extreme toxicity of another organic mercurial, dimethylmercury, was tragically
demonstrated by the delayed fatal neurotoxicity that developed in a chemist who inadvertently spilled dimethylmercury on a break in the gloves on her

hands.77 Over a period of several days, she developed progressive difficulty with speech, vision, and gait. Despite chelation and exchange transfusion,
she died of mercury neurotoxicity within several months of the exposure.

DIAGNOSTIC TESTING

The dual findings of unexplained neuropsychiatric and kidney abnormalities in an individual should alert the clinician to the possibility of
mercurialism, as should an at-risk occupation or access by the patient to a mercurial product (Table 95–1). Occupational or environmental exposure
and a consistent clinical scenario are suggestive of mercury poisoning, but demonstration of mercury in blood, urine, or tissues is necessary for
confirmation of exposure. Of the many methods available to measure mercury, cold atomic absorption spectrometry is rapid, sensitive, and accurate
but cannot distinguish the various forms of mercury. Thin-layer and gas chromatographic techniques are recommended to distinguish organic from
inorganic mercury. Whole blood should be collected into a trace element collection tube obtained from the laboratory performing the assay. Urine
should be collected for 24 hours into an acid-washed container obtained from a laboratory. Spot collections must be adjusted for creatinine
concentration. Attempts to measure or otherwise handle the specimen should be avoided to prevent external contamination (Table 95–4).

TABLE 95–4

Diagnostic Testing for Mercury

Whole  Blood 24-hour Urine Hair Clinical

Elemental/Inorganic (+)

Acute, transient

(++)

Confirm exposure

Monitor chelation

Poor correlation to

TBB

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Early detection

Organic (++)

Best reflects

TBB

(–)

Fecal elimination

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Reflects irreversible CNS

toxicity

Early detection

There is considerable overlap among concentrations of mercury found in the normal population, asymptomatic exposed individuals, and patients with
clinical evidence of poisoning. There is no definitive correlation between either whole blood or urine mercury concentration and mercury toxicity.
However, mercury serves no useful role in human physiology, and concentrations of 1.0 mcg/L or less for whole blood and 0.5 mcg/L for urine are
generally considered to reflect background exposure in nonpoisoned individuals. The inconsistencies of the values found in the literature for mercury
exposure are a recurrent issue in metal testing. A credible and qualified laboratory should be employed and their reference ranges accepted when

testing is desired.20

For inorganic mercury poisoning, urine mercury concentrations correlate roughly with exposure severity and neuropsychiatric symptoms,93 but the
relationship to total body burden is probably poor. Urine mercury determinations have their greatest usefulness in confirming exposure and
monitoring the efficacy of chelation therapy. Whole blood mercury concentrations reflect intense, acute inorganic mercury exposure but become less
reliable as redistribution to tissues takes place.

Because organic mercury is eliminated via the fecal route, urine mercury concentrations are not useful in methylmercury poisoning. Because
methylmercury concentrates in RBCs, the total-body methylmercury burden is best reflected acutely by whole-blood concentrations. As methylmercury
distributes to and accumulates in brain, the severity of clinical manifestations probably more closely reflects the degree of the irreversible neuronal
destruction that has taken place rather than the current body burden of mercury. Correlation of increasing whole-blood mercury concentrations with

prevalence of paresthesias was suggested in a population of Iraqis studied early in the course of methylmercury poisoning.24 However, in another

group of patients, whole-blood concentrations did not correlate with severity of methylmercury poisoning.96 This apparent discrepancy may have
resulted from the finding that paresthesias are among the earliest reported symptoms of methylmercury poisoning.

Because mercury accumulates in the hair, hair analysis has been used as a tool for measuring mercury burden. However, because metal incorporation
reflects past exposure and hair avidly binds to noningested environmental mercury, the reliability of this method is questionable and is not

recommended.89 In addition to mercury assays, neuropsychiatric testing, nerve conduction studies, and urine assays for N-acetyl-β-D-glucosaminidase

and β2-microglobulin are advocated for early detection of subclinical inorganic and organic mercury toxicity.34,45,93

GENERAL MANAGEMENT

After the initial assessment and stabilization, the early toxicologic management of a patient with mercury poisoning includes termination of exposure
by removal from vapors, washing exposed skin, GI decontamination, supportive measures (eg, hydration, humidified oxygen), baseline diagnostic
studies (eg, complete blood count, serum chemistries, venous blood gas, radiography, ECG), specific analysis of whole blood and urine for mercury,
evaluation of possible cointoxicants, and meticulous monitoring.

Elemental Mercury

Inhalation of mercury vapors or aspiration of metallic mercury may result in life-threatening respiratory failure; in this situation, stabilization of
cardiorespiratory function is the initial priority. Postural drainage and endotracheal suction are a reasonable technique to attempt to remove
aspirated metallic mercury. Parenteral deposition of subcutaneous or intramuscular (IM) mercury is amenable to surgical excision, if well localized
(Fig. 95–1).

An adjunct to the initial management of patients with mercury poisoning is environmental decontamination. Elemental mercury that spills onto solid
surfaces should be adsorbed to sand and the resulting mixture then swept into tightly sealed containers. Ideally, a mercury decontamination kit should
be used. The kit consists of calcium polysulfide, which contains excess sulfur to convert mercury to water-insoluble mercuric sulfide. Absorbent
surfaces, such as carpets, should be removed. Spilled mercury compounds should not be vacuumed because vacuuming could volatilize the

mercury.18 Broken compact fluorescent light bulbs should be handled and disposed of according to EPA guidelines and local requirements.2

Recommendations for decontamination after breakage include opening windows to release vapor, using adhesive tape to pick up visible fragments,
and discarding contaminated material in double-wrapped bags. Guidance for decontamination of major spills and disposal of materials can be
provided by local and federal hazardous materials agencies.

Inorganic Mercury

Because ingestion of inorganic mercuric may lead to cardiovascular collapse caused by severe gastroenteritis and third-space fluid loss, fluid
resuscitation is a priority. Gastrointestinal decontamination of ingested inorganic mercury is particularly problematic because of its causticity and risk
for perforating injury. Nevertheless, one series of patients with mercuric chloride ingestion of up to 4 g reported recovery without long-term GI

sequelae in patients who did not succumb to kidney failure.116 Therefore, unless there is high suspicion for penetrating GI mucosal injury, removal of
mercury from absorptive surfaces should take priority over endoscopic evaluation. The prominence of vomiting makes gastric lavage unnecessary for
most patients with inorganic mercury poisoning.

Metals are among the substances that are often considered to be poorly adsorbed to activated charcoal. Nevertheless, the serious nature of late
sequelae after mercury absorption, the typically small quantities of mercury ingested, and evidence that inorganic mercuric salts actually have
substantial adsorption to activated charcoal (800 mg mercuric chloride can be adsorbed to 1 g activated charcoal) justify the routine administration of

activated charcoal.6 Whole-bowel irrigation with polyethylene glycol solution is a reasonable adjunct to remove residual mercury, and its progress can
be followed with serial radiographs.

Organic Mercury

Organic mercury exposures do not typically present as single acute ingestions but rather as chronic or subacute ingestion of contaminated food.
Therefore, GI decontamination is generally moot with respect to organic mercury poisoning. Nevertheless, its irreversible toxicity coupled with
unsatisfactory treatments calls for aggressive decontamination when acute ingestions or dermal exposures occur.

CHELATION

After initial stabilization and decontamination, early institution of chelators minimizes or prevents the widespread effects of poisoning. Dimercaprol
was developed during World War II as an antidote against lewisite, an arsenical warfare agent. The water-soluble analogs DMPS and succimer were

developed in the 1950s, and the 3 chelators have remained the mainstay of therapy for mercury poisoning.59 A high degree of protein binding and
distribution to the brain are responsible for the lack of efficacy of other measures to increase mercury clearance, such as peritoneal dialysis and

hemodialysis.100 In one report of the use of continuous venovenous hemodiafiltration in combination with a chelator in a patient with severe inorganic

mercury poisoning, 12.7% of the ingested dose was recovered in the ultrafiltrate.26 Hemodialysis may nevertheless ultimately be necessary because of
the acute kidney failure that often occurs after mercuric chloride poisoning.

Chelators have thiol groups that compete with endogenous sulfhydryl groups for the binding of mercury, thereby preventing inactivation of sulfhydryl-
containing enzymes and other essential proteins (Antidotes in Depth: A28 and A29). A history of significant mercury exposure combined with the
presence of typical symptoms of mercury poisoning is an appropriate indication for the institution of chelation therapy. Elevated whole-blood and
urine mercury concentrations help support the decision to begin chelation therapy in unclear cases and can also be used to guide the duration of
therapy. Provocative chelation, in which urinary mercury excretion before and after a chelating dose is compared to determine the degree of mercury

poisoning, is of no value.52 Chelation tends to increase urinary elimination of mercury, regardless of exposure history and baseline excretion.

Elemental Mercury and Inorganic Mercury Salts

For patients with symptomatic acute inorganic mercury poisoning, dimercaprol should be administered for 10 days in dosages of 5 mg/kg/dose every 4
hours IM for 48 hours, then 2.5 mg/kg every 6 hours for 48 hours, followed by 2.5 mg/kg every 12 hours for 7 days. It is reasonable to adjust this dosing
regimen, which was derived from lead poisoning, according to clinical response and the occurrence of adverse reactions.

When a patient can take oral medications, we recommend that dimercaprol be replaced with succimer at 10 mg/kg orally 3 times a day for 5 days, then
twice a day for 14 days if the GI tract is clear. Because headache, nausea, vomiting, abdominal pain, and diaphoresis are common reactions during
dimercaprol chelation therapy, oral succimer is recommended in patients who are not acutely ill or who have been chronically poisoned.

Either dimercaprol or succimer is considered the treatment of choice for inorganic mercury poisoning in the United States, but a few other chelators
deserve mention. 2,3-Dimercapto-1-propanesulfonic acid (DMPS) is a water-soluble dimercaprol derivative that is used in Europe. It is administered
both IV and orally. D-Penicillamine is an orally administered monothiol. Its adverse events—GI distress, rashes, leukopenia, thrombocytopenia, and

proteinuria—although uncommon in therapeutic doses, seriously limit the usefulness of the drug. N-acetyl-D,L-penicillamine (NAP), an investigational

analog of D-penicillamine, is thought to be a more effective chelator of mercury than is D-penicillamine, perhaps because of its greater stability.11,40,43

Organic Mercury Compounds

The neurotoxicity of methylmercury and other organic mercury compounds is resistant to treatment, and therapeutic options are less than
satisfactory. In rats, both dimercaprol and D-penicillamine effectively reduced tissue mercury and prevented neurologic toxicity if administered within

the first day of a methylmercury injection.126 Neither treatment reversed neurologic toxicity when administered 12 days after methylmercury injection.
2,3-Dimercapto-1-propanesulphonate, D-penicillamine, NAP, and a thiolated resin all led to a marked reduction of blood half-life of mercury (ie, 10, 24,

23, and 19 days, respectively, versus 60 days) during the outbreak of methylmercury poisoning in Iraq in 1971.24 Clinical improvement was not
observed in any treatment group, but it is reasonable to postulate that reducing the total-body burden of methylmercury may prevent or limit the

progression of disease. When studied in mice poisoned with methylmercury,1 succimer was superior to NAP, DMPS, and a thiolated resin in decreasing
brain mercury and increasing urinary excretion. Brain mercury was decreased to 35% of control, and the total-body burden fell to 19%. Some animal

evidence suggests that dimercaprol increases mercury mobilization into the brain.7,10,15 For this reason, and the lack of serious GI symptoms
necessitating parenteral chelation, We recommend against the use of dimercaprol the treatment of patients with organic mercury poisoning.

Because the neurologic impairment associated with methylmercury is both profound and essentially irreversible, early recognition of poisoning and
prevention of neurotoxicity are essential to a successful outcome. At this time, succimer is the most reasonable treatment for methylmercury
poisoning because of its apparently low toxicity and reported efficacy in animal trials.

SUMMARY

Mercury poisoning by any of the 3 major forms—elemental, inorganic, and organic—presents a complex toxicologic problem associated with a
large variety of clinical presentations.

An ever present awareness of the signs and symptoms coupled with the knowledge of the differing clinical forms is essential for both early
recognition and effective treatment.

Although some chelators show promise in the treatment of mercury poisoning, neurologic sequelae, particularly those resulting from organic
mercury exposures, remain largely irreversible.

Dietary fish remains an important source of mercury exposure and mercurial neuropsychologic illness.

There is no evidence for the role of mercury in the pathogenesis of autism.

Promotion of public education regarding the dangers of mercury, its avoidance, and proper disposal may aid in the prevention of mercury
poisoning.
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ATN = acute tubular necrosis; BAL = British anti-Lewisite; CNS = central nervous system; GI = gastrointestinal; + to +++ = present with increasing importance; - =

absent.

CNS = central nervous system; TBB = total body burden; + to ++ = useful testing specimen; - = lack of utility.
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Chapter 95: Mercury

Young-Jin Sue

INTRODUCTION

HISTORY AND EPIDEMIOLOGY

Mercury is a metal that is widely toxic to multiple organ systems. Its toxicologic manifestations are well known as a result of thousands of years of

medicinal applications, industrial use, and environmental disasters.69,112 Mercury occurs naturally in small amounts as the elemental (Hg0) silver-

colored liquid (quicksilver); as inorganic compounds such as mercuric (Hg2+) sulfide (cinnabar), mercurous (Hg+) chloride (calomel), mercuric chloride
(corrosive sublimate), and mercuric oxide; and as organic compounds (methylmercury and dimethylmercury). Mercury’s gastroenteric irritant effects
led to its use as a therapy for constipation. In recent (16th–19th), centuries, mercury-containing preparations, advocated for their potent diuretic and

sialogogic properties, were widely used to treat syphilis to “flush” the “virus” out.81 The musician Paganini was one of several famous persons whose
gingivitis, dental decay, ptyalism (excessive salivation), and erethism (pathologic irritability and emotional instability) were attributed to mercury

therapy.80 In the 1800s, the United States witnessed an epidemic of “hatters’ shakes” or “Danbury shakes” and “mercurial salivation” in hat industry

workers.123 Danbury, Connecticut, was a US center of felt hat manufacturing in which mercuric nitrate was used to mat animal furs into felt.112,123

In the early 1900s, acrodynia, a painful dusky pink discoloration of the hands and feet, or “pink disease,” was described in children who received

calomel for ascariasis or teething discomfort.16 Vividly described in a series of 41 children, the development of acrodynia was more common in

younger children, did not seem to correlate with mercury dose, and was not necessarily related to urine concentrations of mercury.122

One of the most devastating epidemics of mercury poisoning occurred as the result of a decade of contamination of Minamata Bay in Japan by a
nearby vinyl chloride plant during the 1940s. Methylmercury accumulated in the bay’s marine life and poisoned the inhabitants of the local fishing
community. Although officially only 121 victims were reported, thousands more are believed to have been affected by what has subsequently been

named Minamata disease.88,113 The largest outbreak of methylmercury poisoning to date occurred in Iraq in late 1971. Approximately 95,000 tons of
seed grain intended for planting and treated with methylmercury as a fungicide were baked into bread for direct consumption, resulting in widespread

neurologic symptoms, 6,530 hospital admissions, and more than 400 deaths.5,23,96

In 1990, the US Environmental Protection Agency (EPA) banned mercury-containing compounds from interior paints.3 However, mercury-containing
paints manufactured before that ruling may still be on interior walls, and mercury-containing paint can still be sold for outdoor use. In 1997, a scientist

succumbed to delayed, progressive neurologic deterioration after a minute dermal exposure to dimethylmercury.77 Contemporary exposures occur in

the form of mercury-tainted seafood, mercury-based preservatives (thimerosal), and artisanal gold mining.36

However, a once widely feared source of potential poisoning, mercury-containing dental amalgam does not result in clinical poisoning.14 Occasionally,
exposure to mercury from broken thermometers leads to poisoning in the home, but such thermometers are becoming less common because of

recent efforts to replace mercury with digital thermometers and other electronic devices.78

More recently, the ongoing movement to replace incandescent light bulbs with compact fluorescent bulbs has once again raised the concern of
exposure to mercury in the home and environment. Promoted to reduce greenhouse gas emissions, each bulb contains about 4 mg of elemental

mercury.2

Table 95–1 lists some potential sources of mercury exposure.

TABLE 95–1

Exposures to Mercury

Elemental Inorganic Organic

Manufacturing/Industrial Barometers

Bronzing

Ceramics

Chlorine manufacture

Electroplating

Jewelry

Metal refineries

Paints

Paper pulp

Photography

Batteries

Chemistry sets

Dyes

Explosives

Fireworks

Laboratory reagents

Tanneries

Taxidermy

Vinyl chloride manufacture

Agriculture

Embalming

Fungicides

Laboratory reagents

Pesticides

Wood preservatives

Medical/Medicinal Amalgam

Sphygmomanometry

Tissue fixatives

Thermometers

Weighted nasogastric tubes

Antiseptics

Calomel

Disinfectants

Laxatives

Nonprescription medications

Bactericidals

Pharmaceuticals

Preservatives

Food/Other Ritualistic, complementary Aesthetic, cosmetic

Ayurvedic

Grains (contaminated)

Seafood

FORMS OF MERCURY AND TOXICOKINETICS

The 3 clinically important forms of mercury—elemental, inorganic, and organic—differ with respect to their toxicodynamics and toxicokinetics (Table
95–2). Each produces distinct clinical patterns of poisoning stemming in part from their unique kinetic features (Table 95–3). For each form, the
specific manifestations are determined by the route of exposure, rate of exposure, distribution, biotransformation of mercury within the body, and
relative accumulation or elimination of mercury by the target organ systems. Whereas elemental mercury produces pulmonary toxicity, inorganic
mercury initially causes gastrointestinal (GI) symptoms followed by nephrotoxicity. A nearly pure neurologic toxicity results from organic
(methylmercury) exposure.

TABLE 95–2

Classes of  Mercury Compounds

Nomenclature Example

Elemental Hg0 Quicksilver

Inorganic Hg+

HgCl

Hg2+

HgCl2

Mercurous ion

Calomel, mercurous chloride

Mercuric ion

Mercuric chloride

Organic Short-chain alkyl–mercury compounds

Long-chain mercury compounds

Aryl mercury compounds

Methylmercury

Ethylmercury

Dimethylmercury

Methoxyethylmercury

Phenylmercury

TABLE 95–3

Differential Characteristics of Mercury Exposure

Elemental Inorganic Organic

Primary route of exposure Inhalation Oral Oral

Primary tissue distribution CNS, kidney Blood (transient, acute)

Kidney

CNS (delayed)

CNS, kidney, liver, blood, hair

Clearance Kidney, GI Kidney, GI Methyl: GI

Aryl: kidney, GI

Clinical effects

 CNS Tremor Tremor, erethism Paresthesias, ataxia, tremor, tunnel vision, dysarthria

 Pulmonary +++ – –

 Gastrointestinal + +++ (caustic) +

 Renal + +++ (ATN) +

 Acrodynia + ++ –

Therapy BAL, succimer BAL, succimer Succimer (early)

ABSORPTION

Elemental Mercury

Elemental mercury (Hg0) is absorbed primarily via inhalation of vapor, although slow absorption after aspiration, subcutaneous deposition, and direct

intravenous (IV) embolization occurs.60,74,121 Volatility, moderate at room temperature, increases significantly with heating or aerosolization, both of

which occur with vacuuming.44,102 When inhaled by human volunteers, 75% to 80% of mercury vapor is absorbed.44 However, elemental mercury is
negligibly absorbed from an anatomically and functionally normal GI tract, and it is usually considered nontoxic when ingested. Abnormal GI motility
prolongs mucosal exposure to elemental mercury, and massive ingestion increases subsequent ionization to more readily absorbed forms. Similarly,
anatomic GI abnormalities such as fistulae or perforation are associated with extravasation of mercury into the peritoneal in which where elemental
mercury is oxidized to more readily absorbed inorganic forms.

Inorganic Mercury

The principal route of absorption for inorganic mercury is the GI tract. Approximately 10% of soluble divalent (Hg2+) mercuric salts such as mercuric

chloride (HgCl2) are absorbed following ingestion and dissociation.66 Absorption of a relatively insoluble monovalent (Hg+) mercurous compound,

such as mercurous chloride (calomel; HgCl), is dependent on its oxidation to the divalent form.79 Inorganic mercury is also absorbed across the skin
and mucous membranes, as evidenced by urinary excretion of mercury after dermal application of skin-lightening mercurial ointments and powders

containing HgCl.106,122

The degree of dermal absorption varies by the concentration of mercury, skin integrity, and lipid solubility of the vehicle. With substantial dermal
exposures to mercury salts, skin absorption may be difficult to distinguish from concomitant absorption via other routes, such as ingestion.

Organic Mercury

As in the case of inorganic mercury, organic mercury is primarily absorbed from the GI tract. Methylmercury, considered the prototype of the short-

chain alkyl compounds, is approximately 90% absorbed from the gut. Aryl and long-chain alkyl compounds have more than 50% GI absorption.79

Although both dermal and inhalational absorption of organic mercury is reported, precise quantitation and exclusion of concomitant absorption by
ingestion are difficult to determine.

DISTRIBUTION AND BIOTRANSFORMATION

After absorption, mercury distributes widely to all tissues, predominantly the kidneys, liver, spleen, and central nervous system (CNS). The initial
distributive pattern into nervous tissue of elemental and organic mercury differs from that of the inorganic compounds because of their greater lipid
solubility.

Elemental Mercury

Although peak concentrations of elemental mercury are delayed in the CNS as compared with other organs (2–3 days versus 1 day),44 significant
accumulation in the CNS occurs after an acute, intense exposure to elemental mercury vapor. Conversion of elemental mercury to the charged

mercuric (Hg2+) cation within the CNS favors retention and local accumulation. Because elemental mercury does not covalently bind to other

compounds, its toxicity depends on its oxidation initially to the mercurous ion (Hg+) and then to the mercuric ion (Hg2+) by the enzyme catalase.66

Because this oxidation–reduction reaction favors the mercuric cation at steady state, the distribution and late manifestations of metallic mercury
toxicity eventually resemble those of inorganic mercury poisoning. Conversely, and to a lesser extent, inorganic mercuric ions are reduced to the

elemental state (Hg0), although the site and mechanism of this reaction are not well understood.79

Inorganic Mercury

The greatest concentration of mercuric ions is found in the kidneys, particularly within the renal tubules. At least in animal studies, administration of

mercury induces the renal synthesis of metallothionein, a compound that binds to and detoxifies mercuric ions.12 Very little mercury is found as free
mercuric ions. In blood, mercuric ions are found both within the red blood cells (RBCs) and bound to plasma proteins in approximately equal
proportions. Blood concentrations are greatest immediately after inorganic mercury exposure, with rapid waning as distribution to other tissues
occurs. Although penetration of the blood–brain barrier is poor because of low lipid solubility, slow elimination and prolonged exposure contribute to
significant CNS accumulation of mercuric ions. Within the CNS, mercuric ions concentrate in the cerebellum and hippocampus, and to a lesser degree,

the cerebral cortex.35 Although inorganic mercurials undergo organification in marine life, as in the Minamata Bay disaster,9,85 the importance of this

conversion in humans is unknown. Animal studies demonstrate that the placenta functions as an effective barrier to mercuric ions.79

Organic Mercury

Once absorbed, aryl (phenyl mercury) and long-chain alkyl mercury compounds differ from the short-chain organic mercury compounds
(methylmercury) in an important way—the former possess a labile carbon–mercury bond, which is subsequently cleaved, releasing the inorganic
mercuric ion. Thus, the distribution pattern and toxicologic manifestations produced by the aryl and long-chain alkyl compounds that occur beyond
the immediate postabsorptive phase are comparable to those of inorganic mercury, but organification has facilitated absorption and reduced the local

caustic effects.79 In contrast, short-chain alkyl mercury compounds possess relatively stable carbon–mercury bonds that survive the absorptive phase,

although conversion to the inorganic mercuric cation at a rate of less than 1% per day occurs after absorption.124 Because it is lipophilic,

methylmercury readily distributes across all tissues, including the blood–brain barrier and placenta.46 An important consequence of this property is
the devastating neurologic degeneration that develops in prenatally exposed infants with Minamata disease. The rapid decline of blood mercury
concentrations in both suckling rats and breastfeeding human infants is attributed to rapid growth of body volume combined with limited transport of

mercury by milk.76,97,98

After methylmercury is distributed to brain tissue, its fate is uncertain. Animal evidence indicates that methylmercury is converted to inorganic mercury

in brain tissue.63 Primates fed oral methylmercury daily for periods exceeding 1 year and then killed within days of the last exposure demonstrated an
average brain inorganic mercury fraction of only 19%. By contrast, when the postexposure period was extended to between 150 and 650 days, the
inorganic mercury fraction increased to 88%. Similarly, long-term survivors of methylmercury poisoning had a higher ratio of inorganic mercury to

total mercury in their brains.29 In one patient who survived 22 years after methylmercury ingestion, autopsy revealed that the brain mercury was nearly
completely in the inorganic form.

Methylmercury concentrates in RBCs to a much greater degree than do mercuric ions, with an RBC-to-plasma ratio of about 10:1 (in contrast to 1:1 RBC-

to-plasma ratio for inorganic mercury).124 However, despite this apparent affinity for nervous tissue and RBCs, the greatest methylmercury
concentrations are found in the kidneys and liver. In addition, because of the extensive sulfhydryl bonds in hair, methylmercury deposits in hair at

concentrations approximately 250 times that found in whole blood.55

ELIMINATION

Elemental Mercury and Inorganic Mercury

Mercuric ions are excreted through the kidney by both glomerular filtration and tubular secretion and in the GI tract by transfer across gut mesenteric
vessels into feces. Small amounts are reduced to elemental mercury vapor and volatilized from skin and lungs. The total-body half-life of elemental

mercury and inorganic mercury was previously estimated at approximately 30 to 60 days.22,66 However, a recent review of case studies indicates that

the half-life of inorganic mercury in human brains is on the order of several years to several decades.92

Organic Mercury

In contrast to elemental mercury and inorganic mercury, the elimination of short-chain alkyl mercury compounds (such as methylmercury) is
predominantly fecal. Enterohepatic recirculation contributes to its somewhat longer total body half-life of about 70 days. Less than 10% of

methylmercury is excreted in urine and feces as the mercuric cation.124

PATHOPHYSIOLOGY

The pervasive disruption of normal cell physiology by mercury arises from its avid covalent binding to sulfur, replacing the hydrogen ion in the body’s
ubiquitous sulfhydryl groups. Mercury also reacts with phosphoryl, carboxyl, and amide groups, resulting in widespread dysfunction of enzymes,
transport mechanisms, membranes, and structural proteins.

Because mercury deposits in all tissues, the clinical manifestations of mercury toxicity involve multiple organ systems with variable features and
intensity. Necrosis of the GI mucosa and proximal renal tubules, which occurs shortly after mercury salt poisoning, is thought to result from the direct
oxidative effect of mercuric ions. An immune mechanism is attributed to membranous glomerulonephritis and acrodynia associated with the use of

mercurial ointments.13

Neurologic manifestations of methylmercury poisoning correlate with pathologic findings in the brains of both adults and children who were

prenatally exposed.68,113 Grossly, atrophy of the brain is more severe in children who had prenatally or postnatally acquired methylmercury compared
with the brains of those exposed as adults. In the adult brain, neuronal necrosis and glial proliferation are most prominent in the calcarine cortex of
the cerebrum and in the cerebellar cortex. In fetal Minamata disease, similar lesions are present but in a more diffuse and severe form. Atrophy of the
cerebellar hemispheres, postcentral gyri, and calcarine area of the brain demonstrated on magnetic resonance images in organic mercury–poisoned

patients correlates with clinical findings of ataxia, sensory neuropathy, and visual field constriction, respectively.58 Neuropathologic examination of
the brain of a scientist who died after unintentional dermal exposure to dimethylmercury revealed lesions in the cerebellum, temporal lobe, and visual

cortex.105

In rats, neuronal cytotoxicity of methylmercury may result partly from muscarinic receptor–mediated calcium release from smooth endoplasmic

reticulum of cerebellar granule cells.62 There is animal evidence that methylmercury may trigger reactive oxygen species production. In addition,
methylmercury inhibits astrocyte uptake of cysteine, the rate-limiting step in the production of glutathione, a major antioxidant in mammalian cell

systems.104 Cultured astrocytes accumulated methylmercury and exhibited increased mitochondrial permeability and oxidative injury.125 Complexing
of methyl- mercury with L-cysteine may enhance brain uptake by mimicry of methionine, a substrate of the endogenous L amino acid transport system.

Uptake of the L-isomer significantly exceeds that of methylmercury–D-cysteine. Careful selection of stereospecific thiol complexing agents may lead to

strategies to limit brain uptake of methylmercury.56,70

CLINICAL MANIFESTATIONS

Elemental Mercury

Symptoms of acute elemental mercury inhalation occur within hours of exposure and consist of cough, chills, fever, and shortness of breath.
Gastrointestinal complaints include nausea, vomiting, and diarrhea accompanied by a metallic taste, dysphagia, salivation, weakness, headaches, and
visual disturbances. Chest radiography during the acute phase reveals interstitial pneumonitis and both patchy atelectasis and emphysema.
Symptoms either resolve with lesser exposures or progress to acute respiratory distress syndrome (ARDS) with respiratory failure and death. Some
survivors of severe pulmonary toxicity develop interstitial fibrosis and residual restrictive pulmonary disease. The acute respiratory symptoms occur
concomitantly with or precede the development of subacute inorganic mercury poisoning manifested by tremor, kidney dysfunction, and

gingivostomatitis.17,54,94 Thrombocytopenia is also reported to occur during the acute phase.38

Although acute exposure to elemental mercury vapor occurs most commonly in the occupational setting, poisonings caused by mishandling of the

metal in the home are well reported.19,29,50,72,108 In fact, attempts at home metallurgy using metallic mercury have resulted in fatalities with ambient air

concentrations of mercury as high as 0.9 mg/m3. The current US Occupational Safety and Health Administration permissible exposure limit (PEL) for

mercury vapor is 0.1 mg/m3 of air as a ceiling limit.82

As with other inhaled toxins, children are likely to be more sensitive to the pulmonary toxicity of mercury vapor because of their ratio of minute

ventilation volume to body size.72 Although pulmonary toxicity from elemental mercury usually results from inhalation of vapor, massive

endobronchial hemorrhage followed by death has occurred secondary to direct aspiration of metallic mercury into the tracheobronchial tree.127

Gradual volatilization of elemental mercury results in chronic toxicity from improper handling, such as vacuuming spilled mercury.102

The clinical importance of volatilized metallic mercury from dental amalgams for both the dentist and patient is controversial. The preponderance of
evidence refutes the idea that dental amalgam causes mercury poisoning. Several comprehensive reviews of the subject conclude that (1) occupational
exposure to mercury from dental amalgam is acceptably low, provided that recommended preventive measures such as adequate ventilation are
adhered to; (2) the quantity of mercury vaporized from dental amalgam by mechanical forces, such as chewing, is clinically insignificant; and (3) only in
exceedingly rare cases will immunologic hypersensitivity to mercury amalgam (manifested as cutaneous signs and symptoms and confirmed by patch

testing) necessitate removal of the amalgam.33,34,37,61,107

Unusual cases of chronic toxicity have resulted from intentional subcutaneous or IV injection of elemental mercury (Figs. 8–6 and 95–1).49,74 Aside from
management of systemic mercury toxicity, local wound care and excision of deposits of mercury are additional therapeutic challenges presented by
these cases. Serial or repeat radiographs are useful in guiding the removal of the radiopaque deposits.

FIGURE 95–1.

Anteroposterior (A) and lateral (B) views of the elbow after an unsuccessful suicidal gesture involving an attempted intravenous injection of elemental
mercury in the antecubital fossa. Note the extensive subcutaneous mercury deposition, which was partially removed by surgical intervention. (Used
with permission from Diane Sauter, MD.)

Inorganic Mercury

Acute ingestion of mercuric salts produces a characteristic spectrum from severe irritant to caustic gastroenteritis. Immediately after the ingestion, a
grayish discoloration of mucous membranes and metallic taste typically accompany local oropharyngeal pain, nausea, vomiting, and diarrhea followed

by abdominal pain, hematemesis, and hematochezia. The lethal dose of mercuric chloride is estimated to be 30 to 50 mg/kg.116 The life-threatening
manifestations of severe acute mercuric salt ingestion are hemorrhagic gastroenteritis, massive fluid loss resulting in shock, and acute kidney

failure.100

Oropharyngeal injury, nausea, hematemesis, hematochezia, and abdominal pain were the most prominent symptoms in a series of 54 patients who

presented after ingesting up to 4 g of mercuric chloride.116 In this series, fatality was associated with the early development of oliguria (within 3 days)
likely due in large part to lack of routinely available hemodialysis at that time. The development of anuria appeared to be related to the dose of
mercuric chloride ingested. The histopathologic finding of proximal tubular necrosis after mercuric salt poisoning results both from direct toxicity to

renal tubules and from renal hypoperfusion caused by shock. Consequently, aggressive fluid therapy to maintain perfusion is recommended.101

Acute ingestion of mercuric salts is usually intentional, but unintentional ingestion occurs sporadically in both children and adults.51 Although
ingestion of older button batteries containing mercuric oxide was associated with a greater incidence of fragmentation than with other batteries,

clinically significant systemic mercury toxicity by this route was not reported.64,67 Mercuric chloride–containing stool preservatives are another
potential source of unintentional inorganic mercury poisoning. Ingestion of 10 to 20 mL of a polyvinyl alcohol preservative that contained 4.5%

mercuric chloride resulted in bloody gastroenteritis and proteinuria.103 Nonprescription49 and Ayurvedic99 medicines are also associated with

unintentional inorganic mercury poisoning (Chap. 43).53 These xenobiotics are not subject to US Food and Drug Administration (FDA) regulation,
available without prescription, of variable composition, and are often inadequately labeled (Chap. 43).

Subacute or chronic mercury poisoning occurs after inhalation, aspiration, or injection of elemental mercury; ingestion or application of mercury salts;
or ingestion of aryl or long-chain alkyl mercury compounds. Slow in vivo oxidation of elemental mercury and dissociation of the carbon–mercury bond
of aryl or long-chain alkyl mercury compounds result in the production of the inorganic mercurous and mercuric ions.

The predominant manifestations of subacute or chronic mercury toxicity include GI symptoms, neurologic abnormalities, and renal dysfunction.
Gastrointestinal symptoms consist of a metallic taste and burning sensation in the mouth, loose teeth and gingivostomatitis, excessive salivation

(ptyalism), and nausea.122 The neurologic manifestations of chronic inorganic mercurialism include tremor, as well as the syndromes of neurasthenia
and erethism. Neurasthenia is a symptom complex that includes fatigue, depression, headaches, hypersensitivity to stimuli, psychosomatic
complaints, weakness, and loss of concentrating ability. Erethism, derived from the Greek word red, describes the easy blushing and extreme shyness
of affected individuals. Other symptoms of erethism include anxiety, emotional lability, irritability, insomnia, anorexia, weight loss, and delirium.
Mercury produces a characteristic central intention tremor (Chap. 22) that is abolished during sleep. In the most severe forms of mercury-associated
tremor, choreoathetosis and spasmodic ballismus are also reported. Other neurologic manifestations of inorganic mercurialism include a mixed
sensorimotor neuropathy, ataxia, concentric constriction of visual fields (“tunnel vision”), and anosmia.

Chronic poisoning with mercuric ions is associated with renal dysfunction, which ranges from asymptomatic, reversible proteinuria to nephrotic
syndrome with edema and hypoproteinemia. An idiosyncratic hypersensitivity to mercury ions is thought to be responsible for acrodynia, or “pink
disease,” which is an erythematous, edematous, and hyperkeratotic induration of the palms, soles, and face, and a pink papular rash that was first

described in a subset of children exposed to mercurous chloride powders.122 The rash is described as morbilliform, urticarial, vesicular, and
hemorrhagic. This symptom complex also includes excessive sweating, tachycardia, irritability, anorexia, photophobia, insomnia, tremors,
paresthesias, decreased deep tendon reflexes, and weakness. The acral rash frequently progresses to desquamation and ulceration. The prognosis is
favorable after withdrawal from mercury exposure. Childhood acrodynia has become uncommon since the abandonment of mercurial teething
powders and diaper rinses. Occasional case reports still implicate improperly disposed fluorescent light bulbs and phenylmercuric acetate–containing

paint.3,117

Thimerosal is an example of an aryl mercury compound that results in chronic inorganic mercury toxicity. It is a compound that was widely used as a
preservative in the pharmaceutical industry (Chap. 46). Although initial kinetics suggested a stable ethyl–mercury bond, the later elimination phase
more closely resembles that of the inorganic mercury compounds. Thimerosal is approximately 50% mercury by weight. Although generally
considered safe, toxicity and death can occur after both intentional overdose and excessive therapeutic application of merthiolate (0.1% thimerosal or

600 mcg/mL mercury).87,95

Concern that the cumulative dose of thimerosal in childhood immunizations exceeded federally recommended maximum mercury doses (EPA, 0.1
mcg/kg/day; Agency for Toxic Substances and Disease Registry, 0.3 mcg/kg/day; FDA, 0.4 mcg/kg/day) led to a call by the American Academy of

Pediatrics to reduce or eliminate thimerosal from vaccines.4 Thimerosal continues to be used in medically underserved nations as a preservative in

multidose vials in areas with inadequate refrigeration.31 Nevertheless, since 2001, routinely administered childhood vaccines in the United States no

longer contain thimerosal.4,47

Although sensitization after use in vaccinations has been reported in atopic children,86 clinical mercury toxicity has not been reported in appropriately

immunized children. The claim that thimerosal-containing vaccines causes autism has been refuted by numerous studies and meta-analyses.8,65,84,109

No causal association with early thimerosal exposure and adverse neuropsychological outcomes was shown in children tested at 7 to 10 years of

age.115 Clearly, the risk to child health from the diseases targeted for prevention by vaccines far exceeds the risk from thimerosal preservative in

vaccines.39,114,119 In 2010, US courts rejected a causal relationship between thimerosal and autism.32

Organic Mercury Compounds

In contrast to the inorganic mercurials, methylmercury produces an almost purely neurologic disease that is usually permanent except in the mildest of
cases. Although the predominant syndrome associated with methylmercury is that of a delayed neurotoxicity, acute GI symptoms, tremor, respiratory

distress, and dermatitis are also reported.124 In addition, ST segment changes on electrocardiography and renal tubular dysfunction are associated

with this poisoning.45 However, no increase in cardiovascular disease risk was reported with mercury exposure in a large cohort of US adults.73

The lipophilic property and slower elimination of methylmercury likely contribute to its profound neurologic effects. Characteristically, clinical
manifestations occur after the initial poisoning by a latent period of weeks to months. Consequently, the lethal dose of methylmercury is difficult to
determine. As noted previously, infants exposed prenatally to methylmercury were the most severely affected individuals in Minamata. Often born to
mothers with little or no manifestation of methylmercury toxicity themselves, exposed infants exhibited decreased birth weight and muscle tone,
profound developmental delay, seizure disorders, deafness, blindness, and severe spasticity.

Several weeks after methylmercury contaminated grain was ingested in Iraq, patients began to appear with paresthesias involving the lips, nose, and
distal extremities. Symptomatic patients also noted headaches, fatigue, and tremor. More serious cases progressed to ataxia, dysarthria, visual field
constriction, and blindness. Other neurologic deficits included hyperreflexia, hearing disturbances, movement disorders, salivation, and dementia.
The most severely affected patients lay in a mute, rigid posture punctuated only by spontaneous crying, primitive reflexive movements, or feeding

efforts.96

Although the outlook for methylmercury neurotoxicity is generally considered dismal, observations over the subsequent 2 years in 49 Iraqi children

poisoned during the 1971 outbreak revealed complete resolution or partial improvement in all but the most severely affected.5 Of the 40 symptomatic
children, 33 mildly to severely affected children showed partial to complete resolution of symptoms, but the 7 children classified as “very severely
poisoned” remained dysarthric, ataxic, blind, and bedridden.

An important route of organic mercury exposure is through seafood consumption. The safe amount of methylmercury in seafood remains
controversial. The FDA action concentration of 1 ppm for methylmercury in fish was set to limit consumption of methylmercury to less than 1/10th of

amounts found in cases of symptomatic poisoning. The EPA established a reference dose for methylmercury of 0.1 mcg/kg/day.90,118 Although
elevated blood concentrations (19–53 mcg/L) of mercury were found in one group of self-reported high consumers of seafood, increased incidence of

cognitive and GI complaints were not.52 Even so, concentrations at which fetuses experience adverse effects are unknown. Longitudinal studies of fish-
eating populations are conflicting. No effect of a high prenatal fish diet was found on developmental markers in children followed to 19 years of age in

the Seychelles Islands.27,28,120

However, in the studies done in the Faroe Islands and New Zealand, a subtle but significant effect on neuropsychological development was

reported.25,42,110 In the Faroe Islands, this effect persisted when children were retested at 22 years of age.30,31

One reason for the discrepancy that occurs between the 2 populations may be the different patterns of seafood consumption and concentrations of
methylmercury in the seafood consumed by each. The Faroese consume low level mercury–containing fish 1 to 3 times a week with episodic feasts of
highly contaminated pilot whale, whereas the Seychellois consume a more steady diet of low level–contaminated fish on average 12 times per week.
The pilot whales consumed in the Faroe Islands are also contaminated with neurotoxic polychlorinated biphenyls (PCBs), although these compounds
were measured and considered a potential confounding variable. The mean concentration of methylmercury in the whale meat consumed in the Faroe
Islands was 1.6 mcg/g, and the mean concentration of mercury found in New Zealand shark was 2.2 mcg/g. By contrast, the mean methylmercury

content of Seychellois fish was 0.3 mcg/g.75 The threshold concentration for neuropsychological effects may lie between these concentrations.

The development of neurologic symptoms in infants exclusively breastfed by women exposed to methylmercury after delivery and the detection of

mercury in the milk of lactating women implies a risk for mercury poisoning via breast milk.57 In one series of lactating women, mercury concentrations

in milk were approximately 30% of the concentrations found in blood.83 Perhaps because of high levels of PCBs in pilot whale meat, 7-year-old children
from the Faroe Islands, who have a diet traditionally high in the mercury-containing sea mammals and were breast-fed as infants, exhibited a

diminished benefit (but not deficit) on neuropsychological testing when compared with their counterparts fed formula.48

Further complicating findings in a cohort of Faroese children, the neurobehavioral deficits from methylmercury may be underestimated unless the

protective effects of long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, also found in fish) are included in the analysis.21 Likewise, the Seychelles
Child Development Study Nutrition Cohort 2 found no overall adverse association between prenatal methylmercury exposure and

neurodevelopmental outcomes in children with high maternal n-3 PUFA concentrations.111 The net neuropsychological effects of prenatal and dietary
methylmercury result from dose and timing of fish in the diet as well as the concentrations of methylmercury, neurotoxic PCBs, and neuroprotective

PUFA in the consumed fish.111

The FDA recommends that at-risk populations (pregnant women and women who may become pregnant, nursing mothers, and young children) avoid
large predator fish (shark, swordfish, tilefish, and king mackerel) that contain concentrations of methylmercury approaching 1 ppm (1 mcg/g). The
2004 FDA/EPA consumer advisory emphasizes the health benefits of eating fish and allow for up to 12 ounces per week of fish and shellfish lower in
mercury such as shrimp, canned light tuna, salmon, pollock and catfish and up to 6 ounces of albacore tuna per week. Given the beneficial effects of

seafood, efforts should be aimed at decreasing anthropogenic release of mercury rather than elimination of dietary exposure.91

Although methylmercury has greater importance worldwide, the extreme toxicity of another organic mercurial, dimethylmercury, was tragically
demonstrated by the delayed fatal neurotoxicity that developed in a chemist who inadvertently spilled dimethylmercury on a break in the gloves on her

hands.77 Over a period of several days, she developed progressive difficulty with speech, vision, and gait. Despite chelation and exchange transfusion,
she died of mercury neurotoxicity within several months of the exposure.

DIAGNOSTIC TESTING

The dual findings of unexplained neuropsychiatric and kidney abnormalities in an individual should alert the clinician to the possibility of
mercurialism, as should an at-risk occupation or access by the patient to a mercurial product (Table 95–1). Occupational or environmental exposure
and a consistent clinical scenario are suggestive of mercury poisoning, but demonstration of mercury in blood, urine, or tissues is necessary for
confirmation of exposure. Of the many methods available to measure mercury, cold atomic absorption spectrometry is rapid, sensitive, and accurate
but cannot distinguish the various forms of mercury. Thin-layer and gas chromatographic techniques are recommended to distinguish organic from
inorganic mercury. Whole blood should be collected into a trace element collection tube obtained from the laboratory performing the assay. Urine
should be collected for 24 hours into an acid-washed container obtained from a laboratory. Spot collections must be adjusted for creatinine
concentration. Attempts to measure or otherwise handle the specimen should be avoided to prevent external contamination (Table 95–4).

TABLE 95–4

Diagnostic Testing for Mercury

Whole  Blood 24-hour Urine Hair Clinical

Elemental/Inorganic (+)

Acute, transient

(++)

Confirm exposure

Monitor chelation

Poor correlation to

TBB

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Early detection

Organic (++)

Best reflects

TBB

(–)

Fecal elimination

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Reflects irreversible CNS

toxicity

Early detection

There is considerable overlap among concentrations of mercury found in the normal population, asymptomatic exposed individuals, and patients with
clinical evidence of poisoning. There is no definitive correlation between either whole blood or urine mercury concentration and mercury toxicity.
However, mercury serves no useful role in human physiology, and concentrations of 1.0 mcg/L or less for whole blood and 0.5 mcg/L for urine are
generally considered to reflect background exposure in nonpoisoned individuals. The inconsistencies of the values found in the literature for mercury
exposure are a recurrent issue in metal testing. A credible and qualified laboratory should be employed and their reference ranges accepted when

testing is desired.20

For inorganic mercury poisoning, urine mercury concentrations correlate roughly with exposure severity and neuropsychiatric symptoms,93 but the
relationship to total body burden is probably poor. Urine mercury determinations have their greatest usefulness in confirming exposure and
monitoring the efficacy of chelation therapy. Whole blood mercury concentrations reflect intense, acute inorganic mercury exposure but become less
reliable as redistribution to tissues takes place.

Because organic mercury is eliminated via the fecal route, urine mercury concentrations are not useful in methylmercury poisoning. Because
methylmercury concentrates in RBCs, the total-body methylmercury burden is best reflected acutely by whole-blood concentrations. As methylmercury
distributes to and accumulates in brain, the severity of clinical manifestations probably more closely reflects the degree of the irreversible neuronal
destruction that has taken place rather than the current body burden of mercury. Correlation of increasing whole-blood mercury concentrations with

prevalence of paresthesias was suggested in a population of Iraqis studied early in the course of methylmercury poisoning.24 However, in another

group of patients, whole-blood concentrations did not correlate with severity of methylmercury poisoning.96 This apparent discrepancy may have
resulted from the finding that paresthesias are among the earliest reported symptoms of methylmercury poisoning.

Because mercury accumulates in the hair, hair analysis has been used as a tool for measuring mercury burden. However, because metal incorporation
reflects past exposure and hair avidly binds to noningested environmental mercury, the reliability of this method is questionable and is not

recommended.89 In addition to mercury assays, neuropsychiatric testing, nerve conduction studies, and urine assays for N-acetyl-β-D-glucosaminidase

and β2-microglobulin are advocated for early detection of subclinical inorganic and organic mercury toxicity.34,45,93

GENERAL MANAGEMENT

After the initial assessment and stabilization, the early toxicologic management of a patient with mercury poisoning includes termination of exposure
by removal from vapors, washing exposed skin, GI decontamination, supportive measures (eg, hydration, humidified oxygen), baseline diagnostic
studies (eg, complete blood count, serum chemistries, venous blood gas, radiography, ECG), specific analysis of whole blood and urine for mercury,
evaluation of possible cointoxicants, and meticulous monitoring.

Elemental Mercury

Inhalation of mercury vapors or aspiration of metallic mercury may result in life-threatening respiratory failure; in this situation, stabilization of
cardiorespiratory function is the initial priority. Postural drainage and endotracheal suction are a reasonable technique to attempt to remove
aspirated metallic mercury. Parenteral deposition of subcutaneous or intramuscular (IM) mercury is amenable to surgical excision, if well localized
(Fig. 95–1).

An adjunct to the initial management of patients with mercury poisoning is environmental decontamination. Elemental mercury that spills onto solid
surfaces should be adsorbed to sand and the resulting mixture then swept into tightly sealed containers. Ideally, a mercury decontamination kit should
be used. The kit consists of calcium polysulfide, which contains excess sulfur to convert mercury to water-insoluble mercuric sulfide. Absorbent
surfaces, such as carpets, should be removed. Spilled mercury compounds should not be vacuumed because vacuuming could volatilize the

mercury.18 Broken compact fluorescent light bulbs should be handled and disposed of according to EPA guidelines and local requirements.2

Recommendations for decontamination after breakage include opening windows to release vapor, using adhesive tape to pick up visible fragments,
and discarding contaminated material in double-wrapped bags. Guidance for decontamination of major spills and disposal of materials can be
provided by local and federal hazardous materials agencies.

Inorganic Mercury

Because ingestion of inorganic mercuric may lead to cardiovascular collapse caused by severe gastroenteritis and third-space fluid loss, fluid
resuscitation is a priority. Gastrointestinal decontamination of ingested inorganic mercury is particularly problematic because of its causticity and risk
for perforating injury. Nevertheless, one series of patients with mercuric chloride ingestion of up to 4 g reported recovery without long-term GI

sequelae in patients who did not succumb to kidney failure.116 Therefore, unless there is high suspicion for penetrating GI mucosal injury, removal of
mercury from absorptive surfaces should take priority over endoscopic evaluation. The prominence of vomiting makes gastric lavage unnecessary for
most patients with inorganic mercury poisoning.

Metals are among the substances that are often considered to be poorly adsorbed to activated charcoal. Nevertheless, the serious nature of late
sequelae after mercury absorption, the typically small quantities of mercury ingested, and evidence that inorganic mercuric salts actually have
substantial adsorption to activated charcoal (800 mg mercuric chloride can be adsorbed to 1 g activated charcoal) justify the routine administration of

activated charcoal.6 Whole-bowel irrigation with polyethylene glycol solution is a reasonable adjunct to remove residual mercury, and its progress can
be followed with serial radiographs.

Organic Mercury

Organic mercury exposures do not typically present as single acute ingestions but rather as chronic or subacute ingestion of contaminated food.
Therefore, GI decontamination is generally moot with respect to organic mercury poisoning. Nevertheless, its irreversible toxicity coupled with
unsatisfactory treatments calls for aggressive decontamination when acute ingestions or dermal exposures occur.

CHELATION

After initial stabilization and decontamination, early institution of chelators minimizes or prevents the widespread effects of poisoning. Dimercaprol
was developed during World War II as an antidote against lewisite, an arsenical warfare agent. The water-soluble analogs DMPS and succimer were

developed in the 1950s, and the 3 chelators have remained the mainstay of therapy for mercury poisoning.59 A high degree of protein binding and
distribution to the brain are responsible for the lack of efficacy of other measures to increase mercury clearance, such as peritoneal dialysis and

hemodialysis.100 In one report of the use of continuous venovenous hemodiafiltration in combination with a chelator in a patient with severe inorganic

mercury poisoning, 12.7% of the ingested dose was recovered in the ultrafiltrate.26 Hemodialysis may nevertheless ultimately be necessary because of
the acute kidney failure that often occurs after mercuric chloride poisoning.

Chelators have thiol groups that compete with endogenous sulfhydryl groups for the binding of mercury, thereby preventing inactivation of sulfhydryl-
containing enzymes and other essential proteins (Antidotes in Depth: A28 and A29). A history of significant mercury exposure combined with the
presence of typical symptoms of mercury poisoning is an appropriate indication for the institution of chelation therapy. Elevated whole-blood and
urine mercury concentrations help support the decision to begin chelation therapy in unclear cases and can also be used to guide the duration of
therapy. Provocative chelation, in which urinary mercury excretion before and after a chelating dose is compared to determine the degree of mercury

poisoning, is of no value.52 Chelation tends to increase urinary elimination of mercury, regardless of exposure history and baseline excretion.

Elemental Mercury and Inorganic Mercury Salts

For patients with symptomatic acute inorganic mercury poisoning, dimercaprol should be administered for 10 days in dosages of 5 mg/kg/dose every 4
hours IM for 48 hours, then 2.5 mg/kg every 6 hours for 48 hours, followed by 2.5 mg/kg every 12 hours for 7 days. It is reasonable to adjust this dosing
regimen, which was derived from lead poisoning, according to clinical response and the occurrence of adverse reactions.

When a patient can take oral medications, we recommend that dimercaprol be replaced with succimer at 10 mg/kg orally 3 times a day for 5 days, then
twice a day for 14 days if the GI tract is clear. Because headache, nausea, vomiting, abdominal pain, and diaphoresis are common reactions during
dimercaprol chelation therapy, oral succimer is recommended in patients who are not acutely ill or who have been chronically poisoned.

Either dimercaprol or succimer is considered the treatment of choice for inorganic mercury poisoning in the United States, but a few other chelators
deserve mention. 2,3-Dimercapto-1-propanesulfonic acid (DMPS) is a water-soluble dimercaprol derivative that is used in Europe. It is administered
both IV and orally. D-Penicillamine is an orally administered monothiol. Its adverse events—GI distress, rashes, leukopenia, thrombocytopenia, and

proteinuria—although uncommon in therapeutic doses, seriously limit the usefulness of the drug. N-acetyl-D,L-penicillamine (NAP), an investigational

analog of D-penicillamine, is thought to be a more effective chelator of mercury than is D-penicillamine, perhaps because of its greater stability.11,40,43

Organic Mercury Compounds

The neurotoxicity of methylmercury and other organic mercury compounds is resistant to treatment, and therapeutic options are less than
satisfactory. In rats, both dimercaprol and D-penicillamine effectively reduced tissue mercury and prevented neurologic toxicity if administered within

the first day of a methylmercury injection.126 Neither treatment reversed neurologic toxicity when administered 12 days after methylmercury injection.
2,3-Dimercapto-1-propanesulphonate, D-penicillamine, NAP, and a thiolated resin all led to a marked reduction of blood half-life of mercury (ie, 10, 24,

23, and 19 days, respectively, versus 60 days) during the outbreak of methylmercury poisoning in Iraq in 1971.24 Clinical improvement was not
observed in any treatment group, but it is reasonable to postulate that reducing the total-body burden of methylmercury may prevent or limit the

progression of disease. When studied in mice poisoned with methylmercury,1 succimer was superior to NAP, DMPS, and a thiolated resin in decreasing
brain mercury and increasing urinary excretion. Brain mercury was decreased to 35% of control, and the total-body burden fell to 19%. Some animal

evidence suggests that dimercaprol increases mercury mobilization into the brain.7,10,15 For this reason, and the lack of serious GI symptoms
necessitating parenteral chelation, We recommend against the use of dimercaprol the treatment of patients with organic mercury poisoning.

Because the neurologic impairment associated with methylmercury is both profound and essentially irreversible, early recognition of poisoning and
prevention of neurotoxicity are essential to a successful outcome. At this time, succimer is the most reasonable treatment for methylmercury
poisoning because of its apparently low toxicity and reported efficacy in animal trials.

SUMMARY

Mercury poisoning by any of the 3 major forms—elemental, inorganic, and organic—presents a complex toxicologic problem associated with a
large variety of clinical presentations.

An ever present awareness of the signs and symptoms coupled with the knowledge of the differing clinical forms is essential for both early
recognition and effective treatment.

Although some chelators show promise in the treatment of mercury poisoning, neurologic sequelae, particularly those resulting from organic
mercury exposures, remain largely irreversible.

Dietary fish remains an important source of mercury exposure and mercurial neuropsychologic illness.

There is no evidence for the role of mercury in the pathogenesis of autism.

Promotion of public education regarding the dangers of mercury, its avoidance, and proper disposal may aid in the prevention of mercury
poisoning.
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ATN = acute tubular necrosis; BAL = British anti-Lewisite; CNS = central nervous system; GI = gastrointestinal; + to +++ = present with increasing importance; - =

absent.

CNS = central nervous system; TBB = total body burden; + to ++ = useful testing specimen; - = lack of utility.
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Chapter 95: Mercury

Young-Jin Sue

INTRODUCTION

HISTORY AND EPIDEMIOLOGY

Mercury is a metal that is widely toxic to multiple organ systems. Its toxicologic manifestations are well known as a result of thousands of years of

medicinal applications, industrial use, and environmental disasters.69,112 Mercury occurs naturally in small amounts as the elemental (Hg0) silver-

colored liquid (quicksilver); as inorganic compounds such as mercuric (Hg2+) sulfide (cinnabar), mercurous (Hg+) chloride (calomel), mercuric chloride
(corrosive sublimate), and mercuric oxide; and as organic compounds (methylmercury and dimethylmercury). Mercury’s gastroenteric irritant effects
led to its use as a therapy for constipation. In recent (16th–19th), centuries, mercury-containing preparations, advocated for their potent diuretic and

sialogogic properties, were widely used to treat syphilis to “flush” the “virus” out.81 The musician Paganini was one of several famous persons whose
gingivitis, dental decay, ptyalism (excessive salivation), and erethism (pathologic irritability and emotional instability) were attributed to mercury

therapy.80 In the 1800s, the United States witnessed an epidemic of “hatters’ shakes” or “Danbury shakes” and “mercurial salivation” in hat industry

workers.123 Danbury, Connecticut, was a US center of felt hat manufacturing in which mercuric nitrate was used to mat animal furs into felt.112,123

In the early 1900s, acrodynia, a painful dusky pink discoloration of the hands and feet, or “pink disease,” was described in children who received

calomel for ascariasis or teething discomfort.16 Vividly described in a series of 41 children, the development of acrodynia was more common in

younger children, did not seem to correlate with mercury dose, and was not necessarily related to urine concentrations of mercury.122

One of the most devastating epidemics of mercury poisoning occurred as the result of a decade of contamination of Minamata Bay in Japan by a
nearby vinyl chloride plant during the 1940s. Methylmercury accumulated in the bay’s marine life and poisoned the inhabitants of the local fishing
community. Although officially only 121 victims were reported, thousands more are believed to have been affected by what has subsequently been

named Minamata disease.88,113 The largest outbreak of methylmercury poisoning to date occurred in Iraq in late 1971. Approximately 95,000 tons of
seed grain intended for planting and treated with methylmercury as a fungicide were baked into bread for direct consumption, resulting in widespread

neurologic symptoms, 6,530 hospital admissions, and more than 400 deaths.5,23,96

In 1990, the US Environmental Protection Agency (EPA) banned mercury-containing compounds from interior paints.3 However, mercury-containing
paints manufactured before that ruling may still be on interior walls, and mercury-containing paint can still be sold for outdoor use. In 1997, a scientist

succumbed to delayed, progressive neurologic deterioration after a minute dermal exposure to dimethylmercury.77 Contemporary exposures occur in

the form of mercury-tainted seafood, mercury-based preservatives (thimerosal), and artisanal gold mining.36

However, a once widely feared source of potential poisoning, mercury-containing dental amalgam does not result in clinical poisoning.14 Occasionally,
exposure to mercury from broken thermometers leads to poisoning in the home, but such thermometers are becoming less common because of

recent efforts to replace mercury with digital thermometers and other electronic devices.78

More recently, the ongoing movement to replace incandescent light bulbs with compact fluorescent bulbs has once again raised the concern of
exposure to mercury in the home and environment. Promoted to reduce greenhouse gas emissions, each bulb contains about 4 mg of elemental

mercury.2

Table 95–1 lists some potential sources of mercury exposure.

TABLE 95–1

Exposures to Mercury

Elemental Inorganic Organic

Manufacturing/Industrial Barometers

Bronzing

Ceramics

Chlorine manufacture

Electroplating

Jewelry

Metal refineries

Paints

Paper pulp

Photography

Batteries

Chemistry sets

Dyes

Explosives

Fireworks

Laboratory reagents

Tanneries

Taxidermy

Vinyl chloride manufacture

Agriculture

Embalming

Fungicides

Laboratory reagents

Pesticides

Wood preservatives

Medical/Medicinal Amalgam

Sphygmomanometry

Tissue fixatives

Thermometers

Weighted nasogastric tubes

Antiseptics

Calomel

Disinfectants

Laxatives

Nonprescription medications

Bactericidals

Pharmaceuticals

Preservatives

Food/Other Ritualistic, complementary Aesthetic, cosmetic

Ayurvedic

Grains (contaminated)

Seafood

FORMS OF MERCURY AND TOXICOKINETICS

The 3 clinically important forms of mercury—elemental, inorganic, and organic—differ with respect to their toxicodynamics and toxicokinetics (Table
95–2). Each produces distinct clinical patterns of poisoning stemming in part from their unique kinetic features (Table 95–3). For each form, the
specific manifestations are determined by the route of exposure, rate of exposure, distribution, biotransformation of mercury within the body, and
relative accumulation or elimination of mercury by the target organ systems. Whereas elemental mercury produces pulmonary toxicity, inorganic
mercury initially causes gastrointestinal (GI) symptoms followed by nephrotoxicity. A nearly pure neurologic toxicity results from organic
(methylmercury) exposure.

TABLE 95–2

Classes of  Mercury Compounds

Nomenclature Example

Elemental Hg0 Quicksilver

Inorganic Hg+

HgCl

Hg2+

HgCl2

Mercurous ion

Calomel, mercurous chloride

Mercuric ion

Mercuric chloride

Organic Short-chain alkyl–mercury compounds

Long-chain mercury compounds

Aryl mercury compounds

Methylmercury

Ethylmercury

Dimethylmercury

Methoxyethylmercury

Phenylmercury

TABLE 95–3

Differential Characteristics of Mercury Exposure

Elemental Inorganic Organic

Primary route of exposure Inhalation Oral Oral

Primary tissue distribution CNS, kidney Blood (transient, acute)

Kidney

CNS (delayed)

CNS, kidney, liver, blood, hair

Clearance Kidney, GI Kidney, GI Methyl: GI

Aryl: kidney, GI

Clinical effects

 CNS Tremor Tremor, erethism Paresthesias, ataxia, tremor, tunnel vision, dysarthria

 Pulmonary +++ – –

 Gastrointestinal + +++ (caustic) +

 Renal + +++ (ATN) +

 Acrodynia + ++ –

Therapy BAL, succimer BAL, succimer Succimer (early)

ABSORPTION

Elemental Mercury

Elemental mercury (Hg0) is absorbed primarily via inhalation of vapor, although slow absorption after aspiration, subcutaneous deposition, and direct

intravenous (IV) embolization occurs.60,74,121 Volatility, moderate at room temperature, increases significantly with heating or aerosolization, both of

which occur with vacuuming.44,102 When inhaled by human volunteers, 75% to 80% of mercury vapor is absorbed.44 However, elemental mercury is
negligibly absorbed from an anatomically and functionally normal GI tract, and it is usually considered nontoxic when ingested. Abnormal GI motility
prolongs mucosal exposure to elemental mercury, and massive ingestion increases subsequent ionization to more readily absorbed forms. Similarly,
anatomic GI abnormalities such as fistulae or perforation are associated with extravasation of mercury into the peritoneal in which where elemental
mercury is oxidized to more readily absorbed inorganic forms.

Inorganic Mercury

The principal route of absorption for inorganic mercury is the GI tract. Approximately 10% of soluble divalent (Hg2+) mercuric salts such as mercuric

chloride (HgCl2) are absorbed following ingestion and dissociation.66 Absorption of a relatively insoluble monovalent (Hg+) mercurous compound,

such as mercurous chloride (calomel; HgCl), is dependent on its oxidation to the divalent form.79 Inorganic mercury is also absorbed across the skin
and mucous membranes, as evidenced by urinary excretion of mercury after dermal application of skin-lightening mercurial ointments and powders

containing HgCl.106,122

The degree of dermal absorption varies by the concentration of mercury, skin integrity, and lipid solubility of the vehicle. With substantial dermal
exposures to mercury salts, skin absorption may be difficult to distinguish from concomitant absorption via other routes, such as ingestion.

Organic Mercury

As in the case of inorganic mercury, organic mercury is primarily absorbed from the GI tract. Methylmercury, considered the prototype of the short-

chain alkyl compounds, is approximately 90% absorbed from the gut. Aryl and long-chain alkyl compounds have more than 50% GI absorption.79

Although both dermal and inhalational absorption of organic mercury is reported, precise quantitation and exclusion of concomitant absorption by
ingestion are difficult to determine.

DISTRIBUTION AND BIOTRANSFORMATION

After absorption, mercury distributes widely to all tissues, predominantly the kidneys, liver, spleen, and central nervous system (CNS). The initial
distributive pattern into nervous tissue of elemental and organic mercury differs from that of the inorganic compounds because of their greater lipid
solubility.

Elemental Mercury

Although peak concentrations of elemental mercury are delayed in the CNS as compared with other organs (2–3 days versus 1 day),44 significant
accumulation in the CNS occurs after an acute, intense exposure to elemental mercury vapor. Conversion of elemental mercury to the charged

mercuric (Hg2+) cation within the CNS favors retention and local accumulation. Because elemental mercury does not covalently bind to other

compounds, its toxicity depends on its oxidation initially to the mercurous ion (Hg+) and then to the mercuric ion (Hg2+) by the enzyme catalase.66

Because this oxidation–reduction reaction favors the mercuric cation at steady state, the distribution and late manifestations of metallic mercury
toxicity eventually resemble those of inorganic mercury poisoning. Conversely, and to a lesser extent, inorganic mercuric ions are reduced to the

elemental state (Hg0), although the site and mechanism of this reaction are not well understood.79

Inorganic Mercury

The greatest concentration of mercuric ions is found in the kidneys, particularly within the renal tubules. At least in animal studies, administration of

mercury induces the renal synthesis of metallothionein, a compound that binds to and detoxifies mercuric ions.12 Very little mercury is found as free
mercuric ions. In blood, mercuric ions are found both within the red blood cells (RBCs) and bound to plasma proteins in approximately equal
proportions. Blood concentrations are greatest immediately after inorganic mercury exposure, with rapid waning as distribution to other tissues
occurs. Although penetration of the blood–brain barrier is poor because of low lipid solubility, slow elimination and prolonged exposure contribute to
significant CNS accumulation of mercuric ions. Within the CNS, mercuric ions concentrate in the cerebellum and hippocampus, and to a lesser degree,

the cerebral cortex.35 Although inorganic mercurials undergo organification in marine life, as in the Minamata Bay disaster,9,85 the importance of this

conversion in humans is unknown. Animal studies demonstrate that the placenta functions as an effective barrier to mercuric ions.79

Organic Mercury

Once absorbed, aryl (phenyl mercury) and long-chain alkyl mercury compounds differ from the short-chain organic mercury compounds
(methylmercury) in an important way—the former possess a labile carbon–mercury bond, which is subsequently cleaved, releasing the inorganic
mercuric ion. Thus, the distribution pattern and toxicologic manifestations produced by the aryl and long-chain alkyl compounds that occur beyond
the immediate postabsorptive phase are comparable to those of inorganic mercury, but organification has facilitated absorption and reduced the local

caustic effects.79 In contrast, short-chain alkyl mercury compounds possess relatively stable carbon–mercury bonds that survive the absorptive phase,

although conversion to the inorganic mercuric cation at a rate of less than 1% per day occurs after absorption.124 Because it is lipophilic,

methylmercury readily distributes across all tissues, including the blood–brain barrier and placenta.46 An important consequence of this property is
the devastating neurologic degeneration that develops in prenatally exposed infants with Minamata disease. The rapid decline of blood mercury
concentrations in both suckling rats and breastfeeding human infants is attributed to rapid growth of body volume combined with limited transport of

mercury by milk.76,97,98

After methylmercury is distributed to brain tissue, its fate is uncertain. Animal evidence indicates that methylmercury is converted to inorganic mercury

in brain tissue.63 Primates fed oral methylmercury daily for periods exceeding 1 year and then killed within days of the last exposure demonstrated an
average brain inorganic mercury fraction of only 19%. By contrast, when the postexposure period was extended to between 150 and 650 days, the
inorganic mercury fraction increased to 88%. Similarly, long-term survivors of methylmercury poisoning had a higher ratio of inorganic mercury to

total mercury in their brains.29 In one patient who survived 22 years after methylmercury ingestion, autopsy revealed that the brain mercury was nearly
completely in the inorganic form.

Methylmercury concentrates in RBCs to a much greater degree than do mercuric ions, with an RBC-to-plasma ratio of about 10:1 (in contrast to 1:1 RBC-

to-plasma ratio for inorganic mercury).124 However, despite this apparent affinity for nervous tissue and RBCs, the greatest methylmercury
concentrations are found in the kidneys and liver. In addition, because of the extensive sulfhydryl bonds in hair, methylmercury deposits in hair at

concentrations approximately 250 times that found in whole blood.55

ELIMINATION

Elemental Mercury and Inorganic Mercury

Mercuric ions are excreted through the kidney by both glomerular filtration and tubular secretion and in the GI tract by transfer across gut mesenteric
vessels into feces. Small amounts are reduced to elemental mercury vapor and volatilized from skin and lungs. The total-body half-life of elemental

mercury and inorganic mercury was previously estimated at approximately 30 to 60 days.22,66 However, a recent review of case studies indicates that

the half-life of inorganic mercury in human brains is on the order of several years to several decades.92

Organic Mercury

In contrast to elemental mercury and inorganic mercury, the elimination of short-chain alkyl mercury compounds (such as methylmercury) is
predominantly fecal. Enterohepatic recirculation contributes to its somewhat longer total body half-life of about 70 days. Less than 10% of

methylmercury is excreted in urine and feces as the mercuric cation.124

PATHOPHYSIOLOGY

The pervasive disruption of normal cell physiology by mercury arises from its avid covalent binding to sulfur, replacing the hydrogen ion in the body’s
ubiquitous sulfhydryl groups. Mercury also reacts with phosphoryl, carboxyl, and amide groups, resulting in widespread dysfunction of enzymes,
transport mechanisms, membranes, and structural proteins.

Because mercury deposits in all tissues, the clinical manifestations of mercury toxicity involve multiple organ systems with variable features and
intensity. Necrosis of the GI mucosa and proximal renal tubules, which occurs shortly after mercury salt poisoning, is thought to result from the direct
oxidative effect of mercuric ions. An immune mechanism is attributed to membranous glomerulonephritis and acrodynia associated with the use of

mercurial ointments.13

Neurologic manifestations of methylmercury poisoning correlate with pathologic findings in the brains of both adults and children who were

prenatally exposed.68,113 Grossly, atrophy of the brain is more severe in children who had prenatally or postnatally acquired methylmercury compared
with the brains of those exposed as adults. In the adult brain, neuronal necrosis and glial proliferation are most prominent in the calcarine cortex of
the cerebrum and in the cerebellar cortex. In fetal Minamata disease, similar lesions are present but in a more diffuse and severe form. Atrophy of the
cerebellar hemispheres, postcentral gyri, and calcarine area of the brain demonstrated on magnetic resonance images in organic mercury–poisoned

patients correlates with clinical findings of ataxia, sensory neuropathy, and visual field constriction, respectively.58 Neuropathologic examination of
the brain of a scientist who died after unintentional dermal exposure to dimethylmercury revealed lesions in the cerebellum, temporal lobe, and visual

cortex.105

In rats, neuronal cytotoxicity of methylmercury may result partly from muscarinic receptor–mediated calcium release from smooth endoplasmic

reticulum of cerebellar granule cells.62 There is animal evidence that methylmercury may trigger reactive oxygen species production. In addition,
methylmercury inhibits astrocyte uptake of cysteine, the rate-limiting step in the production of glutathione, a major antioxidant in mammalian cell

systems.104 Cultured astrocytes accumulated methylmercury and exhibited increased mitochondrial permeability and oxidative injury.125 Complexing
of methyl- mercury with L-cysteine may enhance brain uptake by mimicry of methionine, a substrate of the endogenous L amino acid transport system.

Uptake of the L-isomer significantly exceeds that of methylmercury–D-cysteine. Careful selection of stereospecific thiol complexing agents may lead to

strategies to limit brain uptake of methylmercury.56,70

CLINICAL MANIFESTATIONS

Elemental Mercury

Symptoms of acute elemental mercury inhalation occur within hours of exposure and consist of cough, chills, fever, and shortness of breath.
Gastrointestinal complaints include nausea, vomiting, and diarrhea accompanied by a metallic taste, dysphagia, salivation, weakness, headaches, and
visual disturbances. Chest radiography during the acute phase reveals interstitial pneumonitis and both patchy atelectasis and emphysema.
Symptoms either resolve with lesser exposures or progress to acute respiratory distress syndrome (ARDS) with respiratory failure and death. Some
survivors of severe pulmonary toxicity develop interstitial fibrosis and residual restrictive pulmonary disease. The acute respiratory symptoms occur
concomitantly with or precede the development of subacute inorganic mercury poisoning manifested by tremor, kidney dysfunction, and

gingivostomatitis.17,54,94 Thrombocytopenia is also reported to occur during the acute phase.38

Although acute exposure to elemental mercury vapor occurs most commonly in the occupational setting, poisonings caused by mishandling of the

metal in the home are well reported.19,29,50,72,108 In fact, attempts at home metallurgy using metallic mercury have resulted in fatalities with ambient air

concentrations of mercury as high as 0.9 mg/m3. The current US Occupational Safety and Health Administration permissible exposure limit (PEL) for

mercury vapor is 0.1 mg/m3 of air as a ceiling limit.82

As with other inhaled toxins, children are likely to be more sensitive to the pulmonary toxicity of mercury vapor because of their ratio of minute

ventilation volume to body size.72 Although pulmonary toxicity from elemental mercury usually results from inhalation of vapor, massive

endobronchial hemorrhage followed by death has occurred secondary to direct aspiration of metallic mercury into the tracheobronchial tree.127

Gradual volatilization of elemental mercury results in chronic toxicity from improper handling, such as vacuuming spilled mercury.102

The clinical importance of volatilized metallic mercury from dental amalgams for both the dentist and patient is controversial. The preponderance of
evidence refutes the idea that dental amalgam causes mercury poisoning. Several comprehensive reviews of the subject conclude that (1) occupational
exposure to mercury from dental amalgam is acceptably low, provided that recommended preventive measures such as adequate ventilation are
adhered to; (2) the quantity of mercury vaporized from dental amalgam by mechanical forces, such as chewing, is clinically insignificant; and (3) only in
exceedingly rare cases will immunologic hypersensitivity to mercury amalgam (manifested as cutaneous signs and symptoms and confirmed by patch

testing) necessitate removal of the amalgam.33,34,37,61,107

Unusual cases of chronic toxicity have resulted from intentional subcutaneous or IV injection of elemental mercury (Figs. 8–6 and 95–1).49,74 Aside from
management of systemic mercury toxicity, local wound care and excision of deposits of mercury are additional therapeutic challenges presented by
these cases. Serial or repeat radiographs are useful in guiding the removal of the radiopaque deposits.

FIGURE 95–1.

Anteroposterior (A) and lateral (B) views of the elbow after an unsuccessful suicidal gesture involving an attempted intravenous injection of elemental
mercury in the antecubital fossa. Note the extensive subcutaneous mercury deposition, which was partially removed by surgical intervention. (Used
with permission from Diane Sauter, MD.)

Inorganic Mercury

Acute ingestion of mercuric salts produces a characteristic spectrum from severe irritant to caustic gastroenteritis. Immediately after the ingestion, a
grayish discoloration of mucous membranes and metallic taste typically accompany local oropharyngeal pain, nausea, vomiting, and diarrhea followed

by abdominal pain, hematemesis, and hematochezia. The lethal dose of mercuric chloride is estimated to be 30 to 50 mg/kg.116 The life-threatening
manifestations of severe acute mercuric salt ingestion are hemorrhagic gastroenteritis, massive fluid loss resulting in shock, and acute kidney

failure.100

Oropharyngeal injury, nausea, hematemesis, hematochezia, and abdominal pain were the most prominent symptoms in a series of 54 patients who

presented after ingesting up to 4 g of mercuric chloride.116 In this series, fatality was associated with the early development of oliguria (within 3 days)
likely due in large part to lack of routinely available hemodialysis at that time. The development of anuria appeared to be related to the dose of
mercuric chloride ingested. The histopathologic finding of proximal tubular necrosis after mercuric salt poisoning results both from direct toxicity to

renal tubules and from renal hypoperfusion caused by shock. Consequently, aggressive fluid therapy to maintain perfusion is recommended.101

Acute ingestion of mercuric salts is usually intentional, but unintentional ingestion occurs sporadically in both children and adults.51 Although
ingestion of older button batteries containing mercuric oxide was associated with a greater incidence of fragmentation than with other batteries,

clinically significant systemic mercury toxicity by this route was not reported.64,67 Mercuric chloride–containing stool preservatives are another
potential source of unintentional inorganic mercury poisoning. Ingestion of 10 to 20 mL of a polyvinyl alcohol preservative that contained 4.5%

mercuric chloride resulted in bloody gastroenteritis and proteinuria.103 Nonprescription49 and Ayurvedic99 medicines are also associated with

unintentional inorganic mercury poisoning (Chap. 43).53 These xenobiotics are not subject to US Food and Drug Administration (FDA) regulation,
available without prescription, of variable composition, and are often inadequately labeled (Chap. 43).

Subacute or chronic mercury poisoning occurs after inhalation, aspiration, or injection of elemental mercury; ingestion or application of mercury salts;
or ingestion of aryl or long-chain alkyl mercury compounds. Slow in vivo oxidation of elemental mercury and dissociation of the carbon–mercury bond
of aryl or long-chain alkyl mercury compounds result in the production of the inorganic mercurous and mercuric ions.

The predominant manifestations of subacute or chronic mercury toxicity include GI symptoms, neurologic abnormalities, and renal dysfunction.
Gastrointestinal symptoms consist of a metallic taste and burning sensation in the mouth, loose teeth and gingivostomatitis, excessive salivation

(ptyalism), and nausea.122 The neurologic manifestations of chronic inorganic mercurialism include tremor, as well as the syndromes of neurasthenia
and erethism. Neurasthenia is a symptom complex that includes fatigue, depression, headaches, hypersensitivity to stimuli, psychosomatic
complaints, weakness, and loss of concentrating ability. Erethism, derived from the Greek word red, describes the easy blushing and extreme shyness
of affected individuals. Other symptoms of erethism include anxiety, emotional lability, irritability, insomnia, anorexia, weight loss, and delirium.
Mercury produces a characteristic central intention tremor (Chap. 22) that is abolished during sleep. In the most severe forms of mercury-associated
tremor, choreoathetosis and spasmodic ballismus are also reported. Other neurologic manifestations of inorganic mercurialism include a mixed
sensorimotor neuropathy, ataxia, concentric constriction of visual fields (“tunnel vision”), and anosmia.

Chronic poisoning with mercuric ions is associated with renal dysfunction, which ranges from asymptomatic, reversible proteinuria to nephrotic
syndrome with edema and hypoproteinemia. An idiosyncratic hypersensitivity to mercury ions is thought to be responsible for acrodynia, or “pink
disease,” which is an erythematous, edematous, and hyperkeratotic induration of the palms, soles, and face, and a pink papular rash that was first

described in a subset of children exposed to mercurous chloride powders.122 The rash is described as morbilliform, urticarial, vesicular, and
hemorrhagic. This symptom complex also includes excessive sweating, tachycardia, irritability, anorexia, photophobia, insomnia, tremors,
paresthesias, decreased deep tendon reflexes, and weakness. The acral rash frequently progresses to desquamation and ulceration. The prognosis is
favorable after withdrawal from mercury exposure. Childhood acrodynia has become uncommon since the abandonment of mercurial teething
powders and diaper rinses. Occasional case reports still implicate improperly disposed fluorescent light bulbs and phenylmercuric acetate–containing

paint.3,117

Thimerosal is an example of an aryl mercury compound that results in chronic inorganic mercury toxicity. It is a compound that was widely used as a
preservative in the pharmaceutical industry (Chap. 46). Although initial kinetics suggested a stable ethyl–mercury bond, the later elimination phase
more closely resembles that of the inorganic mercury compounds. Thimerosal is approximately 50% mercury by weight. Although generally
considered safe, toxicity and death can occur after both intentional overdose and excessive therapeutic application of merthiolate (0.1% thimerosal or

600 mcg/mL mercury).87,95

Concern that the cumulative dose of thimerosal in childhood immunizations exceeded federally recommended maximum mercury doses (EPA, 0.1
mcg/kg/day; Agency for Toxic Substances and Disease Registry, 0.3 mcg/kg/day; FDA, 0.4 mcg/kg/day) led to a call by the American Academy of

Pediatrics to reduce or eliminate thimerosal from vaccines.4 Thimerosal continues to be used in medically underserved nations as a preservative in

multidose vials in areas with inadequate refrigeration.31 Nevertheless, since 2001, routinely administered childhood vaccines in the United States no

longer contain thimerosal.4,47

Although sensitization after use in vaccinations has been reported in atopic children,86 clinical mercury toxicity has not been reported in appropriately

immunized children. The claim that thimerosal-containing vaccines causes autism has been refuted by numerous studies and meta-analyses.8,65,84,109

No causal association with early thimerosal exposure and adverse neuropsychological outcomes was shown in children tested at 7 to 10 years of

age.115 Clearly, the risk to child health from the diseases targeted for prevention by vaccines far exceeds the risk from thimerosal preservative in

vaccines.39,114,119 In 2010, US courts rejected a causal relationship between thimerosal and autism.32

Organic Mercury Compounds

In contrast to the inorganic mercurials, methylmercury produces an almost purely neurologic disease that is usually permanent except in the mildest of
cases. Although the predominant syndrome associated with methylmercury is that of a delayed neurotoxicity, acute GI symptoms, tremor, respiratory

distress, and dermatitis are also reported.124 In addition, ST segment changes on electrocardiography and renal tubular dysfunction are associated

with this poisoning.45 However, no increase in cardiovascular disease risk was reported with mercury exposure in a large cohort of US adults.73

The lipophilic property and slower elimination of methylmercury likely contribute to its profound neurologic effects. Characteristically, clinical
manifestations occur after the initial poisoning by a latent period of weeks to months. Consequently, the lethal dose of methylmercury is difficult to
determine. As noted previously, infants exposed prenatally to methylmercury were the most severely affected individuals in Minamata. Often born to
mothers with little or no manifestation of methylmercury toxicity themselves, exposed infants exhibited decreased birth weight and muscle tone,
profound developmental delay, seizure disorders, deafness, blindness, and severe spasticity.

Several weeks after methylmercury contaminated grain was ingested in Iraq, patients began to appear with paresthesias involving the lips, nose, and
distal extremities. Symptomatic patients also noted headaches, fatigue, and tremor. More serious cases progressed to ataxia, dysarthria, visual field
constriction, and blindness. Other neurologic deficits included hyperreflexia, hearing disturbances, movement disorders, salivation, and dementia.
The most severely affected patients lay in a mute, rigid posture punctuated only by spontaneous crying, primitive reflexive movements, or feeding

efforts.96

Although the outlook for methylmercury neurotoxicity is generally considered dismal, observations over the subsequent 2 years in 49 Iraqi children

poisoned during the 1971 outbreak revealed complete resolution or partial improvement in all but the most severely affected.5 Of the 40 symptomatic
children, 33 mildly to severely affected children showed partial to complete resolution of symptoms, but the 7 children classified as “very severely
poisoned” remained dysarthric, ataxic, blind, and bedridden.

An important route of organic mercury exposure is through seafood consumption. The safe amount of methylmercury in seafood remains
controversial. The FDA action concentration of 1 ppm for methylmercury in fish was set to limit consumption of methylmercury to less than 1/10th of

amounts found in cases of symptomatic poisoning. The EPA established a reference dose for methylmercury of 0.1 mcg/kg/day.90,118 Although
elevated blood concentrations (19–53 mcg/L) of mercury were found in one group of self-reported high consumers of seafood, increased incidence of

cognitive and GI complaints were not.52 Even so, concentrations at which fetuses experience adverse effects are unknown. Longitudinal studies of fish-
eating populations are conflicting. No effect of a high prenatal fish diet was found on developmental markers in children followed to 19 years of age in

the Seychelles Islands.27,28,120

However, in the studies done in the Faroe Islands and New Zealand, a subtle but significant effect on neuropsychological development was

reported.25,42,110 In the Faroe Islands, this effect persisted when children were retested at 22 years of age.30,31

One reason for the discrepancy that occurs between the 2 populations may be the different patterns of seafood consumption and concentrations of
methylmercury in the seafood consumed by each. The Faroese consume low level mercury–containing fish 1 to 3 times a week with episodic feasts of
highly contaminated pilot whale, whereas the Seychellois consume a more steady diet of low level–contaminated fish on average 12 times per week.
The pilot whales consumed in the Faroe Islands are also contaminated with neurotoxic polychlorinated biphenyls (PCBs), although these compounds
were measured and considered a potential confounding variable. The mean concentration of methylmercury in the whale meat consumed in the Faroe
Islands was 1.6 mcg/g, and the mean concentration of mercury found in New Zealand shark was 2.2 mcg/g. By contrast, the mean methylmercury

content of Seychellois fish was 0.3 mcg/g.75 The threshold concentration for neuropsychological effects may lie between these concentrations.

The development of neurologic symptoms in infants exclusively breastfed by women exposed to methylmercury after delivery and the detection of

mercury in the milk of lactating women implies a risk for mercury poisoning via breast milk.57 In one series of lactating women, mercury concentrations

in milk were approximately 30% of the concentrations found in blood.83 Perhaps because of high levels of PCBs in pilot whale meat, 7-year-old children
from the Faroe Islands, who have a diet traditionally high in the mercury-containing sea mammals and were breast-fed as infants, exhibited a

diminished benefit (but not deficit) on neuropsychological testing when compared with their counterparts fed formula.48

Further complicating findings in a cohort of Faroese children, the neurobehavioral deficits from methylmercury may be underestimated unless the

protective effects of long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, also found in fish) are included in the analysis.21 Likewise, the Seychelles
Child Development Study Nutrition Cohort 2 found no overall adverse association between prenatal methylmercury exposure and

neurodevelopmental outcomes in children with high maternal n-3 PUFA concentrations.111 The net neuropsychological effects of prenatal and dietary
methylmercury result from dose and timing of fish in the diet as well as the concentrations of methylmercury, neurotoxic PCBs, and neuroprotective

PUFA in the consumed fish.111

The FDA recommends that at-risk populations (pregnant women and women who may become pregnant, nursing mothers, and young children) avoid
large predator fish (shark, swordfish, tilefish, and king mackerel) that contain concentrations of methylmercury approaching 1 ppm (1 mcg/g). The
2004 FDA/EPA consumer advisory emphasizes the health benefits of eating fish and allow for up to 12 ounces per week of fish and shellfish lower in
mercury such as shrimp, canned light tuna, salmon, pollock and catfish and up to 6 ounces of albacore tuna per week. Given the beneficial effects of

seafood, efforts should be aimed at decreasing anthropogenic release of mercury rather than elimination of dietary exposure.91

Although methylmercury has greater importance worldwide, the extreme toxicity of another organic mercurial, dimethylmercury, was tragically
demonstrated by the delayed fatal neurotoxicity that developed in a chemist who inadvertently spilled dimethylmercury on a break in the gloves on her

hands.77 Over a period of several days, she developed progressive difficulty with speech, vision, and gait. Despite chelation and exchange transfusion,
she died of mercury neurotoxicity within several months of the exposure.

DIAGNOSTIC TESTING

The dual findings of unexplained neuropsychiatric and kidney abnormalities in an individual should alert the clinician to the possibility of
mercurialism, as should an at-risk occupation or access by the patient to a mercurial product (Table 95–1). Occupational or environmental exposure
and a consistent clinical scenario are suggestive of mercury poisoning, but demonstration of mercury in blood, urine, or tissues is necessary for
confirmation of exposure. Of the many methods available to measure mercury, cold atomic absorption spectrometry is rapid, sensitive, and accurate
but cannot distinguish the various forms of mercury. Thin-layer and gas chromatographic techniques are recommended to distinguish organic from
inorganic mercury. Whole blood should be collected into a trace element collection tube obtained from the laboratory performing the assay. Urine
should be collected for 24 hours into an acid-washed container obtained from a laboratory. Spot collections must be adjusted for creatinine
concentration. Attempts to measure or otherwise handle the specimen should be avoided to prevent external contamination (Table 95–4).

TABLE 95–4

Diagnostic Testing for Mercury

Whole  Blood 24-hour Urine Hair Clinical

Elemental/Inorganic (+)

Acute, transient

(++)

Confirm exposure

Monitor chelation

Poor correlation to

TBB

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Early detection

Organic (++)

Best reflects

TBB

(–)

Fecal elimination

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Reflects irreversible CNS

toxicity

Early detection

There is considerable overlap among concentrations of mercury found in the normal population, asymptomatic exposed individuals, and patients with
clinical evidence of poisoning. There is no definitive correlation between either whole blood or urine mercury concentration and mercury toxicity.
However, mercury serves no useful role in human physiology, and concentrations of 1.0 mcg/L or less for whole blood and 0.5 mcg/L for urine are
generally considered to reflect background exposure in nonpoisoned individuals. The inconsistencies of the values found in the literature for mercury
exposure are a recurrent issue in metal testing. A credible and qualified laboratory should be employed and their reference ranges accepted when

testing is desired.20

For inorganic mercury poisoning, urine mercury concentrations correlate roughly with exposure severity and neuropsychiatric symptoms,93 but the
relationship to total body burden is probably poor. Urine mercury determinations have their greatest usefulness in confirming exposure and
monitoring the efficacy of chelation therapy. Whole blood mercury concentrations reflect intense, acute inorganic mercury exposure but become less
reliable as redistribution to tissues takes place.

Because organic mercury is eliminated via the fecal route, urine mercury concentrations are not useful in methylmercury poisoning. Because
methylmercury concentrates in RBCs, the total-body methylmercury burden is best reflected acutely by whole-blood concentrations. As methylmercury
distributes to and accumulates in brain, the severity of clinical manifestations probably more closely reflects the degree of the irreversible neuronal
destruction that has taken place rather than the current body burden of mercury. Correlation of increasing whole-blood mercury concentrations with

prevalence of paresthesias was suggested in a population of Iraqis studied early in the course of methylmercury poisoning.24 However, in another

group of patients, whole-blood concentrations did not correlate with severity of methylmercury poisoning.96 This apparent discrepancy may have
resulted from the finding that paresthesias are among the earliest reported symptoms of methylmercury poisoning.

Because mercury accumulates in the hair, hair analysis has been used as a tool for measuring mercury burden. However, because metal incorporation
reflects past exposure and hair avidly binds to noningested environmental mercury, the reliability of this method is questionable and is not

recommended.89 In addition to mercury assays, neuropsychiatric testing, nerve conduction studies, and urine assays for N-acetyl-β-D-glucosaminidase

and β2-microglobulin are advocated for early detection of subclinical inorganic and organic mercury toxicity.34,45,93

GENERAL MANAGEMENT

After the initial assessment and stabilization, the early toxicologic management of a patient with mercury poisoning includes termination of exposure
by removal from vapors, washing exposed skin, GI decontamination, supportive measures (eg, hydration, humidified oxygen), baseline diagnostic
studies (eg, complete blood count, serum chemistries, venous blood gas, radiography, ECG), specific analysis of whole blood and urine for mercury,
evaluation of possible cointoxicants, and meticulous monitoring.

Elemental Mercury

Inhalation of mercury vapors or aspiration of metallic mercury may result in life-threatening respiratory failure; in this situation, stabilization of
cardiorespiratory function is the initial priority. Postural drainage and endotracheal suction are a reasonable technique to attempt to remove
aspirated metallic mercury. Parenteral deposition of subcutaneous or intramuscular (IM) mercury is amenable to surgical excision, if well localized
(Fig. 95–1).

An adjunct to the initial management of patients with mercury poisoning is environmental decontamination. Elemental mercury that spills onto solid
surfaces should be adsorbed to sand and the resulting mixture then swept into tightly sealed containers. Ideally, a mercury decontamination kit should
be used. The kit consists of calcium polysulfide, which contains excess sulfur to convert mercury to water-insoluble mercuric sulfide. Absorbent
surfaces, such as carpets, should be removed. Spilled mercury compounds should not be vacuumed because vacuuming could volatilize the

mercury.18 Broken compact fluorescent light bulbs should be handled and disposed of according to EPA guidelines and local requirements.2

Recommendations for decontamination after breakage include opening windows to release vapor, using adhesive tape to pick up visible fragments,
and discarding contaminated material in double-wrapped bags. Guidance for decontamination of major spills and disposal of materials can be
provided by local and federal hazardous materials agencies.

Inorganic Mercury

Because ingestion of inorganic mercuric may lead to cardiovascular collapse caused by severe gastroenteritis and third-space fluid loss, fluid
resuscitation is a priority. Gastrointestinal decontamination of ingested inorganic mercury is particularly problematic because of its causticity and risk
for perforating injury. Nevertheless, one series of patients with mercuric chloride ingestion of up to 4 g reported recovery without long-term GI

sequelae in patients who did not succumb to kidney failure.116 Therefore, unless there is high suspicion for penetrating GI mucosal injury, removal of
mercury from absorptive surfaces should take priority over endoscopic evaluation. The prominence of vomiting makes gastric lavage unnecessary for
most patients with inorganic mercury poisoning.

Metals are among the substances that are often considered to be poorly adsorbed to activated charcoal. Nevertheless, the serious nature of late
sequelae after mercury absorption, the typically small quantities of mercury ingested, and evidence that inorganic mercuric salts actually have
substantial adsorption to activated charcoal (800 mg mercuric chloride can be adsorbed to 1 g activated charcoal) justify the routine administration of

activated charcoal.6 Whole-bowel irrigation with polyethylene glycol solution is a reasonable adjunct to remove residual mercury, and its progress can
be followed with serial radiographs.

Organic Mercury

Organic mercury exposures do not typically present as single acute ingestions but rather as chronic or subacute ingestion of contaminated food.
Therefore, GI decontamination is generally moot with respect to organic mercury poisoning. Nevertheless, its irreversible toxicity coupled with
unsatisfactory treatments calls for aggressive decontamination when acute ingestions or dermal exposures occur.

CHELATION

After initial stabilization and decontamination, early institution of chelators minimizes or prevents the widespread effects of poisoning. Dimercaprol
was developed during World War II as an antidote against lewisite, an arsenical warfare agent. The water-soluble analogs DMPS and succimer were

developed in the 1950s, and the 3 chelators have remained the mainstay of therapy for mercury poisoning.59 A high degree of protein binding and
distribution to the brain are responsible for the lack of efficacy of other measures to increase mercury clearance, such as peritoneal dialysis and

hemodialysis.100 In one report of the use of continuous venovenous hemodiafiltration in combination with a chelator in a patient with severe inorganic

mercury poisoning, 12.7% of the ingested dose was recovered in the ultrafiltrate.26 Hemodialysis may nevertheless ultimately be necessary because of
the acute kidney failure that often occurs after mercuric chloride poisoning.

Chelators have thiol groups that compete with endogenous sulfhydryl groups for the binding of mercury, thereby preventing inactivation of sulfhydryl-
containing enzymes and other essential proteins (Antidotes in Depth: A28 and A29). A history of significant mercury exposure combined with the
presence of typical symptoms of mercury poisoning is an appropriate indication for the institution of chelation therapy. Elevated whole-blood and
urine mercury concentrations help support the decision to begin chelation therapy in unclear cases and can also be used to guide the duration of
therapy. Provocative chelation, in which urinary mercury excretion before and after a chelating dose is compared to determine the degree of mercury

poisoning, is of no value.52 Chelation tends to increase urinary elimination of mercury, regardless of exposure history and baseline excretion.

Elemental Mercury and Inorganic Mercury Salts

For patients with symptomatic acute inorganic mercury poisoning, dimercaprol should be administered for 10 days in dosages of 5 mg/kg/dose every 4
hours IM for 48 hours, then 2.5 mg/kg every 6 hours for 48 hours, followed by 2.5 mg/kg every 12 hours for 7 days. It is reasonable to adjust this dosing
regimen, which was derived from lead poisoning, according to clinical response and the occurrence of adverse reactions.

When a patient can take oral medications, we recommend that dimercaprol be replaced with succimer at 10 mg/kg orally 3 times a day for 5 days, then
twice a day for 14 days if the GI tract is clear. Because headache, nausea, vomiting, abdominal pain, and diaphoresis are common reactions during
dimercaprol chelation therapy, oral succimer is recommended in patients who are not acutely ill or who have been chronically poisoned.

Either dimercaprol or succimer is considered the treatment of choice for inorganic mercury poisoning in the United States, but a few other chelators
deserve mention. 2,3-Dimercapto-1-propanesulfonic acid (DMPS) is a water-soluble dimercaprol derivative that is used in Europe. It is administered
both IV and orally. D-Penicillamine is an orally administered monothiol. Its adverse events—GI distress, rashes, leukopenia, thrombocytopenia, and

proteinuria—although uncommon in therapeutic doses, seriously limit the usefulness of the drug. N-acetyl-D,L-penicillamine (NAP), an investigational

analog of D-penicillamine, is thought to be a more effective chelator of mercury than is D-penicillamine, perhaps because of its greater stability.11,40,43

Organic Mercury Compounds

The neurotoxicity of methylmercury and other organic mercury compounds is resistant to treatment, and therapeutic options are less than
satisfactory. In rats, both dimercaprol and D-penicillamine effectively reduced tissue mercury and prevented neurologic toxicity if administered within

the first day of a methylmercury injection.126 Neither treatment reversed neurologic toxicity when administered 12 days after methylmercury injection.
2,3-Dimercapto-1-propanesulphonate, D-penicillamine, NAP, and a thiolated resin all led to a marked reduction of blood half-life of mercury (ie, 10, 24,

23, and 19 days, respectively, versus 60 days) during the outbreak of methylmercury poisoning in Iraq in 1971.24 Clinical improvement was not
observed in any treatment group, but it is reasonable to postulate that reducing the total-body burden of methylmercury may prevent or limit the

progression of disease. When studied in mice poisoned with methylmercury,1 succimer was superior to NAP, DMPS, and a thiolated resin in decreasing
brain mercury and increasing urinary excretion. Brain mercury was decreased to 35% of control, and the total-body burden fell to 19%. Some animal

evidence suggests that dimercaprol increases mercury mobilization into the brain.7,10,15 For this reason, and the lack of serious GI symptoms
necessitating parenteral chelation, We recommend against the use of dimercaprol the treatment of patients with organic mercury poisoning.

Because the neurologic impairment associated with methylmercury is both profound and essentially irreversible, early recognition of poisoning and
prevention of neurotoxicity are essential to a successful outcome. At this time, succimer is the most reasonable treatment for methylmercury
poisoning because of its apparently low toxicity and reported efficacy in animal trials.

SUMMARY

Mercury poisoning by any of the 3 major forms—elemental, inorganic, and organic—presents a complex toxicologic problem associated with a
large variety of clinical presentations.

An ever present awareness of the signs and symptoms coupled with the knowledge of the differing clinical forms is essential for both early
recognition and effective treatment.

Although some chelators show promise in the treatment of mercury poisoning, neurologic sequelae, particularly those resulting from organic
mercury exposures, remain largely irreversible.

Dietary fish remains an important source of mercury exposure and mercurial neuropsychologic illness.

There is no evidence for the role of mercury in the pathogenesis of autism.

Promotion of public education regarding the dangers of mercury, its avoidance, and proper disposal may aid in the prevention of mercury
poisoning.
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ATN = acute tubular necrosis; BAL = British anti-Lewisite; CNS = central nervous system; GI = gastrointestinal; + to +++ = present with increasing importance; - =

absent.

CNS = central nervous system; TBB = total body burden; + to ++ = useful testing specimen; - = lack of utility.
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Chapter 95: Mercury

Young-Jin Sue

INTRODUCTION

HISTORY AND EPIDEMIOLOGY

Mercury is a metal that is widely toxic to multiple organ systems. Its toxicologic manifestations are well known as a result of thousands of years of

medicinal applications, industrial use, and environmental disasters.69,112 Mercury occurs naturally in small amounts as the elemental (Hg0) silver-

colored liquid (quicksilver); as inorganic compounds such as mercuric (Hg2+) sulfide (cinnabar), mercurous (Hg+) chloride (calomel), mercuric chloride
(corrosive sublimate), and mercuric oxide; and as organic compounds (methylmercury and dimethylmercury). Mercury’s gastroenteric irritant effects
led to its use as a therapy for constipation. In recent (16th–19th), centuries, mercury-containing preparations, advocated for their potent diuretic and

sialogogic properties, were widely used to treat syphilis to “flush” the “virus” out.81 The musician Paganini was one of several famous persons whose
gingivitis, dental decay, ptyalism (excessive salivation), and erethism (pathologic irritability and emotional instability) were attributed to mercury

therapy.80 In the 1800s, the United States witnessed an epidemic of “hatters’ shakes” or “Danbury shakes” and “mercurial salivation” in hat industry

workers.123 Danbury, Connecticut, was a US center of felt hat manufacturing in which mercuric nitrate was used to mat animal furs into felt.112,123

In the early 1900s, acrodynia, a painful dusky pink discoloration of the hands and feet, or “pink disease,” was described in children who received

calomel for ascariasis or teething discomfort.16 Vividly described in a series of 41 children, the development of acrodynia was more common in

younger children, did not seem to correlate with mercury dose, and was not necessarily related to urine concentrations of mercury.122

One of the most devastating epidemics of mercury poisoning occurred as the result of a decade of contamination of Minamata Bay in Japan by a
nearby vinyl chloride plant during the 1940s. Methylmercury accumulated in the bay’s marine life and poisoned the inhabitants of the local fishing
community. Although officially only 121 victims were reported, thousands more are believed to have been affected by what has subsequently been

named Minamata disease.88,113 The largest outbreak of methylmercury poisoning to date occurred in Iraq in late 1971. Approximately 95,000 tons of
seed grain intended for planting and treated with methylmercury as a fungicide were baked into bread for direct consumption, resulting in widespread

neurologic symptoms, 6,530 hospital admissions, and more than 400 deaths.5,23,96

In 1990, the US Environmental Protection Agency (EPA) banned mercury-containing compounds from interior paints.3 However, mercury-containing
paints manufactured before that ruling may still be on interior walls, and mercury-containing paint can still be sold for outdoor use. In 1997, a scientist

succumbed to delayed, progressive neurologic deterioration after a minute dermal exposure to dimethylmercury.77 Contemporary exposures occur in

the form of mercury-tainted seafood, mercury-based preservatives (thimerosal), and artisanal gold mining.36

However, a once widely feared source of potential poisoning, mercury-containing dental amalgam does not result in clinical poisoning.14 Occasionally,
exposure to mercury from broken thermometers leads to poisoning in the home, but such thermometers are becoming less common because of

recent efforts to replace mercury with digital thermometers and other electronic devices.78

More recently, the ongoing movement to replace incandescent light bulbs with compact fluorescent bulbs has once again raised the concern of
exposure to mercury in the home and environment. Promoted to reduce greenhouse gas emissions, each bulb contains about 4 mg of elemental

mercury.2

Table 95–1 lists some potential sources of mercury exposure.

TABLE 95–1

Exposures to Mercury

Elemental Inorganic Organic

Manufacturing/Industrial Barometers

Bronzing

Ceramics

Chlorine manufacture

Electroplating

Jewelry

Metal refineries

Paints

Paper pulp

Photography

Batteries

Chemistry sets

Dyes

Explosives

Fireworks

Laboratory reagents

Tanneries

Taxidermy

Vinyl chloride manufacture

Agriculture

Embalming

Fungicides

Laboratory reagents

Pesticides

Wood preservatives

Medical/Medicinal Amalgam

Sphygmomanometry

Tissue fixatives

Thermometers

Weighted nasogastric tubes

Antiseptics

Calomel

Disinfectants

Laxatives

Nonprescription medications

Bactericidals

Pharmaceuticals

Preservatives

Food/Other Ritualistic, complementary Aesthetic, cosmetic

Ayurvedic

Grains (contaminated)

Seafood

FORMS OF MERCURY AND TOXICOKINETICS

The 3 clinically important forms of mercury—elemental, inorganic, and organic—differ with respect to their toxicodynamics and toxicokinetics (Table
95–2). Each produces distinct clinical patterns of poisoning stemming in part from their unique kinetic features (Table 95–3). For each form, the
specific manifestations are determined by the route of exposure, rate of exposure, distribution, biotransformation of mercury within the body, and
relative accumulation or elimination of mercury by the target organ systems. Whereas elemental mercury produces pulmonary toxicity, inorganic
mercury initially causes gastrointestinal (GI) symptoms followed by nephrotoxicity. A nearly pure neurologic toxicity results from organic
(methylmercury) exposure.

TABLE 95–2

Classes of  Mercury Compounds

Nomenclature Example

Elemental Hg0 Quicksilver

Inorganic Hg+

HgCl

Hg2+

HgCl2

Mercurous ion

Calomel, mercurous chloride

Mercuric ion

Mercuric chloride

Organic Short-chain alkyl–mercury compounds

Long-chain mercury compounds

Aryl mercury compounds

Methylmercury

Ethylmercury

Dimethylmercury

Methoxyethylmercury

Phenylmercury

TABLE 95–3

Differential Characteristics of Mercury Exposure

Elemental Inorganic Organic

Primary route of exposure Inhalation Oral Oral

Primary tissue distribution CNS, kidney Blood (transient, acute)

Kidney

CNS (delayed)

CNS, kidney, liver, blood, hair

Clearance Kidney, GI Kidney, GI Methyl: GI

Aryl: kidney, GI

Clinical effects

 CNS Tremor Tremor, erethism Paresthesias, ataxia, tremor, tunnel vision, dysarthria

 Pulmonary +++ – –

 Gastrointestinal + +++ (caustic) +

 Renal + +++ (ATN) +

 Acrodynia + ++ –

Therapy BAL, succimer BAL, succimer Succimer (early)

ABSORPTION

Elemental Mercury

Elemental mercury (Hg0) is absorbed primarily via inhalation of vapor, although slow absorption after aspiration, subcutaneous deposition, and direct

intravenous (IV) embolization occurs.60,74,121 Volatility, moderate at room temperature, increases significantly with heating or aerosolization, both of

which occur with vacuuming.44,102 When inhaled by human volunteers, 75% to 80% of mercury vapor is absorbed.44 However, elemental mercury is
negligibly absorbed from an anatomically and functionally normal GI tract, and it is usually considered nontoxic when ingested. Abnormal GI motility
prolongs mucosal exposure to elemental mercury, and massive ingestion increases subsequent ionization to more readily absorbed forms. Similarly,
anatomic GI abnormalities such as fistulae or perforation are associated with extravasation of mercury into the peritoneal in which where elemental
mercury is oxidized to more readily absorbed inorganic forms.

Inorganic Mercury

The principal route of absorption for inorganic mercury is the GI tract. Approximately 10% of soluble divalent (Hg2+) mercuric salts such as mercuric

chloride (HgCl2) are absorbed following ingestion and dissociation.66 Absorption of a relatively insoluble monovalent (Hg+) mercurous compound,

such as mercurous chloride (calomel; HgCl), is dependent on its oxidation to the divalent form.79 Inorganic mercury is also absorbed across the skin
and mucous membranes, as evidenced by urinary excretion of mercury after dermal application of skin-lightening mercurial ointments and powders

containing HgCl.106,122

The degree of dermal absorption varies by the concentration of mercury, skin integrity, and lipid solubility of the vehicle. With substantial dermal
exposures to mercury salts, skin absorption may be difficult to distinguish from concomitant absorption via other routes, such as ingestion.

Organic Mercury

As in the case of inorganic mercury, organic mercury is primarily absorbed from the GI tract. Methylmercury, considered the prototype of the short-

chain alkyl compounds, is approximately 90% absorbed from the gut. Aryl and long-chain alkyl compounds have more than 50% GI absorption.79

Although both dermal and inhalational absorption of organic mercury is reported, precise quantitation and exclusion of concomitant absorption by
ingestion are difficult to determine.

DISTRIBUTION AND BIOTRANSFORMATION

After absorption, mercury distributes widely to all tissues, predominantly the kidneys, liver, spleen, and central nervous system (CNS). The initial
distributive pattern into nervous tissue of elemental and organic mercury differs from that of the inorganic compounds because of their greater lipid
solubility.

Elemental Mercury

Although peak concentrations of elemental mercury are delayed in the CNS as compared with other organs (2–3 days versus 1 day),44 significant
accumulation in the CNS occurs after an acute, intense exposure to elemental mercury vapor. Conversion of elemental mercury to the charged

mercuric (Hg2+) cation within the CNS favors retention and local accumulation. Because elemental mercury does not covalently bind to other

compounds, its toxicity depends on its oxidation initially to the mercurous ion (Hg+) and then to the mercuric ion (Hg2+) by the enzyme catalase.66

Because this oxidation–reduction reaction favors the mercuric cation at steady state, the distribution and late manifestations of metallic mercury
toxicity eventually resemble those of inorganic mercury poisoning. Conversely, and to a lesser extent, inorganic mercuric ions are reduced to the

elemental state (Hg0), although the site and mechanism of this reaction are not well understood.79

Inorganic Mercury

The greatest concentration of mercuric ions is found in the kidneys, particularly within the renal tubules. At least in animal studies, administration of

mercury induces the renal synthesis of metallothionein, a compound that binds to and detoxifies mercuric ions.12 Very little mercury is found as free
mercuric ions. In blood, mercuric ions are found both within the red blood cells (RBCs) and bound to plasma proteins in approximately equal
proportions. Blood concentrations are greatest immediately after inorganic mercury exposure, with rapid waning as distribution to other tissues
occurs. Although penetration of the blood–brain barrier is poor because of low lipid solubility, slow elimination and prolonged exposure contribute to
significant CNS accumulation of mercuric ions. Within the CNS, mercuric ions concentrate in the cerebellum and hippocampus, and to a lesser degree,

the cerebral cortex.35 Although inorganic mercurials undergo organification in marine life, as in the Minamata Bay disaster,9,85 the importance of this

conversion in humans is unknown. Animal studies demonstrate that the placenta functions as an effective barrier to mercuric ions.79

Organic Mercury

Once absorbed, aryl (phenyl mercury) and long-chain alkyl mercury compounds differ from the short-chain organic mercury compounds
(methylmercury) in an important way—the former possess a labile carbon–mercury bond, which is subsequently cleaved, releasing the inorganic
mercuric ion. Thus, the distribution pattern and toxicologic manifestations produced by the aryl and long-chain alkyl compounds that occur beyond
the immediate postabsorptive phase are comparable to those of inorganic mercury, but organification has facilitated absorption and reduced the local

caustic effects.79 In contrast, short-chain alkyl mercury compounds possess relatively stable carbon–mercury bonds that survive the absorptive phase,

although conversion to the inorganic mercuric cation at a rate of less than 1% per day occurs after absorption.124 Because it is lipophilic,

methylmercury readily distributes across all tissues, including the blood–brain barrier and placenta.46 An important consequence of this property is
the devastating neurologic degeneration that develops in prenatally exposed infants with Minamata disease. The rapid decline of blood mercury
concentrations in both suckling rats and breastfeeding human infants is attributed to rapid growth of body volume combined with limited transport of

mercury by milk.76,97,98

After methylmercury is distributed to brain tissue, its fate is uncertain. Animal evidence indicates that methylmercury is converted to inorganic mercury

in brain tissue.63 Primates fed oral methylmercury daily for periods exceeding 1 year and then killed within days of the last exposure demonstrated an
average brain inorganic mercury fraction of only 19%. By contrast, when the postexposure period was extended to between 150 and 650 days, the
inorganic mercury fraction increased to 88%. Similarly, long-term survivors of methylmercury poisoning had a higher ratio of inorganic mercury to

total mercury in their brains.29 In one patient who survived 22 years after methylmercury ingestion, autopsy revealed that the brain mercury was nearly
completely in the inorganic form.

Methylmercury concentrates in RBCs to a much greater degree than do mercuric ions, with an RBC-to-plasma ratio of about 10:1 (in contrast to 1:1 RBC-

to-plasma ratio for inorganic mercury).124 However, despite this apparent affinity for nervous tissue and RBCs, the greatest methylmercury
concentrations are found in the kidneys and liver. In addition, because of the extensive sulfhydryl bonds in hair, methylmercury deposits in hair at

concentrations approximately 250 times that found in whole blood.55

ELIMINATION

Elemental Mercury and Inorganic Mercury

Mercuric ions are excreted through the kidney by both glomerular filtration and tubular secretion and in the GI tract by transfer across gut mesenteric
vessels into feces. Small amounts are reduced to elemental mercury vapor and volatilized from skin and lungs. The total-body half-life of elemental

mercury and inorganic mercury was previously estimated at approximately 30 to 60 days.22,66 However, a recent review of case studies indicates that

the half-life of inorganic mercury in human brains is on the order of several years to several decades.92

Organic Mercury

In contrast to elemental mercury and inorganic mercury, the elimination of short-chain alkyl mercury compounds (such as methylmercury) is
predominantly fecal. Enterohepatic recirculation contributes to its somewhat longer total body half-life of about 70 days. Less than 10% of

methylmercury is excreted in urine and feces as the mercuric cation.124

PATHOPHYSIOLOGY

The pervasive disruption of normal cell physiology by mercury arises from its avid covalent binding to sulfur, replacing the hydrogen ion in the body’s
ubiquitous sulfhydryl groups. Mercury also reacts with phosphoryl, carboxyl, and amide groups, resulting in widespread dysfunction of enzymes,
transport mechanisms, membranes, and structural proteins.

Because mercury deposits in all tissues, the clinical manifestations of mercury toxicity involve multiple organ systems with variable features and
intensity. Necrosis of the GI mucosa and proximal renal tubules, which occurs shortly after mercury salt poisoning, is thought to result from the direct
oxidative effect of mercuric ions. An immune mechanism is attributed to membranous glomerulonephritis and acrodynia associated with the use of

mercurial ointments.13

Neurologic manifestations of methylmercury poisoning correlate with pathologic findings in the brains of both adults and children who were

prenatally exposed.68,113 Grossly, atrophy of the brain is more severe in children who had prenatally or postnatally acquired methylmercury compared
with the brains of those exposed as adults. In the adult brain, neuronal necrosis and glial proliferation are most prominent in the calcarine cortex of
the cerebrum and in the cerebellar cortex. In fetal Minamata disease, similar lesions are present but in a more diffuse and severe form. Atrophy of the
cerebellar hemispheres, postcentral gyri, and calcarine area of the brain demonstrated on magnetic resonance images in organic mercury–poisoned

patients correlates with clinical findings of ataxia, sensory neuropathy, and visual field constriction, respectively.58 Neuropathologic examination of
the brain of a scientist who died after unintentional dermal exposure to dimethylmercury revealed lesions in the cerebellum, temporal lobe, and visual

cortex.105

In rats, neuronal cytotoxicity of methylmercury may result partly from muscarinic receptor–mediated calcium release from smooth endoplasmic

reticulum of cerebellar granule cells.62 There is animal evidence that methylmercury may trigger reactive oxygen species production. In addition,
methylmercury inhibits astrocyte uptake of cysteine, the rate-limiting step in the production of glutathione, a major antioxidant in mammalian cell

systems.104 Cultured astrocytes accumulated methylmercury and exhibited increased mitochondrial permeability and oxidative injury.125 Complexing
of methyl- mercury with L-cysteine may enhance brain uptake by mimicry of methionine, a substrate of the endogenous L amino acid transport system.

Uptake of the L-isomer significantly exceeds that of methylmercury–D-cysteine. Careful selection of stereospecific thiol complexing agents may lead to

strategies to limit brain uptake of methylmercury.56,70

CLINICAL MANIFESTATIONS

Elemental Mercury

Symptoms of acute elemental mercury inhalation occur within hours of exposure and consist of cough, chills, fever, and shortness of breath.
Gastrointestinal complaints include nausea, vomiting, and diarrhea accompanied by a metallic taste, dysphagia, salivation, weakness, headaches, and
visual disturbances. Chest radiography during the acute phase reveals interstitial pneumonitis and both patchy atelectasis and emphysema.
Symptoms either resolve with lesser exposures or progress to acute respiratory distress syndrome (ARDS) with respiratory failure and death. Some
survivors of severe pulmonary toxicity develop interstitial fibrosis and residual restrictive pulmonary disease. The acute respiratory symptoms occur
concomitantly with or precede the development of subacute inorganic mercury poisoning manifested by tremor, kidney dysfunction, and

gingivostomatitis.17,54,94 Thrombocytopenia is also reported to occur during the acute phase.38

Although acute exposure to elemental mercury vapor occurs most commonly in the occupational setting, poisonings caused by mishandling of the

metal in the home are well reported.19,29,50,72,108 In fact, attempts at home metallurgy using metallic mercury have resulted in fatalities with ambient air

concentrations of mercury as high as 0.9 mg/m3. The current US Occupational Safety and Health Administration permissible exposure limit (PEL) for

mercury vapor is 0.1 mg/m3 of air as a ceiling limit.82

As with other inhaled toxins, children are likely to be more sensitive to the pulmonary toxicity of mercury vapor because of their ratio of minute

ventilation volume to body size.72 Although pulmonary toxicity from elemental mercury usually results from inhalation of vapor, massive

endobronchial hemorrhage followed by death has occurred secondary to direct aspiration of metallic mercury into the tracheobronchial tree.127

Gradual volatilization of elemental mercury results in chronic toxicity from improper handling, such as vacuuming spilled mercury.102

The clinical importance of volatilized metallic mercury from dental amalgams for both the dentist and patient is controversial. The preponderance of
evidence refutes the idea that dental amalgam causes mercury poisoning. Several comprehensive reviews of the subject conclude that (1) occupational
exposure to mercury from dental amalgam is acceptably low, provided that recommended preventive measures such as adequate ventilation are
adhered to; (2) the quantity of mercury vaporized from dental amalgam by mechanical forces, such as chewing, is clinically insignificant; and (3) only in
exceedingly rare cases will immunologic hypersensitivity to mercury amalgam (manifested as cutaneous signs and symptoms and confirmed by patch

testing) necessitate removal of the amalgam.33,34,37,61,107

Unusual cases of chronic toxicity have resulted from intentional subcutaneous or IV injection of elemental mercury (Figs. 8–6 and 95–1).49,74 Aside from
management of systemic mercury toxicity, local wound care and excision of deposits of mercury are additional therapeutic challenges presented by
these cases. Serial or repeat radiographs are useful in guiding the removal of the radiopaque deposits.

FIGURE 95–1.

Anteroposterior (A) and lateral (B) views of the elbow after an unsuccessful suicidal gesture involving an attempted intravenous injection of elemental
mercury in the antecubital fossa. Note the extensive subcutaneous mercury deposition, which was partially removed by surgical intervention. (Used
with permission from Diane Sauter, MD.)

Inorganic Mercury

Acute ingestion of mercuric salts produces a characteristic spectrum from severe irritant to caustic gastroenteritis. Immediately after the ingestion, a
grayish discoloration of mucous membranes and metallic taste typically accompany local oropharyngeal pain, nausea, vomiting, and diarrhea followed

by abdominal pain, hematemesis, and hematochezia. The lethal dose of mercuric chloride is estimated to be 30 to 50 mg/kg.116 The life-threatening
manifestations of severe acute mercuric salt ingestion are hemorrhagic gastroenteritis, massive fluid loss resulting in shock, and acute kidney

failure.100

Oropharyngeal injury, nausea, hematemesis, hematochezia, and abdominal pain were the most prominent symptoms in a series of 54 patients who

presented after ingesting up to 4 g of mercuric chloride.116 In this series, fatality was associated with the early development of oliguria (within 3 days)
likely due in large part to lack of routinely available hemodialysis at that time. The development of anuria appeared to be related to the dose of
mercuric chloride ingested. The histopathologic finding of proximal tubular necrosis after mercuric salt poisoning results both from direct toxicity to

renal tubules and from renal hypoperfusion caused by shock. Consequently, aggressive fluid therapy to maintain perfusion is recommended.101

Acute ingestion of mercuric salts is usually intentional, but unintentional ingestion occurs sporadically in both children and adults.51 Although
ingestion of older button batteries containing mercuric oxide was associated with a greater incidence of fragmentation than with other batteries,

clinically significant systemic mercury toxicity by this route was not reported.64,67 Mercuric chloride–containing stool preservatives are another
potential source of unintentional inorganic mercury poisoning. Ingestion of 10 to 20 mL of a polyvinyl alcohol preservative that contained 4.5%

mercuric chloride resulted in bloody gastroenteritis and proteinuria.103 Nonprescription49 and Ayurvedic99 medicines are also associated with

unintentional inorganic mercury poisoning (Chap. 43).53 These xenobiotics are not subject to US Food and Drug Administration (FDA) regulation,
available without prescription, of variable composition, and are often inadequately labeled (Chap. 43).

Subacute or chronic mercury poisoning occurs after inhalation, aspiration, or injection of elemental mercury; ingestion or application of mercury salts;
or ingestion of aryl or long-chain alkyl mercury compounds. Slow in vivo oxidation of elemental mercury and dissociation of the carbon–mercury bond
of aryl or long-chain alkyl mercury compounds result in the production of the inorganic mercurous and mercuric ions.

The predominant manifestations of subacute or chronic mercury toxicity include GI symptoms, neurologic abnormalities, and renal dysfunction.
Gastrointestinal symptoms consist of a metallic taste and burning sensation in the mouth, loose teeth and gingivostomatitis, excessive salivation

(ptyalism), and nausea.122 The neurologic manifestations of chronic inorganic mercurialism include tremor, as well as the syndromes of neurasthenia
and erethism. Neurasthenia is a symptom complex that includes fatigue, depression, headaches, hypersensitivity to stimuli, psychosomatic
complaints, weakness, and loss of concentrating ability. Erethism, derived from the Greek word red, describes the easy blushing and extreme shyness
of affected individuals. Other symptoms of erethism include anxiety, emotional lability, irritability, insomnia, anorexia, weight loss, and delirium.
Mercury produces a characteristic central intention tremor (Chap. 22) that is abolished during sleep. In the most severe forms of mercury-associated
tremor, choreoathetosis and spasmodic ballismus are also reported. Other neurologic manifestations of inorganic mercurialism include a mixed
sensorimotor neuropathy, ataxia, concentric constriction of visual fields (“tunnel vision”), and anosmia.

Chronic poisoning with mercuric ions is associated with renal dysfunction, which ranges from asymptomatic, reversible proteinuria to nephrotic
syndrome with edema and hypoproteinemia. An idiosyncratic hypersensitivity to mercury ions is thought to be responsible for acrodynia, or “pink
disease,” which is an erythematous, edematous, and hyperkeratotic induration of the palms, soles, and face, and a pink papular rash that was first

described in a subset of children exposed to mercurous chloride powders.122 The rash is described as morbilliform, urticarial, vesicular, and
hemorrhagic. This symptom complex also includes excessive sweating, tachycardia, irritability, anorexia, photophobia, insomnia, tremors,
paresthesias, decreased deep tendon reflexes, and weakness. The acral rash frequently progresses to desquamation and ulceration. The prognosis is
favorable after withdrawal from mercury exposure. Childhood acrodynia has become uncommon since the abandonment of mercurial teething
powders and diaper rinses. Occasional case reports still implicate improperly disposed fluorescent light bulbs and phenylmercuric acetate–containing

paint.3,117

Thimerosal is an example of an aryl mercury compound that results in chronic inorganic mercury toxicity. It is a compound that was widely used as a
preservative in the pharmaceutical industry (Chap. 46). Although initial kinetics suggested a stable ethyl–mercury bond, the later elimination phase
more closely resembles that of the inorganic mercury compounds. Thimerosal is approximately 50% mercury by weight. Although generally
considered safe, toxicity and death can occur after both intentional overdose and excessive therapeutic application of merthiolate (0.1% thimerosal or

600 mcg/mL mercury).87,95

Concern that the cumulative dose of thimerosal in childhood immunizations exceeded federally recommended maximum mercury doses (EPA, 0.1
mcg/kg/day; Agency for Toxic Substances and Disease Registry, 0.3 mcg/kg/day; FDA, 0.4 mcg/kg/day) led to a call by the American Academy of

Pediatrics to reduce or eliminate thimerosal from vaccines.4 Thimerosal continues to be used in medically underserved nations as a preservative in

multidose vials in areas with inadequate refrigeration.31 Nevertheless, since 2001, routinely administered childhood vaccines in the United States no

longer contain thimerosal.4,47

Although sensitization after use in vaccinations has been reported in atopic children,86 clinical mercury toxicity has not been reported in appropriately

immunized children. The claim that thimerosal-containing vaccines causes autism has been refuted by numerous studies and meta-analyses.8,65,84,109

No causal association with early thimerosal exposure and adverse neuropsychological outcomes was shown in children tested at 7 to 10 years of

age.115 Clearly, the risk to child health from the diseases targeted for prevention by vaccines far exceeds the risk from thimerosal preservative in

vaccines.39,114,119 In 2010, US courts rejected a causal relationship between thimerosal and autism.32

Organic Mercury Compounds

In contrast to the inorganic mercurials, methylmercury produces an almost purely neurologic disease that is usually permanent except in the mildest of
cases. Although the predominant syndrome associated with methylmercury is that of a delayed neurotoxicity, acute GI symptoms, tremor, respiratory

distress, and dermatitis are also reported.124 In addition, ST segment changes on electrocardiography and renal tubular dysfunction are associated

with this poisoning.45 However, no increase in cardiovascular disease risk was reported with mercury exposure in a large cohort of US adults.73

The lipophilic property and slower elimination of methylmercury likely contribute to its profound neurologic effects. Characteristically, clinical
manifestations occur after the initial poisoning by a latent period of weeks to months. Consequently, the lethal dose of methylmercury is difficult to
determine. As noted previously, infants exposed prenatally to methylmercury were the most severely affected individuals in Minamata. Often born to
mothers with little or no manifestation of methylmercury toxicity themselves, exposed infants exhibited decreased birth weight and muscle tone,
profound developmental delay, seizure disorders, deafness, blindness, and severe spasticity.

Several weeks after methylmercury contaminated grain was ingested in Iraq, patients began to appear with paresthesias involving the lips, nose, and
distal extremities. Symptomatic patients also noted headaches, fatigue, and tremor. More serious cases progressed to ataxia, dysarthria, visual field
constriction, and blindness. Other neurologic deficits included hyperreflexia, hearing disturbances, movement disorders, salivation, and dementia.
The most severely affected patients lay in a mute, rigid posture punctuated only by spontaneous crying, primitive reflexive movements, or feeding

efforts.96

Although the outlook for methylmercury neurotoxicity is generally considered dismal, observations over the subsequent 2 years in 49 Iraqi children

poisoned during the 1971 outbreak revealed complete resolution or partial improvement in all but the most severely affected.5 Of the 40 symptomatic
children, 33 mildly to severely affected children showed partial to complete resolution of symptoms, but the 7 children classified as “very severely
poisoned” remained dysarthric, ataxic, blind, and bedridden.

An important route of organic mercury exposure is through seafood consumption. The safe amount of methylmercury in seafood remains
controversial. The FDA action concentration of 1 ppm for methylmercury in fish was set to limit consumption of methylmercury to less than 1/10th of

amounts found in cases of symptomatic poisoning. The EPA established a reference dose for methylmercury of 0.1 mcg/kg/day.90,118 Although
elevated blood concentrations (19–53 mcg/L) of mercury were found in one group of self-reported high consumers of seafood, increased incidence of

cognitive and GI complaints were not.52 Even so, concentrations at which fetuses experience adverse effects are unknown. Longitudinal studies of fish-
eating populations are conflicting. No effect of a high prenatal fish diet was found on developmental markers in children followed to 19 years of age in

the Seychelles Islands.27,28,120

However, in the studies done in the Faroe Islands and New Zealand, a subtle but significant effect on neuropsychological development was

reported.25,42,110 In the Faroe Islands, this effect persisted when children were retested at 22 years of age.30,31

One reason for the discrepancy that occurs between the 2 populations may be the different patterns of seafood consumption and concentrations of
methylmercury in the seafood consumed by each. The Faroese consume low level mercury–containing fish 1 to 3 times a week with episodic feasts of
highly contaminated pilot whale, whereas the Seychellois consume a more steady diet of low level–contaminated fish on average 12 times per week.
The pilot whales consumed in the Faroe Islands are also contaminated with neurotoxic polychlorinated biphenyls (PCBs), although these compounds
were measured and considered a potential confounding variable. The mean concentration of methylmercury in the whale meat consumed in the Faroe
Islands was 1.6 mcg/g, and the mean concentration of mercury found in New Zealand shark was 2.2 mcg/g. By contrast, the mean methylmercury

content of Seychellois fish was 0.3 mcg/g.75 The threshold concentration for neuropsychological effects may lie between these concentrations.

The development of neurologic symptoms in infants exclusively breastfed by women exposed to methylmercury after delivery and the detection of

mercury in the milk of lactating women implies a risk for mercury poisoning via breast milk.57 In one series of lactating women, mercury concentrations

in milk were approximately 30% of the concentrations found in blood.83 Perhaps because of high levels of PCBs in pilot whale meat, 7-year-old children
from the Faroe Islands, who have a diet traditionally high in the mercury-containing sea mammals and were breast-fed as infants, exhibited a

diminished benefit (but not deficit) on neuropsychological testing when compared with their counterparts fed formula.48

Further complicating findings in a cohort of Faroese children, the neurobehavioral deficits from methylmercury may be underestimated unless the

protective effects of long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, also found in fish) are included in the analysis.21 Likewise, the Seychelles
Child Development Study Nutrition Cohort 2 found no overall adverse association between prenatal methylmercury exposure and

neurodevelopmental outcomes in children with high maternal n-3 PUFA concentrations.111 The net neuropsychological effects of prenatal and dietary
methylmercury result from dose and timing of fish in the diet as well as the concentrations of methylmercury, neurotoxic PCBs, and neuroprotective

PUFA in the consumed fish.111

The FDA recommends that at-risk populations (pregnant women and women who may become pregnant, nursing mothers, and young children) avoid
large predator fish (shark, swordfish, tilefish, and king mackerel) that contain concentrations of methylmercury approaching 1 ppm (1 mcg/g). The
2004 FDA/EPA consumer advisory emphasizes the health benefits of eating fish and allow for up to 12 ounces per week of fish and shellfish lower in
mercury such as shrimp, canned light tuna, salmon, pollock and catfish and up to 6 ounces of albacore tuna per week. Given the beneficial effects of

seafood, efforts should be aimed at decreasing anthropogenic release of mercury rather than elimination of dietary exposure.91

Although methylmercury has greater importance worldwide, the extreme toxicity of another organic mercurial, dimethylmercury, was tragically
demonstrated by the delayed fatal neurotoxicity that developed in a chemist who inadvertently spilled dimethylmercury on a break in the gloves on her

hands.77 Over a period of several days, she developed progressive difficulty with speech, vision, and gait. Despite chelation and exchange transfusion,
she died of mercury neurotoxicity within several months of the exposure.

DIAGNOSTIC TESTING

The dual findings of unexplained neuropsychiatric and kidney abnormalities in an individual should alert the clinician to the possibility of
mercurialism, as should an at-risk occupation or access by the patient to a mercurial product (Table 95–1). Occupational or environmental exposure
and a consistent clinical scenario are suggestive of mercury poisoning, but demonstration of mercury in blood, urine, or tissues is necessary for
confirmation of exposure. Of the many methods available to measure mercury, cold atomic absorption spectrometry is rapid, sensitive, and accurate
but cannot distinguish the various forms of mercury. Thin-layer and gas chromatographic techniques are recommended to distinguish organic from
inorganic mercury. Whole blood should be collected into a trace element collection tube obtained from the laboratory performing the assay. Urine
should be collected for 24 hours into an acid-washed container obtained from a laboratory. Spot collections must be adjusted for creatinine
concentration. Attempts to measure or otherwise handle the specimen should be avoided to prevent external contamination (Table 95–4).

TABLE 95–4

Diagnostic Testing for Mercury

Whole  Blood 24-hour Urine Hair Clinical

Elemental/Inorganic (+)

Acute, transient

(++)

Confirm exposure

Monitor chelation

Poor correlation to

TBB

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Early detection

Organic (++)

Best reflects

TBB

(–)

Fecal elimination

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Reflects irreversible CNS

toxicity

Early detection

There is considerable overlap among concentrations of mercury found in the normal population, asymptomatic exposed individuals, and patients with
clinical evidence of poisoning. There is no definitive correlation between either whole blood or urine mercury concentration and mercury toxicity.
However, mercury serves no useful role in human physiology, and concentrations of 1.0 mcg/L or less for whole blood and 0.5 mcg/L for urine are
generally considered to reflect background exposure in nonpoisoned individuals. The inconsistencies of the values found in the literature for mercury
exposure are a recurrent issue in metal testing. A credible and qualified laboratory should be employed and their reference ranges accepted when

testing is desired.20

For inorganic mercury poisoning, urine mercury concentrations correlate roughly with exposure severity and neuropsychiatric symptoms,93 but the
relationship to total body burden is probably poor. Urine mercury determinations have their greatest usefulness in confirming exposure and
monitoring the efficacy of chelation therapy. Whole blood mercury concentrations reflect intense, acute inorganic mercury exposure but become less
reliable as redistribution to tissues takes place.

Because organic mercury is eliminated via the fecal route, urine mercury concentrations are not useful in methylmercury poisoning. Because
methylmercury concentrates in RBCs, the total-body methylmercury burden is best reflected acutely by whole-blood concentrations. As methylmercury
distributes to and accumulates in brain, the severity of clinical manifestations probably more closely reflects the degree of the irreversible neuronal
destruction that has taken place rather than the current body burden of mercury. Correlation of increasing whole-blood mercury concentrations with

prevalence of paresthesias was suggested in a population of Iraqis studied early in the course of methylmercury poisoning.24 However, in another

group of patients, whole-blood concentrations did not correlate with severity of methylmercury poisoning.96 This apparent discrepancy may have
resulted from the finding that paresthesias are among the earliest reported symptoms of methylmercury poisoning.

Because mercury accumulates in the hair, hair analysis has been used as a tool for measuring mercury burden. However, because metal incorporation
reflects past exposure and hair avidly binds to noningested environmental mercury, the reliability of this method is questionable and is not

recommended.89 In addition to mercury assays, neuropsychiatric testing, nerve conduction studies, and urine assays for N-acetyl-β-D-glucosaminidase

and β2-microglobulin are advocated for early detection of subclinical inorganic and organic mercury toxicity.34,45,93

GENERAL MANAGEMENT

After the initial assessment and stabilization, the early toxicologic management of a patient with mercury poisoning includes termination of exposure
by removal from vapors, washing exposed skin, GI decontamination, supportive measures (eg, hydration, humidified oxygen), baseline diagnostic
studies (eg, complete blood count, serum chemistries, venous blood gas, radiography, ECG), specific analysis of whole blood and urine for mercury,
evaluation of possible cointoxicants, and meticulous monitoring.

Elemental Mercury

Inhalation of mercury vapors or aspiration of metallic mercury may result in life-threatening respiratory failure; in this situation, stabilization of
cardiorespiratory function is the initial priority. Postural drainage and endotracheal suction are a reasonable technique to attempt to remove
aspirated metallic mercury. Parenteral deposition of subcutaneous or intramuscular (IM) mercury is amenable to surgical excision, if well localized
(Fig. 95–1).

An adjunct to the initial management of patients with mercury poisoning is environmental decontamination. Elemental mercury that spills onto solid
surfaces should be adsorbed to sand and the resulting mixture then swept into tightly sealed containers. Ideally, a mercury decontamination kit should
be used. The kit consists of calcium polysulfide, which contains excess sulfur to convert mercury to water-insoluble mercuric sulfide. Absorbent
surfaces, such as carpets, should be removed. Spilled mercury compounds should not be vacuumed because vacuuming could volatilize the

mercury.18 Broken compact fluorescent light bulbs should be handled and disposed of according to EPA guidelines and local requirements.2

Recommendations for decontamination after breakage include opening windows to release vapor, using adhesive tape to pick up visible fragments,
and discarding contaminated material in double-wrapped bags. Guidance for decontamination of major spills and disposal of materials can be
provided by local and federal hazardous materials agencies.

Inorganic Mercury

Because ingestion of inorganic mercuric may lead to cardiovascular collapse caused by severe gastroenteritis and third-space fluid loss, fluid
resuscitation is a priority. Gastrointestinal decontamination of ingested inorganic mercury is particularly problematic because of its causticity and risk
for perforating injury. Nevertheless, one series of patients with mercuric chloride ingestion of up to 4 g reported recovery without long-term GI

sequelae in patients who did not succumb to kidney failure.116 Therefore, unless there is high suspicion for penetrating GI mucosal injury, removal of
mercury from absorptive surfaces should take priority over endoscopic evaluation. The prominence of vomiting makes gastric lavage unnecessary for
most patients with inorganic mercury poisoning.

Metals are among the substances that are often considered to be poorly adsorbed to activated charcoal. Nevertheless, the serious nature of late
sequelae after mercury absorption, the typically small quantities of mercury ingested, and evidence that inorganic mercuric salts actually have
substantial adsorption to activated charcoal (800 mg mercuric chloride can be adsorbed to 1 g activated charcoal) justify the routine administration of

activated charcoal.6 Whole-bowel irrigation with polyethylene glycol solution is a reasonable adjunct to remove residual mercury, and its progress can
be followed with serial radiographs.

Organic Mercury

Organic mercury exposures do not typically present as single acute ingestions but rather as chronic or subacute ingestion of contaminated food.
Therefore, GI decontamination is generally moot with respect to organic mercury poisoning. Nevertheless, its irreversible toxicity coupled with
unsatisfactory treatments calls for aggressive decontamination when acute ingestions or dermal exposures occur.

CHELATION

After initial stabilization and decontamination, early institution of chelators minimizes or prevents the widespread effects of poisoning. Dimercaprol
was developed during World War II as an antidote against lewisite, an arsenical warfare agent. The water-soluble analogs DMPS and succimer were

developed in the 1950s, and the 3 chelators have remained the mainstay of therapy for mercury poisoning.59 A high degree of protein binding and
distribution to the brain are responsible for the lack of efficacy of other measures to increase mercury clearance, such as peritoneal dialysis and

hemodialysis.100 In one report of the use of continuous venovenous hemodiafiltration in combination with a chelator in a patient with severe inorganic

mercury poisoning, 12.7% of the ingested dose was recovered in the ultrafiltrate.26 Hemodialysis may nevertheless ultimately be necessary because of
the acute kidney failure that often occurs after mercuric chloride poisoning.

Chelators have thiol groups that compete with endogenous sulfhydryl groups for the binding of mercury, thereby preventing inactivation of sulfhydryl-
containing enzymes and other essential proteins (Antidotes in Depth: A28 and A29). A history of significant mercury exposure combined with the
presence of typical symptoms of mercury poisoning is an appropriate indication for the institution of chelation therapy. Elevated whole-blood and
urine mercury concentrations help support the decision to begin chelation therapy in unclear cases and can also be used to guide the duration of
therapy. Provocative chelation, in which urinary mercury excretion before and after a chelating dose is compared to determine the degree of mercury

poisoning, is of no value.52 Chelation tends to increase urinary elimination of mercury, regardless of exposure history and baseline excretion.

Elemental Mercury and Inorganic Mercury Salts

For patients with symptomatic acute inorganic mercury poisoning, dimercaprol should be administered for 10 days in dosages of 5 mg/kg/dose every 4
hours IM for 48 hours, then 2.5 mg/kg every 6 hours for 48 hours, followed by 2.5 mg/kg every 12 hours for 7 days. It is reasonable to adjust this dosing
regimen, which was derived from lead poisoning, according to clinical response and the occurrence of adverse reactions.

When a patient can take oral medications, we recommend that dimercaprol be replaced with succimer at 10 mg/kg orally 3 times a day for 5 days, then
twice a day for 14 days if the GI tract is clear. Because headache, nausea, vomiting, abdominal pain, and diaphoresis are common reactions during
dimercaprol chelation therapy, oral succimer is recommended in patients who are not acutely ill or who have been chronically poisoned.

Either dimercaprol or succimer is considered the treatment of choice for inorganic mercury poisoning in the United States, but a few other chelators
deserve mention. 2,3-Dimercapto-1-propanesulfonic acid (DMPS) is a water-soluble dimercaprol derivative that is used in Europe. It is administered
both IV and orally. D-Penicillamine is an orally administered monothiol. Its adverse events—GI distress, rashes, leukopenia, thrombocytopenia, and

proteinuria—although uncommon in therapeutic doses, seriously limit the usefulness of the drug. N-acetyl-D,L-penicillamine (NAP), an investigational

analog of D-penicillamine, is thought to be a more effective chelator of mercury than is D-penicillamine, perhaps because of its greater stability.11,40,43

Organic Mercury Compounds

The neurotoxicity of methylmercury and other organic mercury compounds is resistant to treatment, and therapeutic options are less than
satisfactory. In rats, both dimercaprol and D-penicillamine effectively reduced tissue mercury and prevented neurologic toxicity if administered within

the first day of a methylmercury injection.126 Neither treatment reversed neurologic toxicity when administered 12 days after methylmercury injection.
2,3-Dimercapto-1-propanesulphonate, D-penicillamine, NAP, and a thiolated resin all led to a marked reduction of blood half-life of mercury (ie, 10, 24,

23, and 19 days, respectively, versus 60 days) during the outbreak of methylmercury poisoning in Iraq in 1971.24 Clinical improvement was not
observed in any treatment group, but it is reasonable to postulate that reducing the total-body burden of methylmercury may prevent or limit the

progression of disease. When studied in mice poisoned with methylmercury,1 succimer was superior to NAP, DMPS, and a thiolated resin in decreasing
brain mercury and increasing urinary excretion. Brain mercury was decreased to 35% of control, and the total-body burden fell to 19%. Some animal

evidence suggests that dimercaprol increases mercury mobilization into the brain.7,10,15 For this reason, and the lack of serious GI symptoms
necessitating parenteral chelation, We recommend against the use of dimercaprol the treatment of patients with organic mercury poisoning.

Because the neurologic impairment associated with methylmercury is both profound and essentially irreversible, early recognition of poisoning and
prevention of neurotoxicity are essential to a successful outcome. At this time, succimer is the most reasonable treatment for methylmercury
poisoning because of its apparently low toxicity and reported efficacy in animal trials.

SUMMARY

Mercury poisoning by any of the 3 major forms—elemental, inorganic, and organic—presents a complex toxicologic problem associated with a
large variety of clinical presentations.

An ever present awareness of the signs and symptoms coupled with the knowledge of the differing clinical forms is essential for both early
recognition and effective treatment.

Although some chelators show promise in the treatment of mercury poisoning, neurologic sequelae, particularly those resulting from organic
mercury exposures, remain largely irreversible.

Dietary fish remains an important source of mercury exposure and mercurial neuropsychologic illness.

There is no evidence for the role of mercury in the pathogenesis of autism.

Promotion of public education regarding the dangers of mercury, its avoidance, and proper disposal may aid in the prevention of mercury
poisoning.
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ATN = acute tubular necrosis; BAL = British anti-Lewisite; CNS = central nervous system; GI = gastrointestinal; + to +++ = present with increasing importance; - =

absent.

CNS = central nervous system; TBB = total body burden; + to ++ = useful testing specimen; - = lack of utility.
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Chapter 95: Mercury

Young-Jin Sue

INTRODUCTION

HISTORY AND EPIDEMIOLOGY

Mercury is a metal that is widely toxic to multiple organ systems. Its toxicologic manifestations are well known as a result of thousands of years of

medicinal applications, industrial use, and environmental disasters.69,112 Mercury occurs naturally in small amounts as the elemental (Hg0) silver-

colored liquid (quicksilver); as inorganic compounds such as mercuric (Hg2+) sulfide (cinnabar), mercurous (Hg+) chloride (calomel), mercuric chloride
(corrosive sublimate), and mercuric oxide; and as organic compounds (methylmercury and dimethylmercury). Mercury’s gastroenteric irritant effects
led to its use as a therapy for constipation. In recent (16th–19th), centuries, mercury-containing preparations, advocated for their potent diuretic and

sialogogic properties, were widely used to treat syphilis to “flush” the “virus” out.81 The musician Paganini was one of several famous persons whose
gingivitis, dental decay, ptyalism (excessive salivation), and erethism (pathologic irritability and emotional instability) were attributed to mercury

therapy.80 In the 1800s, the United States witnessed an epidemic of “hatters’ shakes” or “Danbury shakes” and “mercurial salivation” in hat industry

workers.123 Danbury, Connecticut, was a US center of felt hat manufacturing in which mercuric nitrate was used to mat animal furs into felt.112,123

In the early 1900s, acrodynia, a painful dusky pink discoloration of the hands and feet, or “pink disease,” was described in children who received

calomel for ascariasis or teething discomfort.16 Vividly described in a series of 41 children, the development of acrodynia was more common in

younger children, did not seem to correlate with mercury dose, and was not necessarily related to urine concentrations of mercury.122

One of the most devastating epidemics of mercury poisoning occurred as the result of a decade of contamination of Minamata Bay in Japan by a
nearby vinyl chloride plant during the 1940s. Methylmercury accumulated in the bay’s marine life and poisoned the inhabitants of the local fishing
community. Although officially only 121 victims were reported, thousands more are believed to have been affected by what has subsequently been

named Minamata disease.88,113 The largest outbreak of methylmercury poisoning to date occurred in Iraq in late 1971. Approximately 95,000 tons of
seed grain intended for planting and treated with methylmercury as a fungicide were baked into bread for direct consumption, resulting in widespread

neurologic symptoms, 6,530 hospital admissions, and more than 400 deaths.5,23,96

In 1990, the US Environmental Protection Agency (EPA) banned mercury-containing compounds from interior paints.3 However, mercury-containing
paints manufactured before that ruling may still be on interior walls, and mercury-containing paint can still be sold for outdoor use. In 1997, a scientist

succumbed to delayed, progressive neurologic deterioration after a minute dermal exposure to dimethylmercury.77 Contemporary exposures occur in

the form of mercury-tainted seafood, mercury-based preservatives (thimerosal), and artisanal gold mining.36

However, a once widely feared source of potential poisoning, mercury-containing dental amalgam does not result in clinical poisoning.14 Occasionally,
exposure to mercury from broken thermometers leads to poisoning in the home, but such thermometers are becoming less common because of

recent efforts to replace mercury with digital thermometers and other electronic devices.78

More recently, the ongoing movement to replace incandescent light bulbs with compact fluorescent bulbs has once again raised the concern of
exposure to mercury in the home and environment. Promoted to reduce greenhouse gas emissions, each bulb contains about 4 mg of elemental

mercury.2

Table 95–1 lists some potential sources of mercury exposure.

TABLE 95–1

Exposures to Mercury

Elemental Inorganic Organic

Manufacturing/Industrial Barometers

Bronzing

Ceramics

Chlorine manufacture

Electroplating

Jewelry

Metal refineries

Paints

Paper pulp

Photography

Batteries

Chemistry sets

Dyes

Explosives

Fireworks

Laboratory reagents

Tanneries

Taxidermy

Vinyl chloride manufacture

Agriculture

Embalming

Fungicides

Laboratory reagents

Pesticides

Wood preservatives

Medical/Medicinal Amalgam

Sphygmomanometry

Tissue fixatives

Thermometers

Weighted nasogastric tubes

Antiseptics

Calomel

Disinfectants

Laxatives

Nonprescription medications

Bactericidals

Pharmaceuticals

Preservatives

Food/Other Ritualistic, complementary Aesthetic, cosmetic

Ayurvedic

Grains (contaminated)

Seafood

FORMS OF MERCURY AND TOXICOKINETICS

The 3 clinically important forms of mercury—elemental, inorganic, and organic—differ with respect to their toxicodynamics and toxicokinetics (Table
95–2). Each produces distinct clinical patterns of poisoning stemming in part from their unique kinetic features (Table 95–3). For each form, the
specific manifestations are determined by the route of exposure, rate of exposure, distribution, biotransformation of mercury within the body, and
relative accumulation or elimination of mercury by the target organ systems. Whereas elemental mercury produces pulmonary toxicity, inorganic
mercury initially causes gastrointestinal (GI) symptoms followed by nephrotoxicity. A nearly pure neurologic toxicity results from organic
(methylmercury) exposure.

TABLE 95–2

Classes of  Mercury Compounds

Nomenclature Example

Elemental Hg0 Quicksilver

Inorganic Hg+

HgCl

Hg2+

HgCl2

Mercurous ion

Calomel, mercurous chloride

Mercuric ion

Mercuric chloride

Organic Short-chain alkyl–mercury compounds

Long-chain mercury compounds

Aryl mercury compounds

Methylmercury

Ethylmercury

Dimethylmercury

Methoxyethylmercury

Phenylmercury

TABLE 95–3

Differential Characteristics of Mercury Exposure

Elemental Inorganic Organic

Primary route of exposure Inhalation Oral Oral

Primary tissue distribution CNS, kidney Blood (transient, acute)

Kidney

CNS (delayed)

CNS, kidney, liver, blood, hair

Clearance Kidney, GI Kidney, GI Methyl: GI

Aryl: kidney, GI

Clinical effects

 CNS Tremor Tremor, erethism Paresthesias, ataxia, tremor, tunnel vision, dysarthria

 Pulmonary +++ – –

 Gastrointestinal + +++ (caustic) +

 Renal + +++ (ATN) +

 Acrodynia + ++ –

Therapy BAL, succimer BAL, succimer Succimer (early)

ABSORPTION

Elemental Mercury

Elemental mercury (Hg0) is absorbed primarily via inhalation of vapor, although slow absorption after aspiration, subcutaneous deposition, and direct

intravenous (IV) embolization occurs.60,74,121 Volatility, moderate at room temperature, increases significantly with heating or aerosolization, both of

which occur with vacuuming.44,102 When inhaled by human volunteers, 75% to 80% of mercury vapor is absorbed.44 However, elemental mercury is
negligibly absorbed from an anatomically and functionally normal GI tract, and it is usually considered nontoxic when ingested. Abnormal GI motility
prolongs mucosal exposure to elemental mercury, and massive ingestion increases subsequent ionization to more readily absorbed forms. Similarly,
anatomic GI abnormalities such as fistulae or perforation are associated with extravasation of mercury into the peritoneal in which where elemental
mercury is oxidized to more readily absorbed inorganic forms.

Inorganic Mercury

The principal route of absorption for inorganic mercury is the GI tract. Approximately 10% of soluble divalent (Hg2+) mercuric salts such as mercuric

chloride (HgCl2) are absorbed following ingestion and dissociation.66 Absorption of a relatively insoluble monovalent (Hg+) mercurous compound,

such as mercurous chloride (calomel; HgCl), is dependent on its oxidation to the divalent form.79 Inorganic mercury is also absorbed across the skin
and mucous membranes, as evidenced by urinary excretion of mercury after dermal application of skin-lightening mercurial ointments and powders

containing HgCl.106,122

The degree of dermal absorption varies by the concentration of mercury, skin integrity, and lipid solubility of the vehicle. With substantial dermal
exposures to mercury salts, skin absorption may be difficult to distinguish from concomitant absorption via other routes, such as ingestion.

Organic Mercury

As in the case of inorganic mercury, organic mercury is primarily absorbed from the GI tract. Methylmercury, considered the prototype of the short-

chain alkyl compounds, is approximately 90% absorbed from the gut. Aryl and long-chain alkyl compounds have more than 50% GI absorption.79

Although both dermal and inhalational absorption of organic mercury is reported, precise quantitation and exclusion of concomitant absorption by
ingestion are difficult to determine.

DISTRIBUTION AND BIOTRANSFORMATION

After absorption, mercury distributes widely to all tissues, predominantly the kidneys, liver, spleen, and central nervous system (CNS). The initial
distributive pattern into nervous tissue of elemental and organic mercury differs from that of the inorganic compounds because of their greater lipid
solubility.

Elemental Mercury

Although peak concentrations of elemental mercury are delayed in the CNS as compared with other organs (2–3 days versus 1 day),44 significant
accumulation in the CNS occurs after an acute, intense exposure to elemental mercury vapor. Conversion of elemental mercury to the charged

mercuric (Hg2+) cation within the CNS favors retention and local accumulation. Because elemental mercury does not covalently bind to other

compounds, its toxicity depends on its oxidation initially to the mercurous ion (Hg+) and then to the mercuric ion (Hg2+) by the enzyme catalase.66

Because this oxidation–reduction reaction favors the mercuric cation at steady state, the distribution and late manifestations of metallic mercury
toxicity eventually resemble those of inorganic mercury poisoning. Conversely, and to a lesser extent, inorganic mercuric ions are reduced to the

elemental state (Hg0), although the site and mechanism of this reaction are not well understood.79

Inorganic Mercury

The greatest concentration of mercuric ions is found in the kidneys, particularly within the renal tubules. At least in animal studies, administration of

mercury induces the renal synthesis of metallothionein, a compound that binds to and detoxifies mercuric ions.12 Very little mercury is found as free
mercuric ions. In blood, mercuric ions are found both within the red blood cells (RBCs) and bound to plasma proteins in approximately equal
proportions. Blood concentrations are greatest immediately after inorganic mercury exposure, with rapid waning as distribution to other tissues
occurs. Although penetration of the blood–brain barrier is poor because of low lipid solubility, slow elimination and prolonged exposure contribute to
significant CNS accumulation of mercuric ions. Within the CNS, mercuric ions concentrate in the cerebellum and hippocampus, and to a lesser degree,

the cerebral cortex.35 Although inorganic mercurials undergo organification in marine life, as in the Minamata Bay disaster,9,85 the importance of this

conversion in humans is unknown. Animal studies demonstrate that the placenta functions as an effective barrier to mercuric ions.79

Organic Mercury

Once absorbed, aryl (phenyl mercury) and long-chain alkyl mercury compounds differ from the short-chain organic mercury compounds
(methylmercury) in an important way—the former possess a labile carbon–mercury bond, which is subsequently cleaved, releasing the inorganic
mercuric ion. Thus, the distribution pattern and toxicologic manifestations produced by the aryl and long-chain alkyl compounds that occur beyond
the immediate postabsorptive phase are comparable to those of inorganic mercury, but organification has facilitated absorption and reduced the local

caustic effects.79 In contrast, short-chain alkyl mercury compounds possess relatively stable carbon–mercury bonds that survive the absorptive phase,

although conversion to the inorganic mercuric cation at a rate of less than 1% per day occurs after absorption.124 Because it is lipophilic,

methylmercury readily distributes across all tissues, including the blood–brain barrier and placenta.46 An important consequence of this property is
the devastating neurologic degeneration that develops in prenatally exposed infants with Minamata disease. The rapid decline of blood mercury
concentrations in both suckling rats and breastfeeding human infants is attributed to rapid growth of body volume combined with limited transport of

mercury by milk.76,97,98

After methylmercury is distributed to brain tissue, its fate is uncertain. Animal evidence indicates that methylmercury is converted to inorganic mercury

in brain tissue.63 Primates fed oral methylmercury daily for periods exceeding 1 year and then killed within days of the last exposure demonstrated an
average brain inorganic mercury fraction of only 19%. By contrast, when the postexposure period was extended to between 150 and 650 days, the
inorganic mercury fraction increased to 88%. Similarly, long-term survivors of methylmercury poisoning had a higher ratio of inorganic mercury to

total mercury in their brains.29 In one patient who survived 22 years after methylmercury ingestion, autopsy revealed that the brain mercury was nearly
completely in the inorganic form.

Methylmercury concentrates in RBCs to a much greater degree than do mercuric ions, with an RBC-to-plasma ratio of about 10:1 (in contrast to 1:1 RBC-

to-plasma ratio for inorganic mercury).124 However, despite this apparent affinity for nervous tissue and RBCs, the greatest methylmercury
concentrations are found in the kidneys and liver. In addition, because of the extensive sulfhydryl bonds in hair, methylmercury deposits in hair at

concentrations approximately 250 times that found in whole blood.55

ELIMINATION

Elemental Mercury and Inorganic Mercury

Mercuric ions are excreted through the kidney by both glomerular filtration and tubular secretion and in the GI tract by transfer across gut mesenteric
vessels into feces. Small amounts are reduced to elemental mercury vapor and volatilized from skin and lungs. The total-body half-life of elemental

mercury and inorganic mercury was previously estimated at approximately 30 to 60 days.22,66 However, a recent review of case studies indicates that

the half-life of inorganic mercury in human brains is on the order of several years to several decades.92

Organic Mercury

In contrast to elemental mercury and inorganic mercury, the elimination of short-chain alkyl mercury compounds (such as methylmercury) is
predominantly fecal. Enterohepatic recirculation contributes to its somewhat longer total body half-life of about 70 days. Less than 10% of

methylmercury is excreted in urine and feces as the mercuric cation.124

PATHOPHYSIOLOGY

The pervasive disruption of normal cell physiology by mercury arises from its avid covalent binding to sulfur, replacing the hydrogen ion in the body’s
ubiquitous sulfhydryl groups. Mercury also reacts with phosphoryl, carboxyl, and amide groups, resulting in widespread dysfunction of enzymes,
transport mechanisms, membranes, and structural proteins.

Because mercury deposits in all tissues, the clinical manifestations of mercury toxicity involve multiple organ systems with variable features and
intensity. Necrosis of the GI mucosa and proximal renal tubules, which occurs shortly after mercury salt poisoning, is thought to result from the direct
oxidative effect of mercuric ions. An immune mechanism is attributed to membranous glomerulonephritis and acrodynia associated with the use of

mercurial ointments.13

Neurologic manifestations of methylmercury poisoning correlate with pathologic findings in the brains of both adults and children who were

prenatally exposed.68,113 Grossly, atrophy of the brain is more severe in children who had prenatally or postnatally acquired methylmercury compared
with the brains of those exposed as adults. In the adult brain, neuronal necrosis and glial proliferation are most prominent in the calcarine cortex of
the cerebrum and in the cerebellar cortex. In fetal Minamata disease, similar lesions are present but in a more diffuse and severe form. Atrophy of the
cerebellar hemispheres, postcentral gyri, and calcarine area of the brain demonstrated on magnetic resonance images in organic mercury–poisoned

patients correlates with clinical findings of ataxia, sensory neuropathy, and visual field constriction, respectively.58 Neuropathologic examination of
the brain of a scientist who died after unintentional dermal exposure to dimethylmercury revealed lesions in the cerebellum, temporal lobe, and visual

cortex.105

In rats, neuronal cytotoxicity of methylmercury may result partly from muscarinic receptor–mediated calcium release from smooth endoplasmic

reticulum of cerebellar granule cells.62 There is animal evidence that methylmercury may trigger reactive oxygen species production. In addition,
methylmercury inhibits astrocyte uptake of cysteine, the rate-limiting step in the production of glutathione, a major antioxidant in mammalian cell

systems.104 Cultured astrocytes accumulated methylmercury and exhibited increased mitochondrial permeability and oxidative injury.125 Complexing
of methyl- mercury with L-cysteine may enhance brain uptake by mimicry of methionine, a substrate of the endogenous L amino acid transport system.

Uptake of the L-isomer significantly exceeds that of methylmercury–D-cysteine. Careful selection of stereospecific thiol complexing agents may lead to

strategies to limit brain uptake of methylmercury.56,70

CLINICAL MANIFESTATIONS

Elemental Mercury

Symptoms of acute elemental mercury inhalation occur within hours of exposure and consist of cough, chills, fever, and shortness of breath.
Gastrointestinal complaints include nausea, vomiting, and diarrhea accompanied by a metallic taste, dysphagia, salivation, weakness, headaches, and
visual disturbances. Chest radiography during the acute phase reveals interstitial pneumonitis and both patchy atelectasis and emphysema.
Symptoms either resolve with lesser exposures or progress to acute respiratory distress syndrome (ARDS) with respiratory failure and death. Some
survivors of severe pulmonary toxicity develop interstitial fibrosis and residual restrictive pulmonary disease. The acute respiratory symptoms occur
concomitantly with or precede the development of subacute inorganic mercury poisoning manifested by tremor, kidney dysfunction, and

gingivostomatitis.17,54,94 Thrombocytopenia is also reported to occur during the acute phase.38

Although acute exposure to elemental mercury vapor occurs most commonly in the occupational setting, poisonings caused by mishandling of the

metal in the home are well reported.19,29,50,72,108 In fact, attempts at home metallurgy using metallic mercury have resulted in fatalities with ambient air

concentrations of mercury as high as 0.9 mg/m3. The current US Occupational Safety and Health Administration permissible exposure limit (PEL) for

mercury vapor is 0.1 mg/m3 of air as a ceiling limit.82

As with other inhaled toxins, children are likely to be more sensitive to the pulmonary toxicity of mercury vapor because of their ratio of minute

ventilation volume to body size.72 Although pulmonary toxicity from elemental mercury usually results from inhalation of vapor, massive

endobronchial hemorrhage followed by death has occurred secondary to direct aspiration of metallic mercury into the tracheobronchial tree.127

Gradual volatilization of elemental mercury results in chronic toxicity from improper handling, such as vacuuming spilled mercury.102

The clinical importance of volatilized metallic mercury from dental amalgams for both the dentist and patient is controversial. The preponderance of
evidence refutes the idea that dental amalgam causes mercury poisoning. Several comprehensive reviews of the subject conclude that (1) occupational
exposure to mercury from dental amalgam is acceptably low, provided that recommended preventive measures such as adequate ventilation are
adhered to; (2) the quantity of mercury vaporized from dental amalgam by mechanical forces, such as chewing, is clinically insignificant; and (3) only in
exceedingly rare cases will immunologic hypersensitivity to mercury amalgam (manifested as cutaneous signs and symptoms and confirmed by patch

testing) necessitate removal of the amalgam.33,34,37,61,107

Unusual cases of chronic toxicity have resulted from intentional subcutaneous or IV injection of elemental mercury (Figs. 8–6 and 95–1).49,74 Aside from
management of systemic mercury toxicity, local wound care and excision of deposits of mercury are additional therapeutic challenges presented by
these cases. Serial or repeat radiographs are useful in guiding the removal of the radiopaque deposits.

FIGURE 95–1.

Anteroposterior (A) and lateral (B) views of the elbow after an unsuccessful suicidal gesture involving an attempted intravenous injection of elemental
mercury in the antecubital fossa. Note the extensive subcutaneous mercury deposition, which was partially removed by surgical intervention. (Used
with permission from Diane Sauter, MD.)

Inorganic Mercury

Acute ingestion of mercuric salts produces a characteristic spectrum from severe irritant to caustic gastroenteritis. Immediately after the ingestion, a
grayish discoloration of mucous membranes and metallic taste typically accompany local oropharyngeal pain, nausea, vomiting, and diarrhea followed

by abdominal pain, hematemesis, and hematochezia. The lethal dose of mercuric chloride is estimated to be 30 to 50 mg/kg.116 The life-threatening
manifestations of severe acute mercuric salt ingestion are hemorrhagic gastroenteritis, massive fluid loss resulting in shock, and acute kidney

failure.100

Oropharyngeal injury, nausea, hematemesis, hematochezia, and abdominal pain were the most prominent symptoms in a series of 54 patients who

presented after ingesting up to 4 g of mercuric chloride.116 In this series, fatality was associated with the early development of oliguria (within 3 days)
likely due in large part to lack of routinely available hemodialysis at that time. The development of anuria appeared to be related to the dose of
mercuric chloride ingested. The histopathologic finding of proximal tubular necrosis after mercuric salt poisoning results both from direct toxicity to

renal tubules and from renal hypoperfusion caused by shock. Consequently, aggressive fluid therapy to maintain perfusion is recommended.101

Acute ingestion of mercuric salts is usually intentional, but unintentional ingestion occurs sporadically in both children and adults.51 Although
ingestion of older button batteries containing mercuric oxide was associated with a greater incidence of fragmentation than with other batteries,

clinically significant systemic mercury toxicity by this route was not reported.64,67 Mercuric chloride–containing stool preservatives are another
potential source of unintentional inorganic mercury poisoning. Ingestion of 10 to 20 mL of a polyvinyl alcohol preservative that contained 4.5%

mercuric chloride resulted in bloody gastroenteritis and proteinuria.103 Nonprescription49 and Ayurvedic99 medicines are also associated with

unintentional inorganic mercury poisoning (Chap. 43).53 These xenobiotics are not subject to US Food and Drug Administration (FDA) regulation,
available without prescription, of variable composition, and are often inadequately labeled (Chap. 43).

Subacute or chronic mercury poisoning occurs after inhalation, aspiration, or injection of elemental mercury; ingestion or application of mercury salts;
or ingestion of aryl or long-chain alkyl mercury compounds. Slow in vivo oxidation of elemental mercury and dissociation of the carbon–mercury bond
of aryl or long-chain alkyl mercury compounds result in the production of the inorganic mercurous and mercuric ions.

The predominant manifestations of subacute or chronic mercury toxicity include GI symptoms, neurologic abnormalities, and renal dysfunction.
Gastrointestinal symptoms consist of a metallic taste and burning sensation in the mouth, loose teeth and gingivostomatitis, excessive salivation

(ptyalism), and nausea.122 The neurologic manifestations of chronic inorganic mercurialism include tremor, as well as the syndromes of neurasthenia
and erethism. Neurasthenia is a symptom complex that includes fatigue, depression, headaches, hypersensitivity to stimuli, psychosomatic
complaints, weakness, and loss of concentrating ability. Erethism, derived from the Greek word red, describes the easy blushing and extreme shyness
of affected individuals. Other symptoms of erethism include anxiety, emotional lability, irritability, insomnia, anorexia, weight loss, and delirium.
Mercury produces a characteristic central intention tremor (Chap. 22) that is abolished during sleep. In the most severe forms of mercury-associated
tremor, choreoathetosis and spasmodic ballismus are also reported. Other neurologic manifestations of inorganic mercurialism include a mixed
sensorimotor neuropathy, ataxia, concentric constriction of visual fields (“tunnel vision”), and anosmia.

Chronic poisoning with mercuric ions is associated with renal dysfunction, which ranges from asymptomatic, reversible proteinuria to nephrotic
syndrome with edema and hypoproteinemia. An idiosyncratic hypersensitivity to mercury ions is thought to be responsible for acrodynia, or “pink
disease,” which is an erythematous, edematous, and hyperkeratotic induration of the palms, soles, and face, and a pink papular rash that was first

described in a subset of children exposed to mercurous chloride powders.122 The rash is described as morbilliform, urticarial, vesicular, and
hemorrhagic. This symptom complex also includes excessive sweating, tachycardia, irritability, anorexia, photophobia, insomnia, tremors,
paresthesias, decreased deep tendon reflexes, and weakness. The acral rash frequently progresses to desquamation and ulceration. The prognosis is
favorable after withdrawal from mercury exposure. Childhood acrodynia has become uncommon since the abandonment of mercurial teething
powders and diaper rinses. Occasional case reports still implicate improperly disposed fluorescent light bulbs and phenylmercuric acetate–containing

paint.3,117

Thimerosal is an example of an aryl mercury compound that results in chronic inorganic mercury toxicity. It is a compound that was widely used as a
preservative in the pharmaceutical industry (Chap. 46). Although initial kinetics suggested a stable ethyl–mercury bond, the later elimination phase
more closely resembles that of the inorganic mercury compounds. Thimerosal is approximately 50% mercury by weight. Although generally
considered safe, toxicity and death can occur after both intentional overdose and excessive therapeutic application of merthiolate (0.1% thimerosal or

600 mcg/mL mercury).87,95

Concern that the cumulative dose of thimerosal in childhood immunizations exceeded federally recommended maximum mercury doses (EPA, 0.1
mcg/kg/day; Agency for Toxic Substances and Disease Registry, 0.3 mcg/kg/day; FDA, 0.4 mcg/kg/day) led to a call by the American Academy of

Pediatrics to reduce or eliminate thimerosal from vaccines.4 Thimerosal continues to be used in medically underserved nations as a preservative in

multidose vials in areas with inadequate refrigeration.31 Nevertheless, since 2001, routinely administered childhood vaccines in the United States no

longer contain thimerosal.4,47

Although sensitization after use in vaccinations has been reported in atopic children,86 clinical mercury toxicity has not been reported in appropriately

immunized children. The claim that thimerosal-containing vaccines causes autism has been refuted by numerous studies and meta-analyses.8,65,84,109

No causal association with early thimerosal exposure and adverse neuropsychological outcomes was shown in children tested at 7 to 10 years of

age.115 Clearly, the risk to child health from the diseases targeted for prevention by vaccines far exceeds the risk from thimerosal preservative in

vaccines.39,114,119 In 2010, US courts rejected a causal relationship between thimerosal and autism.32

Organic Mercury Compounds

In contrast to the inorganic mercurials, methylmercury produces an almost purely neurologic disease that is usually permanent except in the mildest of
cases. Although the predominant syndrome associated with methylmercury is that of a delayed neurotoxicity, acute GI symptoms, tremor, respiratory

distress, and dermatitis are also reported.124 In addition, ST segment changes on electrocardiography and renal tubular dysfunction are associated

with this poisoning.45 However, no increase in cardiovascular disease risk was reported with mercury exposure in a large cohort of US adults.73

The lipophilic property and slower elimination of methylmercury likely contribute to its profound neurologic effects. Characteristically, clinical
manifestations occur after the initial poisoning by a latent period of weeks to months. Consequently, the lethal dose of methylmercury is difficult to
determine. As noted previously, infants exposed prenatally to methylmercury were the most severely affected individuals in Minamata. Often born to
mothers with little or no manifestation of methylmercury toxicity themselves, exposed infants exhibited decreased birth weight and muscle tone,
profound developmental delay, seizure disorders, deafness, blindness, and severe spasticity.

Several weeks after methylmercury contaminated grain was ingested in Iraq, patients began to appear with paresthesias involving the lips, nose, and
distal extremities. Symptomatic patients also noted headaches, fatigue, and tremor. More serious cases progressed to ataxia, dysarthria, visual field
constriction, and blindness. Other neurologic deficits included hyperreflexia, hearing disturbances, movement disorders, salivation, and dementia.
The most severely affected patients lay in a mute, rigid posture punctuated only by spontaneous crying, primitive reflexive movements, or feeding

efforts.96

Although the outlook for methylmercury neurotoxicity is generally considered dismal, observations over the subsequent 2 years in 49 Iraqi children

poisoned during the 1971 outbreak revealed complete resolution or partial improvement in all but the most severely affected.5 Of the 40 symptomatic
children, 33 mildly to severely affected children showed partial to complete resolution of symptoms, but the 7 children classified as “very severely
poisoned” remained dysarthric, ataxic, blind, and bedridden.

An important route of organic mercury exposure is through seafood consumption. The safe amount of methylmercury in seafood remains
controversial. The FDA action concentration of 1 ppm for methylmercury in fish was set to limit consumption of methylmercury to less than 1/10th of

amounts found in cases of symptomatic poisoning. The EPA established a reference dose for methylmercury of 0.1 mcg/kg/day.90,118 Although
elevated blood concentrations (19–53 mcg/L) of mercury were found in one group of self-reported high consumers of seafood, increased incidence of

cognitive and GI complaints were not.52 Even so, concentrations at which fetuses experience adverse effects are unknown. Longitudinal studies of fish-
eating populations are conflicting. No effect of a high prenatal fish diet was found on developmental markers in children followed to 19 years of age in

the Seychelles Islands.27,28,120

However, in the studies done in the Faroe Islands and New Zealand, a subtle but significant effect on neuropsychological development was

reported.25,42,110 In the Faroe Islands, this effect persisted when children were retested at 22 years of age.30,31

One reason for the discrepancy that occurs between the 2 populations may be the different patterns of seafood consumption and concentrations of
methylmercury in the seafood consumed by each. The Faroese consume low level mercury–containing fish 1 to 3 times a week with episodic feasts of
highly contaminated pilot whale, whereas the Seychellois consume a more steady diet of low level–contaminated fish on average 12 times per week.
The pilot whales consumed in the Faroe Islands are also contaminated with neurotoxic polychlorinated biphenyls (PCBs), although these compounds
were measured and considered a potential confounding variable. The mean concentration of methylmercury in the whale meat consumed in the Faroe
Islands was 1.6 mcg/g, and the mean concentration of mercury found in New Zealand shark was 2.2 mcg/g. By contrast, the mean methylmercury

content of Seychellois fish was 0.3 mcg/g.75 The threshold concentration for neuropsychological effects may lie between these concentrations.

The development of neurologic symptoms in infants exclusively breastfed by women exposed to methylmercury after delivery and the detection of

mercury in the milk of lactating women implies a risk for mercury poisoning via breast milk.57 In one series of lactating women, mercury concentrations

in milk were approximately 30% of the concentrations found in blood.83 Perhaps because of high levels of PCBs in pilot whale meat, 7-year-old children
from the Faroe Islands, who have a diet traditionally high in the mercury-containing sea mammals and were breast-fed as infants, exhibited a

diminished benefit (but not deficit) on neuropsychological testing when compared with their counterparts fed formula.48

Further complicating findings in a cohort of Faroese children, the neurobehavioral deficits from methylmercury may be underestimated unless the

protective effects of long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, also found in fish) are included in the analysis.21 Likewise, the Seychelles
Child Development Study Nutrition Cohort 2 found no overall adverse association between prenatal methylmercury exposure and

neurodevelopmental outcomes in children with high maternal n-3 PUFA concentrations.111 The net neuropsychological effects of prenatal and dietary
methylmercury result from dose and timing of fish in the diet as well as the concentrations of methylmercury, neurotoxic PCBs, and neuroprotective

PUFA in the consumed fish.111

The FDA recommends that at-risk populations (pregnant women and women who may become pregnant, nursing mothers, and young children) avoid
large predator fish (shark, swordfish, tilefish, and king mackerel) that contain concentrations of methylmercury approaching 1 ppm (1 mcg/g). The
2004 FDA/EPA consumer advisory emphasizes the health benefits of eating fish and allow for up to 12 ounces per week of fish and shellfish lower in
mercury such as shrimp, canned light tuna, salmon, pollock and catfish and up to 6 ounces of albacore tuna per week. Given the beneficial effects of

seafood, efforts should be aimed at decreasing anthropogenic release of mercury rather than elimination of dietary exposure.91

Although methylmercury has greater importance worldwide, the extreme toxicity of another organic mercurial, dimethylmercury, was tragically
demonstrated by the delayed fatal neurotoxicity that developed in a chemist who inadvertently spilled dimethylmercury on a break in the gloves on her

hands.77 Over a period of several days, she developed progressive difficulty with speech, vision, and gait. Despite chelation and exchange transfusion,
she died of mercury neurotoxicity within several months of the exposure.

DIAGNOSTIC TESTING

The dual findings of unexplained neuropsychiatric and kidney abnormalities in an individual should alert the clinician to the possibility of
mercurialism, as should an at-risk occupation or access by the patient to a mercurial product (Table 95–1). Occupational or environmental exposure
and a consistent clinical scenario are suggestive of mercury poisoning, but demonstration of mercury in blood, urine, or tissues is necessary for
confirmation of exposure. Of the many methods available to measure mercury, cold atomic absorption spectrometry is rapid, sensitive, and accurate
but cannot distinguish the various forms of mercury. Thin-layer and gas chromatographic techniques are recommended to distinguish organic from
inorganic mercury. Whole blood should be collected into a trace element collection tube obtained from the laboratory performing the assay. Urine
should be collected for 24 hours into an acid-washed container obtained from a laboratory. Spot collections must be adjusted for creatinine
concentration. Attempts to measure or otherwise handle the specimen should be avoided to prevent external contamination (Table 95–4).

TABLE 95–4

Diagnostic Testing for Mercury

Whole  Blood 24-hour Urine Hair Clinical

Elemental/Inorganic (+)

Acute, transient

(++)

Confirm exposure

Monitor chelation

Poor correlation to

TBB

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Early detection

Organic (++)

Best reflects

TBB

(–)

Fecal elimination

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Reflects irreversible CNS

toxicity

Early detection

There is considerable overlap among concentrations of mercury found in the normal population, asymptomatic exposed individuals, and patients with
clinical evidence of poisoning. There is no definitive correlation between either whole blood or urine mercury concentration and mercury toxicity.
However, mercury serves no useful role in human physiology, and concentrations of 1.0 mcg/L or less for whole blood and 0.5 mcg/L for urine are
generally considered to reflect background exposure in nonpoisoned individuals. The inconsistencies of the values found in the literature for mercury
exposure are a recurrent issue in metal testing. A credible and qualified laboratory should be employed and their reference ranges accepted when

testing is desired.20

For inorganic mercury poisoning, urine mercury concentrations correlate roughly with exposure severity and neuropsychiatric symptoms,93 but the
relationship to total body burden is probably poor. Urine mercury determinations have their greatest usefulness in confirming exposure and
monitoring the efficacy of chelation therapy. Whole blood mercury concentrations reflect intense, acute inorganic mercury exposure but become less
reliable as redistribution to tissues takes place.

Because organic mercury is eliminated via the fecal route, urine mercury concentrations are not useful in methylmercury poisoning. Because
methylmercury concentrates in RBCs, the total-body methylmercury burden is best reflected acutely by whole-blood concentrations. As methylmercury
distributes to and accumulates in brain, the severity of clinical manifestations probably more closely reflects the degree of the irreversible neuronal
destruction that has taken place rather than the current body burden of mercury. Correlation of increasing whole-blood mercury concentrations with

prevalence of paresthesias was suggested in a population of Iraqis studied early in the course of methylmercury poisoning.24 However, in another

group of patients, whole-blood concentrations did not correlate with severity of methylmercury poisoning.96 This apparent discrepancy may have
resulted from the finding that paresthesias are among the earliest reported symptoms of methylmercury poisoning.

Because mercury accumulates in the hair, hair analysis has been used as a tool for measuring mercury burden. However, because metal incorporation
reflects past exposure and hair avidly binds to noningested environmental mercury, the reliability of this method is questionable and is not

recommended.89 In addition to mercury assays, neuropsychiatric testing, nerve conduction studies, and urine assays for N-acetyl-β-D-glucosaminidase

and β2-microglobulin are advocated for early detection of subclinical inorganic and organic mercury toxicity.34,45,93

GENERAL MANAGEMENT

After the initial assessment and stabilization, the early toxicologic management of a patient with mercury poisoning includes termination of exposure
by removal from vapors, washing exposed skin, GI decontamination, supportive measures (eg, hydration, humidified oxygen), baseline diagnostic
studies (eg, complete blood count, serum chemistries, venous blood gas, radiography, ECG), specific analysis of whole blood and urine for mercury,
evaluation of possible cointoxicants, and meticulous monitoring.

Elemental Mercury

Inhalation of mercury vapors or aspiration of metallic mercury may result in life-threatening respiratory failure; in this situation, stabilization of
cardiorespiratory function is the initial priority. Postural drainage and endotracheal suction are a reasonable technique to attempt to remove
aspirated metallic mercury. Parenteral deposition of subcutaneous or intramuscular (IM) mercury is amenable to surgical excision, if well localized
(Fig. 95–1).

An adjunct to the initial management of patients with mercury poisoning is environmental decontamination. Elemental mercury that spills onto solid
surfaces should be adsorbed to sand and the resulting mixture then swept into tightly sealed containers. Ideally, a mercury decontamination kit should
be used. The kit consists of calcium polysulfide, which contains excess sulfur to convert mercury to water-insoluble mercuric sulfide. Absorbent
surfaces, such as carpets, should be removed. Spilled mercury compounds should not be vacuumed because vacuuming could volatilize the

mercury.18 Broken compact fluorescent light bulbs should be handled and disposed of according to EPA guidelines and local requirements.2

Recommendations for decontamination after breakage include opening windows to release vapor, using adhesive tape to pick up visible fragments,
and discarding contaminated material in double-wrapped bags. Guidance for decontamination of major spills and disposal of materials can be
provided by local and federal hazardous materials agencies.

Inorganic Mercury

Because ingestion of inorganic mercuric may lead to cardiovascular collapse caused by severe gastroenteritis and third-space fluid loss, fluid
resuscitation is a priority. Gastrointestinal decontamination of ingested inorganic mercury is particularly problematic because of its causticity and risk
for perforating injury. Nevertheless, one series of patients with mercuric chloride ingestion of up to 4 g reported recovery without long-term GI

sequelae in patients who did not succumb to kidney failure.116 Therefore, unless there is high suspicion for penetrating GI mucosal injury, removal of
mercury from absorptive surfaces should take priority over endoscopic evaluation. The prominence of vomiting makes gastric lavage unnecessary for
most patients with inorganic mercury poisoning.

Metals are among the substances that are often considered to be poorly adsorbed to activated charcoal. Nevertheless, the serious nature of late
sequelae after mercury absorption, the typically small quantities of mercury ingested, and evidence that inorganic mercuric salts actually have
substantial adsorption to activated charcoal (800 mg mercuric chloride can be adsorbed to 1 g activated charcoal) justify the routine administration of

activated charcoal.6 Whole-bowel irrigation with polyethylene glycol solution is a reasonable adjunct to remove residual mercury, and its progress can
be followed with serial radiographs.

Organic Mercury

Organic mercury exposures do not typically present as single acute ingestions but rather as chronic or subacute ingestion of contaminated food.
Therefore, GI decontamination is generally moot with respect to organic mercury poisoning. Nevertheless, its irreversible toxicity coupled with
unsatisfactory treatments calls for aggressive decontamination when acute ingestions or dermal exposures occur.

CHELATION

After initial stabilization and decontamination, early institution of chelators minimizes or prevents the widespread effects of poisoning. Dimercaprol
was developed during World War II as an antidote against lewisite, an arsenical warfare agent. The water-soluble analogs DMPS and succimer were

developed in the 1950s, and the 3 chelators have remained the mainstay of therapy for mercury poisoning.59 A high degree of protein binding and
distribution to the brain are responsible for the lack of efficacy of other measures to increase mercury clearance, such as peritoneal dialysis and

hemodialysis.100 In one report of the use of continuous venovenous hemodiafiltration in combination with a chelator in a patient with severe inorganic

mercury poisoning, 12.7% of the ingested dose was recovered in the ultrafiltrate.26 Hemodialysis may nevertheless ultimately be necessary because of
the acute kidney failure that often occurs after mercuric chloride poisoning.

Chelators have thiol groups that compete with endogenous sulfhydryl groups for the binding of mercury, thereby preventing inactivation of sulfhydryl-
containing enzymes and other essential proteins (Antidotes in Depth: A28 and A29). A history of significant mercury exposure combined with the
presence of typical symptoms of mercury poisoning is an appropriate indication for the institution of chelation therapy. Elevated whole-blood and
urine mercury concentrations help support the decision to begin chelation therapy in unclear cases and can also be used to guide the duration of
therapy. Provocative chelation, in which urinary mercury excretion before and after a chelating dose is compared to determine the degree of mercury

poisoning, is of no value.52 Chelation tends to increase urinary elimination of mercury, regardless of exposure history and baseline excretion.

Elemental Mercury and Inorganic Mercury Salts

For patients with symptomatic acute inorganic mercury poisoning, dimercaprol should be administered for 10 days in dosages of 5 mg/kg/dose every 4
hours IM for 48 hours, then 2.5 mg/kg every 6 hours for 48 hours, followed by 2.5 mg/kg every 12 hours for 7 days. It is reasonable to adjust this dosing
regimen, which was derived from lead poisoning, according to clinical response and the occurrence of adverse reactions.

When a patient can take oral medications, we recommend that dimercaprol be replaced with succimer at 10 mg/kg orally 3 times a day for 5 days, then
twice a day for 14 days if the GI tract is clear. Because headache, nausea, vomiting, abdominal pain, and diaphoresis are common reactions during
dimercaprol chelation therapy, oral succimer is recommended in patients who are not acutely ill or who have been chronically poisoned.

Either dimercaprol or succimer is considered the treatment of choice for inorganic mercury poisoning in the United States, but a few other chelators
deserve mention. 2,3-Dimercapto-1-propanesulfonic acid (DMPS) is a water-soluble dimercaprol derivative that is used in Europe. It is administered
both IV and orally. D-Penicillamine is an orally administered monothiol. Its adverse events—GI distress, rashes, leukopenia, thrombocytopenia, and

proteinuria—although uncommon in therapeutic doses, seriously limit the usefulness of the drug. N-acetyl-D,L-penicillamine (NAP), an investigational

analog of D-penicillamine, is thought to be a more effective chelator of mercury than is D-penicillamine, perhaps because of its greater stability.11,40,43

Organic Mercury Compounds

The neurotoxicity of methylmercury and other organic mercury compounds is resistant to treatment, and therapeutic options are less than
satisfactory. In rats, both dimercaprol and D-penicillamine effectively reduced tissue mercury and prevented neurologic toxicity if administered within

the first day of a methylmercury injection.126 Neither treatment reversed neurologic toxicity when administered 12 days after methylmercury injection.
2,3-Dimercapto-1-propanesulphonate, D-penicillamine, NAP, and a thiolated resin all led to a marked reduction of blood half-life of mercury (ie, 10, 24,

23, and 19 days, respectively, versus 60 days) during the outbreak of methylmercury poisoning in Iraq in 1971.24 Clinical improvement was not
observed in any treatment group, but it is reasonable to postulate that reducing the total-body burden of methylmercury may prevent or limit the

progression of disease. When studied in mice poisoned with methylmercury,1 succimer was superior to NAP, DMPS, and a thiolated resin in decreasing
brain mercury and increasing urinary excretion. Brain mercury was decreased to 35% of control, and the total-body burden fell to 19%. Some animal

evidence suggests that dimercaprol increases mercury mobilization into the brain.7,10,15 For this reason, and the lack of serious GI symptoms
necessitating parenteral chelation, We recommend against the use of dimercaprol the treatment of patients with organic mercury poisoning.

Because the neurologic impairment associated with methylmercury is both profound and essentially irreversible, early recognition of poisoning and
prevention of neurotoxicity are essential to a successful outcome. At this time, succimer is the most reasonable treatment for methylmercury
poisoning because of its apparently low toxicity and reported efficacy in animal trials.

SUMMARY

Mercury poisoning by any of the 3 major forms—elemental, inorganic, and organic—presents a complex toxicologic problem associated with a
large variety of clinical presentations.

An ever present awareness of the signs and symptoms coupled with the knowledge of the differing clinical forms is essential for both early
recognition and effective treatment.

Although some chelators show promise in the treatment of mercury poisoning, neurologic sequelae, particularly those resulting from organic
mercury exposures, remain largely irreversible.

Dietary fish remains an important source of mercury exposure and mercurial neuropsychologic illness.

There is no evidence for the role of mercury in the pathogenesis of autism.

Promotion of public education regarding the dangers of mercury, its avoidance, and proper disposal may aid in the prevention of mercury
poisoning.

REFERENCES

Aaseth  J, Frieheim  EA. Treatment of methyl mercury poisoning in mice with 2,3-dimercaptosuccinic acid and other complexing thiols. Acta
Pharmacol Toxicol (Copenh).  1978;42:248–252. [PubMed: 580671] 

Agency USEP. Cleaning up a broken CFL. http://www2.epa.gov/cfl/cleaning-broken-cfl.

Agocs  MM, et al. Mercury exposure from interior latex paint. N Engl J Med.  1990; 323:1096–1101. [PubMed: 2215577] 

American Academy of Pediatrics Committee on Infectious Diseases and Committee on Environmental Health. Thimerosal in vaccines—an interim
report to clinicians. Pediatrics.  1999;104:570–574. [PubMed: 10469789] 

Amin-zaki  L, et al. Methylmercury poisoning in Iraqi children: clinical observations over two years. Br Med J.  1978;1:613–616. [PubMed: 630256] 

Andersen  A. Experimental studies on the pharmacology of activated charcoal. III: adsorption from gastrointestinal contents. Acta Pharmacol
Toxicol.  1948;4:275–284.

Andersen  O, Aaseth  J. Molecular mechanisms of in vivo metal chelation: implications for clinical treatment of metal intoxications. Environ Health
Perspect.  2002;110(suppl 5):887–890. [PubMed: 12426153] 

Andrews  N, et al. Thimerosal exposure in infants and developmental disorders: a retrospective cohort study in the United Kingdom does not
support a causal association. Pediatrics.  2004;114:584–591. [PubMed: 15342825] 

Poulain  AJ, Barkay  T. Cracking the mercury methylation code. Science.  2013;339:1280. [PubMed: 23493700] 

Aposhian  HV, et al. Mobilization of heavy metals by newer therapeutically useful chelating agents. Toxicology . 1995;97:23–38. [PubMed: 7716789] 

Aronow  R, Fleischmann  LE. Mercury poisoning in children. The value of N -acetyl-D,L-penicillamine in a combined therapeutic approach. Clin

Pediatr (Phila).  1976;15:936–937, 943-945. [PubMed: 971568] 

Asano  S, et al. Review article: acute inorganic mercury vapor inhalation poisoning. Pathol Int.  2000;50:169–174. [PubMed: 10792779] 

Becker  CG, et al. Nephrotic syndrome after contact with mercury. A report of five cases, three after the use of ammoniated mercury ointment. Arch
Intern Med.  1962;110:178–186. [PubMed: 13866316] 

Bellinger  DC, et al. Neuropsychological and renal effects of dental amalgam in children. A randomized clinical trial. JAMA.  2006;295:1775–1783. 
[PubMed: 16622139] 

Berlin  M, Rylander  R. Increased brain uptake of mercury induced by 2,3-dimercaptopropanol (BAL) in mice exposed to phenylmercuric acetate. J
Pharmacol Exp Ther.  1964;146:236–240. [PubMed: 14236935] 

Black  J. The puzzle of pink disease. J R Soc Med.  1999;92:478–481. [PubMed: 10645305] 

Bluhm  RE, et al. Elemental mercury vapour toxicity, treatment, and prognosis after acute, intensive exposure in chloralkali plant workers. Part I:
history, neuropsychological findings and chelator effects. Hum Exp Toxicol.  1992;11:201–210. [PubMed: 1352115] 

Caldwell  KL, et al. Total blood mercury concentrations in the U.S. population: 1999–2006. Int J Hyg Environ Health.  2009;212:588–598. [PubMed:
19481974] 

Centers for Disease Control and Prevention. Epidemiologic notes and reports elemental mercury poisoning in a household—Ohio, 1989. MMWR
Morb Mortal Wkly Rep.  1990;39:424–425. [PubMed: 2113168] 

Centers for Disease Control and Prevention. Fourth National Report on Human Exposure to Environmental Chemicals.  July 26, 2012. 2009.

Choi  AL, et al. Negative confounding by essential fatty acids in methylmercury neurotoxicity associations. Neurotoxicol Teratol.  2014;42:85–92. 
[PubMed: 24561639] 

Clarkson  T. Mercury. J Am Coll Toxicol.  1989;8:1291–1296.

Clarkson  TW, et al. An outbreak of methylmercury poisoning due to consumption of contaminated grain. Fed Proc.  1976;35:2395–2399. [PubMed:
964390] 

Clarkson  TW, et al. Tests of efficacy of antidotes for removal of methylmercury in human poisoning during the Iraq outbreak. J Pharmacol Exp
Ther.  1981;218:74–83. [PubMed: 7241391] 

Crump  KS, et al. Influence of prenatal mercury exposure upon scholastic and psychological test performance: benchmark analysis of a New
Zealand cohort. Risk Anal.  1998;18:701–713. [PubMed: 9972579] 

Dargan  PI, et al. Case report: severe mercuric sulphate poisoning treated with 2,3-dimercaptopropane-1-sulphonate and haemodiafiltration. Crit
Care.  2003;7:R1–R6. [PubMed: 12793883] 

Davidson  PW, et al. Fish consumption and prenatal methylmercury exposure: cognitive and behavioral outcomes in the main cohort at 17 years
from the Seychelles child development study. Neurotoxicology.  2011;32:711–717. [PubMed: 21889535] 

Davidson  PW, et al. Fish consumption, mercury exposure, and their associations with scholastic achievement in the Seychelles Child Development
Study. Neurotoxicology.  2010;31:439–447. [PubMed: 20576509] 

Davis  LE, et al. Methylmercury poisoning: long-term clinical, radiological, toxicological, and pathological studies of an affected family. Ann Neurol.
1994;35:680–688. [PubMed: 8210224] 

Debes  F, et al. Impact of prenatal methylmercury exposure on neurobehavioral function at age 14 years. Neurotoxicol Teratol.  2006;28:536–547. 
[PubMed: 17067778] 

Debes  F, et al. Cognitive deficits at age 22 years associated with prenatal exposure to methylmercury. Cortex.  2016;74:358–369. [PubMed:
26109549] 

Dyer  C. Thiomersal does not cause autism, US court finds. BMJ.  2010;340:c1518. [PubMed: 20233774] 

Eley  BM, Cox  SW. Mercury from dental amalgam fillings in patients. Br Dent J.  1987;163:221–226. [PubMed: 3314942] 

Eti  S, et al. Slight renal effect of mercury from amalgam fillings. Pharmacol Toxicol.  1995;76:47–49. [PubMed: 7753757] 

Feng  W, et al. Mercury and trace element distribution in organic tissues and regional brain of fetal rat after in utero and weaning exposure to low
dose of inorganic mercury. Toxicol Lett.  2004;152:223–234. [PubMed: 15331131] 

Fraser  B. Peru’s gold rush prompts public-health emergency. Nature.  2016;534:162. [PubMed: 27279188] 

Fung  YK, Molvar  MP. Toxicity of mercury from dental environment and from amalgam restorations. J Toxicol Clin Toxicol.  1992;30:49–61. 
[PubMed: 1542149] 

Fuortes  LJ, et al. Immune thrombocytopenia and elemental mercury poisoning. J Toxicol Clin Toxicol.  1995;33:449–455. [PubMed: 7650769] 

Gadad  BS, et al. Administration of thimerosal-containing vaccines to infant rhesus macaques does not result in autism-like behavior or
neuropathology. Proc Natl Acad Sci U S A . 2015;112:12498–12503. [PubMed: 26417083] 

Gledhill  RF, Hopkins  AP. Chronic inorganic mercury poisoning treated with N -acetyl-D-penicillamine. Br J Ind Med.  1972;29:225–228. [PubMed:

5022002] 

Global Alliance for Vaccines and Immunisation. Report to the GAVI Alliance Board Report of the Chief Executive Officer.  2012.

Grandjean  P, et al. Cognitive deficit in 7-year-old children with prenatal exposure to methylmercury. Neurotoxicol Teratol.  1997;19:417–428. 
[PubMed: 9392777] 

Hryhorczuk  DO, et al. Treatment of mercury intoxication in a dentist with N -acetyl-D,L-penicillamine. J Toxicol Clin Toxicol.  1982;19:401–408. 

[PubMed: 7143525] 

Hursh  JB, et al. Clearance of mercury (HG-197, HG-203) vapor inhaled by human subjects. Arch Environ Health.  1976;31:302–309. [PubMed: 999343]

Iesato  K, et al. Renal tubular dysfunction in Minamata disease: detection of renal tubular antigen and beta-2-microglobulin in the urine. Ann Intern
Med.  1977;86:731–737. [PubMed: 68693] 

Inouye  M, Kajiwara  Y. Developmental disturbances of the fetal brain in guinea-pigs caused by methylmercury. Arch Toxicol.  1988;62:15–21. 
[PubMed: 3190452] 

Jacobson  R. Vaccine safety. Immunol Allergy Clin North Am.  2003;23:589–603. [PubMed: 14753382] 

Jensen  TK, et al. Effects of breast feeding on neuropsychological development in a community with methylmercury exposure from seafood. J Expo
Anal Environ Epidemiol.  2005;15:423–430. [PubMed: 15674318] 

Johnson  HR, Koumides  O. Unusual case of mercury poisoning. Br Med J.  1967;1:340–341. [PubMed: 6017490] 

Jung  RC, Aaronson  J. Death following inhalation of mercury vapor at home. West J Med.  1980;132:539–543. [PubMed: 7405205] 

Kahn  A, et al. Accidental ingestion of mercuric sulphate in a 4-year-old child. Management with BAL and peritoneal dialysis. Clin Pediatr (Phila).
1977;16:956–958. [PubMed: 891074] 

Kales  SN, Goldman  RH. Mercury exposure: current concepts, controversies, and a clinic’s experience. J Occup Environ Med.  2002;44:143–154. 
[PubMed: 11851215] 

Kang-Yum  E, Oransky  SH. Chinese patent medicine as a potential source of mercury poisoning. Vet Hum Toxicol.  1992;34:235–238. [PubMed:
1609495] 

Kanluen  S, Gottlieb  CA. A clinical pathologic study of four adult cases of acute mercury inhalation toxicity. Arch Pathol Lab Med.  1991;115:56–60. 
[PubMed: 1987914] 

Katz  SA, Katz  RB. Use of hair analysis for evaluating mercury intoxication of the human body: a review. J Appl Toxicol.  1992;12:79–84. [PubMed:
1556385] 

Kerper  LE, et al. Methylmercury transport across the blood-brain barrier by an amino acid carrier. Am J Physiol.  1992;262(5, pt 2):R761–R765. 
[PubMed: 1590471] 

Koos  BJ, Longo  LD. Mercury toxicity in the pregnant woman, fetus, and newborn infant. A review. Am J Obstet Gynecol.  1976;126:390–409. 
[PubMed: 786026] 

Korogi  Y, et al. MR findings in seven patients with organic mercury poisoning (Minamata disease). AJNR Am J Neuroradiol.  1994;15:1575–1578. 
[PubMed: 7985580] 

Kosnett  MJ. The role of chelation in the treatment of arsenic and mercury poisoning. J Med Toxicol.  2013;9:347–354. [PubMed: 24178900] 

Krohn  IT, et al. Subcutaneous injection of metallic mercury. JAMA.  1980;243:548–549. [PubMed: 7351787] 

Langan  DC, et al. The use of mercury in dentistry: critical review of the recent literature. J Am Dent Assoc.  1987;115:867–879. [PubMed: 3320152] 

Limke  TL, et al. Acute exposure to methylmercury causes Ca2+ dysregulation and neuronal death in rat cerebellar granule cells through an M3
muscarinic receptor-linked pathway. Toxicol Sci.  2004;80:60–68. [PubMed: 15141107] 

Lind  B FL, Nylander  M. Preliminary studies on methylmercury biotransformation and clearance in the brain of primates: II. Demethylation of
mercury in brain. J Trace Elem Exp Med.  1988;1:49–56.

Litovitz  T, Schmitz  BF. Ingestion of cylindrical and button batteries: an analysis of 2382 cases. Pediatrics.  1992;89:747–757. [PubMed: 1557273] 

Madsen  KM, et al. Thimerosal and the occurrence of autism: negative ecological evidence from Danish population-based data. Pediatrics.
2003;112:604–606. [PubMed: 12949291] 

Magos  L. Mercury. In: Seiler  HG, ed. Handbook on Toxicity of Inorganic Compounds. New York, NY: Marcel Dekker; 1988:419–436.

Mant  TGK, et al. Mercury poisoning after disc-battery ingestion. Hum Toxicol.  1987;6:179–181. [PubMed: 3557477] 

Matsumoto  H, et al. Fetal Minamata disease: a neuropathological study of two cases of intrauterine intoxication by a methyl mercury compound. J
Neuropathol Exp Neurol.  1964;24:563–574.

Maurissen  J. History of mercury and mercurialism. N Y State J Med.  1981;81:1902–1909.

Mokrzan  EM, et al. Methylmercury-thiol uptake into cultured brain capillary endothelial cells on amino acid system L. J Pharmacol Exp Ther.
1995;272:1277–1284. [PubMed: 7891344] 

Mostafazadeh  B, et al. Mercury exposure of gold mining workers in the northwest of Iran. Pak J Pharm Sci.  2013;26:1267–1270. [PubMed:
24191337] 

Moutinho  ME, et al. Acute mercury vapor poisoning. Fatality in an infant. Am J Dis Child.  1981;135:42–44. [PubMed: 7457442] 

Mozaffarian  D, et al. Mercury exposure and risk of cardiovascular disease in two U.S. cohorts. N Engl J Med.  2011;364:1116–1125. [PubMed:
21428767] 

Murray  KM, Hedgepeth  JC. Intravenous self-administration of elemental mercury: efficacy of dimercaprol therapy. Drug Intell Clin Pharm.
1988;22:972–975. [PubMed: 3243178] 

Myers  G. Prenatal methylmercury exposure from ocean fish consumption in the Seychelles child development study. Lancet.  2003;361:1686–1692. 
[PubMed: 12767734] 

Newland  MC, Reile  PA. Blood and brain mercury levels after chronic gestational exposure to methylmercury in rats. Toxicol Sci.  1999;50:106–116. 
[PubMed: 10445759] 

Nierenberg  DW, et al. Delayed cerebellar disease and death after accidental exposure to dimethylmercury. N Engl J Med.  1998;338:1672–1676. 
[PubMed: 9614258] 

NIST. End of an era: NIST to cease calibrating mercury thermometers. February 02, 2011 https://www.nist.gov/news-events/news/2011/02/end-era-
nist-cease-calibrating-mercury-thermometers. Created February 01, 2011. Updated September 21, 2016.

Nordberg  GF, Skerfving  S. Metabolism. In: Friberg  L, Vostal  J, eds. Mercury in the Environment: An Epidemiological and Toxicological Appraisal .
Cleveland, OH: CRC Press; 1972:29–90.

O’Shea  J. Was Paganini poisoned with mercury? J R Soc Med.  1988;81:594–597. [PubMed: 3054102] 

O’Shea  JG. Two minutes with venus, two years with mercury—mercury as an antisyphilitic chemotherapeutic agent. J R Soc Med.  1990;83:392–395. 
[PubMed: 2199676] 

Occupational Safety and Health Administration. Occupational Safety and Health Guideline for Mercury Vapor. Occupational Safety and Health
Guidelines. http://www.osha.gov/SLTC/healthguidelines/mercuryvapor/recognition.html.

Oskarsson  A, et al. Exposure to toxic elements via breast milk. Analyst.  1995;120:765–770. [PubMed: 7741226] 

Parker  SK, et al. Thimerosal-containing vaccines and autistic spectrum disorder: a critical review of published original data. Pediatrics.
2004;114:793–804. [PubMed: 15342856] 

Parks  JM, et al. The genetic basis for bacterial mercury methylation. Science.  2013;339:1332–1335. [PubMed: 23393089] 

Patrizi  A, et al. Sensitization to thimerosal in atopic children. Contact Dermatitis.  1999;40:94–97. [PubMed: 10048654] 

Pfab  R, et al. Clinical course of severe poisoning with thimerosal. J Toxicol Clin Toxicol.  1996;34:453–460. [PubMed: 8699562] 

Powell  P. Minamata disease: a story of mercury’s malevolence. South Med J.  1991; 84:1352–1358. [PubMed: 1948221] 

Queipo  Abad S, et al. Evidence of the direct adsorption of mercury in human hair during occupational exposure to mercury vapour. J Trace Elem
Med Biol.  2016;36:16–21. [PubMed: 27259347] 

Rice  D. Methods and rationale for derivation of a reference dose for methylmercury by the US EPA. Risk Anal.  2003;23:107–115. [PubMed:
12635727] 

Rice  DC. The US EPA reference dose for methylmercury: sources of uncertainty Backgrounder for the 2004 FDA/EPA Consumer Advisory: what you
need to know about mercury in fish and shellfish. Environ Res.  2004;406–413.
http://water.epa.gov/scitech/swguidance/fishshellfish/outreach/factsheet.cfm.

Rooney  JP. The retention time of inorganic mercury in the brain—a systematic review of the evidence. Toxicol Appl Pharmacol.  2014;274:425–435. 
[PubMed: 24368178] 

Rosenman  KD, et al. Sensitive indicators of inorganic mercury toxicity. Arch Environ Health.  1986;41:208–215. [PubMed: 3767430] 

Rowens  B, et al. Respiratory failure and death following acute inhalation of mercury vapor. A clinical and histologic perspective. Chest.
1991;99:185–190. [PubMed: 1984951] 

Royhans  J, et al. Mercury toxicity following Merthiolate ear irrigations. J Pediatr.  1984;104:311–313. [PubMed: 6694031] 

Rustam  H, Hamdi  T. Methyl mercury poisoning in Iraq. A neurological study. Brain.  1974;97:500–510. [PubMed: 4425451] 

Sakamoto  M, et al. Evaluation of changes in methylmercury accumulation in the developing rat brain and its effects: a study with consecutive and
moderate dose exposure throughout gestation and lactation periods. Brain Res.  2002;949:51–59. [PubMed: 12213299] 

Sakamoto  M, et al. Declining risk of methylmercury exposure to infants during lactation. Environ Res.  2002;90:185–189. [PubMed: 12477463] 

Saper  RB, et al. Lead, mercury, and arsenic in US- and Indian-manufactured Ayurvedic medicines sold via the Internet. JAMA.  2008;300:915–923. 
[PubMed: 18728265] 

Sauder  P, et al. Acute mercury chloride intoxication. Effects of hemodialysis and plasma exchange on mercury kinetic. J Toxicol Clin Toxicol.
1988;26:189–197. [PubMed: 3418774] 

Schnellmann  R. Toxic responses of the kidney. In: Klaassen  CD, Casarett  LJ, eds. Casarett and Doull’s Toxicology: The Basic Science of Poisons .
6th ed. New York, NY: McGraw-Hill; 2001:491–514.

Schwartz  JG, et al. Toxicity of a family from vacuumed mercury. Am J Emerg Med.  1992;10:258–261. [PubMed: 1316757] 

Seidel  J. Acute mercury poisoning after polyvinyl alcohol preservative ingestion. Pediatrics.  1980;66:132–134. [PubMed: 7402778] 

Shanker  G, Aschner  M. Identification and characterization of uptake systems for cystine and cysteine in cultured astrocytes and neurons:
evidence for methylmercury-targeted disruption of astrocyte transport. J Neurosci Res.  2001;66:998–1002. [PubMed: 11746429] 

Siegler  RW, et al. Fatal poisoning from liquid dimethylmercury: a neuropathologic study. Hum Pathol.  1999;30:720–723. [PubMed: 10374784] 

Sin  KW, Tsang  HS. Large-scale mercury exposure due to a cream cosmetic: community-wide case series. Hong Kong Med J.  2003;9:329–334. 
[PubMed: 14530526] 

Snapp  KR, et al. The contribution of dental amalgam to mercury in blood. J Dent Res.  1989;68:780–785. [PubMed: 2715470] 

Snodgrass  W, et al. Mercury poisoning from home gold ore processing. Use of penicillamine and dimercaprol. JAMA.  1981;246:1929–1931. 
[PubMed: 7288970] 

Stehr-Green  P. Autism and thimerosal-containing vaccines: lack of consistent evidence for an association. Am J Prev Med.  2003;25:101–106. 
[PubMed: 12880876] 

Stern  A, et al. Do recent data from the Seychelles Islands alter the conclusions of the NRC report on the toxicologic effects of methylmercury?
Environ Health.  2004;3.

Strain  JJ, et al. Prenatal exposure to methyl mercury from fish consumption and polyunsaturated fatty acids: associations with child development
at 20 mo of age in an observational study in the Republic of Seychelles. Am J Clin Nutr.  2015;101:530–537. [PubMed: 25733638] 

Sunderman  FW. Perils of mercury. Ann Clin Lab Sci.  1988;18:89–101. [PubMed: 3289472] 

Takeuchi  T. Pathology of Minamata disease. With special reference to its pathogenesis. Acta Pathol Jpn.  1982;32(suppl 1):73–99. [PubMed:
6765001] 

Taylor  LE, et al. Vaccines are not associated with autism: an evidence-based meta-analysis of case-control and cohort studies. Vaccine.
2014;32:3623–3629. [PubMed: 24814559] 

Thompson  W, et al. Early Thimerosal exposure and neuropsychological outcomes at 7-10 years. N Engl J Med.  2007;357:1281–1292. [PubMed:
17898097] 

Troen  P, et al. Mercuric bichloride poisoning. N Engl J Med.  1951;244:459–463. [PubMed: 14806784] 

Tunnessen  WW Jr, et al. Acrodynia: exposure to mercury from fluorescent light bulbs. Pediatrics.  1987;79:786–789. [PubMed: 3575038] 

United States Environmental Protection Agency. Characterization of Human Health and Wildlife Risks from Anthropogenic Mercury Emissions in
the United States . Washington, DC: US EPA; 1997.

Uno  Y, et al. Early exposure to the combined measles-mumps-rubella vaccine and thimerosal-containing vaccines and risk of autism spectrum
disorder. Vaccine.  2015;33:2511–2516. [PubMed: 25562790] 

van Wijngaarden  E, et al. Prenatal methyl mercury exposure in relation to neurodevelopment and behavior at 19 years of age in the Seychelles
Child Development Study. Neurotoxicol Teratol.  2013;39:19–25. [PubMed: 23770126] 

Wallach  L. Aspiration of elemental mercury—evidence of absorption without toxicity. N Engl J Med.  1972;287:178–179. [PubMed: 5033527] 

Warkany  J, Hubbard  DM. Adverse mercurial reactions in the form of acrodynia and related conditions. AMA Am J Dis Child.  1951;81:335–373. 
[PubMed: 14810170] 

Wedeen  R. Were the hatters of New Jersey “mad”? Am J Ind Meds.  1989;16:225–233.

Winship  K. Organic mercury compounds and their toxicity. Adverse Drug React Toxicol Rev.  1986;3:141–180.

Yin  Z, et al. Methylmercury induces oxidative injury, alterations in permeability and glutamine transport in cultured astrocytes. Brain Res.
2007;1131:1–10. [PubMed: 17182013] 

Zimmer  L, Carter  DE. The effect of 2,3-dimercaptopropanol and D-penicillamine on methyl mercury induced neurological signs and weight loss.

Life Sci.  1978;23: 1025–1034. [PubMed: 713681] 

Zimmerman  JE. Fatality following metallic mercury aspiration during removal of a long intestinal tube. JAMA.  1969;208:2158–2160. [PubMed:
5818993] 

Emory University

Access Provided by:

Downloaded 2021­3­15 4:13 P  Your IP is 170.140.142.252
Chapter 95: Mercury, Young­Jin Sue
©2021 McGraw Hill. All Rights Reserved.   Terms of Use • Privacy Policy • Notice • Accessibility

Page 20 / 21

http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/7288970
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/7288970
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/12880876
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/12880876
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/25733638
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/25733638
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/3289472
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/3289472
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/6765001
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/6765001
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/24814559
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/24814559
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/17898097
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/17898097
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/14806784
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/14806784
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/3575038
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/3575038
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/25562790
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/25562790
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/23770126
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/23770126
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/5033527
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/5033527
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/14810170
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/14810170
http://accessemergencymedicine.mhmedical.com/drugs.aspx?GbosID=425014
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/17182013
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/17182013
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/713681
http://emory-primoprod.hosted.exlibrisgroup.com/openurl/01EMORY/01EMORY_services_page?sid=www.accessemergencymedicine.mhmedical.com:accessemergencymedicine&rft_id=info:pmid/713681
http://www-ncbi-nlm-nih-gov.proxy.library.emory.edu/pubmed/5818993
http://accessemergencymedicine.mhmedical.com/ss/terms.aspx
http://accessemergencymedicine.mhmedical.com/privacy
http://accessemergencymedicine.mhmedical.com/ss/notice.aspx
http://accessemergencymedicine.mhmedical.com/about/accessibility.html


ATN = acute tubular necrosis; BAL = British anti-Lewisite; CNS = central nervous system; GI = gastrointestinal; + to +++ = present with increasing importance; - =

absent.

CNS = central nervous system; TBB = total body burden; + to ++ = useful testing specimen; - = lack of utility.
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Chapter 95: Mercury

Young-Jin Sue

INTRODUCTION

HISTORY AND EPIDEMIOLOGY

Mercury is a metal that is widely toxic to multiple organ systems. Its toxicologic manifestations are well known as a result of thousands of years of

medicinal applications, industrial use, and environmental disasters.69,112 Mercury occurs naturally in small amounts as the elemental (Hg0) silver-

colored liquid (quicksilver); as inorganic compounds such as mercuric (Hg2+) sulfide (cinnabar), mercurous (Hg+) chloride (calomel), mercuric chloride
(corrosive sublimate), and mercuric oxide; and as organic compounds (methylmercury and dimethylmercury). Mercury’s gastroenteric irritant effects
led to its use as a therapy for constipation. In recent (16th–19th), centuries, mercury-containing preparations, advocated for their potent diuretic and

sialogogic properties, were widely used to treat syphilis to “flush” the “virus” out.81 The musician Paganini was one of several famous persons whose
gingivitis, dental decay, ptyalism (excessive salivation), and erethism (pathologic irritability and emotional instability) were attributed to mercury

therapy.80 In the 1800s, the United States witnessed an epidemic of “hatters’ shakes” or “Danbury shakes” and “mercurial salivation” in hat industry

workers.123 Danbury, Connecticut, was a US center of felt hat manufacturing in which mercuric nitrate was used to mat animal furs into felt.112,123

In the early 1900s, acrodynia, a painful dusky pink discoloration of the hands and feet, or “pink disease,” was described in children who received

calomel for ascariasis or teething discomfort.16 Vividly described in a series of 41 children, the development of acrodynia was more common in

younger children, did not seem to correlate with mercury dose, and was not necessarily related to urine concentrations of mercury.122

One of the most devastating epidemics of mercury poisoning occurred as the result of a decade of contamination of Minamata Bay in Japan by a
nearby vinyl chloride plant during the 1940s. Methylmercury accumulated in the bay’s marine life and poisoned the inhabitants of the local fishing
community. Although officially only 121 victims were reported, thousands more are believed to have been affected by what has subsequently been

named Minamata disease.88,113 The largest outbreak of methylmercury poisoning to date occurred in Iraq in late 1971. Approximately 95,000 tons of
seed grain intended for planting and treated with methylmercury as a fungicide were baked into bread for direct consumption, resulting in widespread

neurologic symptoms, 6,530 hospital admissions, and more than 400 deaths.5,23,96

In 1990, the US Environmental Protection Agency (EPA) banned mercury-containing compounds from interior paints.3 However, mercury-containing
paints manufactured before that ruling may still be on interior walls, and mercury-containing paint can still be sold for outdoor use. In 1997, a scientist

succumbed to delayed, progressive neurologic deterioration after a minute dermal exposure to dimethylmercury.77 Contemporary exposures occur in

the form of mercury-tainted seafood, mercury-based preservatives (thimerosal), and artisanal gold mining.36

However, a once widely feared source of potential poisoning, mercury-containing dental amalgam does not result in clinical poisoning.14 Occasionally,
exposure to mercury from broken thermometers leads to poisoning in the home, but such thermometers are becoming less common because of

recent efforts to replace mercury with digital thermometers and other electronic devices.78

More recently, the ongoing movement to replace incandescent light bulbs with compact fluorescent bulbs has once again raised the concern of
exposure to mercury in the home and environment. Promoted to reduce greenhouse gas emissions, each bulb contains about 4 mg of elemental

mercury.2

Table 95–1 lists some potential sources of mercury exposure.

TABLE 95–1

Exposures to Mercury

Elemental Inorganic Organic

Manufacturing/Industrial Barometers

Bronzing

Ceramics

Chlorine manufacture

Electroplating

Jewelry

Metal refineries

Paints

Paper pulp

Photography

Batteries

Chemistry sets

Dyes

Explosives

Fireworks

Laboratory reagents

Tanneries

Taxidermy

Vinyl chloride manufacture

Agriculture

Embalming

Fungicides

Laboratory reagents

Pesticides

Wood preservatives

Medical/Medicinal Amalgam

Sphygmomanometry

Tissue fixatives

Thermometers

Weighted nasogastric tubes

Antiseptics

Calomel

Disinfectants

Laxatives

Nonprescription medications

Bactericidals

Pharmaceuticals

Preservatives

Food/Other Ritualistic, complementary Aesthetic, cosmetic

Ayurvedic

Grains (contaminated)

Seafood

FORMS OF MERCURY AND TOXICOKINETICS

The 3 clinically important forms of mercury—elemental, inorganic, and organic—differ with respect to their toxicodynamics and toxicokinetics (Table
95–2). Each produces distinct clinical patterns of poisoning stemming in part from their unique kinetic features (Table 95–3). For each form, the
specific manifestations are determined by the route of exposure, rate of exposure, distribution, biotransformation of mercury within the body, and
relative accumulation or elimination of mercury by the target organ systems. Whereas elemental mercury produces pulmonary toxicity, inorganic
mercury initially causes gastrointestinal (GI) symptoms followed by nephrotoxicity. A nearly pure neurologic toxicity results from organic
(methylmercury) exposure.

TABLE 95–2

Classes of  Mercury Compounds

Nomenclature Example

Elemental Hg0 Quicksilver

Inorganic Hg+

HgCl

Hg2+

HgCl2

Mercurous ion

Calomel, mercurous chloride

Mercuric ion

Mercuric chloride

Organic Short-chain alkyl–mercury compounds

Long-chain mercury compounds

Aryl mercury compounds

Methylmercury

Ethylmercury

Dimethylmercury

Methoxyethylmercury

Phenylmercury

TABLE 95–3

Differential Characteristics of Mercury Exposure

Elemental Inorganic Organic

Primary route of exposure Inhalation Oral Oral

Primary tissue distribution CNS, kidney Blood (transient, acute)

Kidney

CNS (delayed)

CNS, kidney, liver, blood, hair

Clearance Kidney, GI Kidney, GI Methyl: GI

Aryl: kidney, GI

Clinical effects

 CNS Tremor Tremor, erethism Paresthesias, ataxia, tremor, tunnel vision, dysarthria

 Pulmonary +++ – –

 Gastrointestinal + +++ (caustic) +

 Renal + +++ (ATN) +

 Acrodynia + ++ –

Therapy BAL, succimer BAL, succimer Succimer (early)

ABSORPTION

Elemental Mercury

Elemental mercury (Hg0) is absorbed primarily via inhalation of vapor, although slow absorption after aspiration, subcutaneous deposition, and direct

intravenous (IV) embolization occurs.60,74,121 Volatility, moderate at room temperature, increases significantly with heating or aerosolization, both of

which occur with vacuuming.44,102 When inhaled by human volunteers, 75% to 80% of mercury vapor is absorbed.44 However, elemental mercury is
negligibly absorbed from an anatomically and functionally normal GI tract, and it is usually considered nontoxic when ingested. Abnormal GI motility
prolongs mucosal exposure to elemental mercury, and massive ingestion increases subsequent ionization to more readily absorbed forms. Similarly,
anatomic GI abnormalities such as fistulae or perforation are associated with extravasation of mercury into the peritoneal in which where elemental
mercury is oxidized to more readily absorbed inorganic forms.

Inorganic Mercury

The principal route of absorption for inorganic mercury is the GI tract. Approximately 10% of soluble divalent (Hg2+) mercuric salts such as mercuric

chloride (HgCl2) are absorbed following ingestion and dissociation.66 Absorption of a relatively insoluble monovalent (Hg+) mercurous compound,

such as mercurous chloride (calomel; HgCl), is dependent on its oxidation to the divalent form.79 Inorganic mercury is also absorbed across the skin
and mucous membranes, as evidenced by urinary excretion of mercury after dermal application of skin-lightening mercurial ointments and powders

containing HgCl.106,122

The degree of dermal absorption varies by the concentration of mercury, skin integrity, and lipid solubility of the vehicle. With substantial dermal
exposures to mercury salts, skin absorption may be difficult to distinguish from concomitant absorption via other routes, such as ingestion.

Organic Mercury

As in the case of inorganic mercury, organic mercury is primarily absorbed from the GI tract. Methylmercury, considered the prototype of the short-

chain alkyl compounds, is approximately 90% absorbed from the gut. Aryl and long-chain alkyl compounds have more than 50% GI absorption.79

Although both dermal and inhalational absorption of organic mercury is reported, precise quantitation and exclusion of concomitant absorption by
ingestion are difficult to determine.

DISTRIBUTION AND BIOTRANSFORMATION

After absorption, mercury distributes widely to all tissues, predominantly the kidneys, liver, spleen, and central nervous system (CNS). The initial
distributive pattern into nervous tissue of elemental and organic mercury differs from that of the inorganic compounds because of their greater lipid
solubility.

Elemental Mercury

Although peak concentrations of elemental mercury are delayed in the CNS as compared with other organs (2–3 days versus 1 day),44 significant
accumulation in the CNS occurs after an acute, intense exposure to elemental mercury vapor. Conversion of elemental mercury to the charged

mercuric (Hg2+) cation within the CNS favors retention and local accumulation. Because elemental mercury does not covalently bind to other

compounds, its toxicity depends on its oxidation initially to the mercurous ion (Hg+) and then to the mercuric ion (Hg2+) by the enzyme catalase.66

Because this oxidation–reduction reaction favors the mercuric cation at steady state, the distribution and late manifestations of metallic mercury
toxicity eventually resemble those of inorganic mercury poisoning. Conversely, and to a lesser extent, inorganic mercuric ions are reduced to the

elemental state (Hg0), although the site and mechanism of this reaction are not well understood.79

Inorganic Mercury

The greatest concentration of mercuric ions is found in the kidneys, particularly within the renal tubules. At least in animal studies, administration of

mercury induces the renal synthesis of metallothionein, a compound that binds to and detoxifies mercuric ions.12 Very little mercury is found as free
mercuric ions. In blood, mercuric ions are found both within the red blood cells (RBCs) and bound to plasma proteins in approximately equal
proportions. Blood concentrations are greatest immediately after inorganic mercury exposure, with rapid waning as distribution to other tissues
occurs. Although penetration of the blood–brain barrier is poor because of low lipid solubility, slow elimination and prolonged exposure contribute to
significant CNS accumulation of mercuric ions. Within the CNS, mercuric ions concentrate in the cerebellum and hippocampus, and to a lesser degree,

the cerebral cortex.35 Although inorganic mercurials undergo organification in marine life, as in the Minamata Bay disaster,9,85 the importance of this

conversion in humans is unknown. Animal studies demonstrate that the placenta functions as an effective barrier to mercuric ions.79

Organic Mercury

Once absorbed, aryl (phenyl mercury) and long-chain alkyl mercury compounds differ from the short-chain organic mercury compounds
(methylmercury) in an important way—the former possess a labile carbon–mercury bond, which is subsequently cleaved, releasing the inorganic
mercuric ion. Thus, the distribution pattern and toxicologic manifestations produced by the aryl and long-chain alkyl compounds that occur beyond
the immediate postabsorptive phase are comparable to those of inorganic mercury, but organification has facilitated absorption and reduced the local

caustic effects.79 In contrast, short-chain alkyl mercury compounds possess relatively stable carbon–mercury bonds that survive the absorptive phase,

although conversion to the inorganic mercuric cation at a rate of less than 1% per day occurs after absorption.124 Because it is lipophilic,

methylmercury readily distributes across all tissues, including the blood–brain barrier and placenta.46 An important consequence of this property is
the devastating neurologic degeneration that develops in prenatally exposed infants with Minamata disease. The rapid decline of blood mercury
concentrations in both suckling rats and breastfeeding human infants is attributed to rapid growth of body volume combined with limited transport of

mercury by milk.76,97,98

After methylmercury is distributed to brain tissue, its fate is uncertain. Animal evidence indicates that methylmercury is converted to inorganic mercury

in brain tissue.63 Primates fed oral methylmercury daily for periods exceeding 1 year and then killed within days of the last exposure demonstrated an
average brain inorganic mercury fraction of only 19%. By contrast, when the postexposure period was extended to between 150 and 650 days, the
inorganic mercury fraction increased to 88%. Similarly, long-term survivors of methylmercury poisoning had a higher ratio of inorganic mercury to

total mercury in their brains.29 In one patient who survived 22 years after methylmercury ingestion, autopsy revealed that the brain mercury was nearly
completely in the inorganic form.

Methylmercury concentrates in RBCs to a much greater degree than do mercuric ions, with an RBC-to-plasma ratio of about 10:1 (in contrast to 1:1 RBC-

to-plasma ratio for inorganic mercury).124 However, despite this apparent affinity for nervous tissue and RBCs, the greatest methylmercury
concentrations are found in the kidneys and liver. In addition, because of the extensive sulfhydryl bonds in hair, methylmercury deposits in hair at

concentrations approximately 250 times that found in whole blood.55

ELIMINATION

Elemental Mercury and Inorganic Mercury

Mercuric ions are excreted through the kidney by both glomerular filtration and tubular secretion and in the GI tract by transfer across gut mesenteric
vessels into feces. Small amounts are reduced to elemental mercury vapor and volatilized from skin and lungs. The total-body half-life of elemental

mercury and inorganic mercury was previously estimated at approximately 30 to 60 days.22,66 However, a recent review of case studies indicates that

the half-life of inorganic mercury in human brains is on the order of several years to several decades.92

Organic Mercury

In contrast to elemental mercury and inorganic mercury, the elimination of short-chain alkyl mercury compounds (such as methylmercury) is
predominantly fecal. Enterohepatic recirculation contributes to its somewhat longer total body half-life of about 70 days. Less than 10% of

methylmercury is excreted in urine and feces as the mercuric cation.124

PATHOPHYSIOLOGY

The pervasive disruption of normal cell physiology by mercury arises from its avid covalent binding to sulfur, replacing the hydrogen ion in the body’s
ubiquitous sulfhydryl groups. Mercury also reacts with phosphoryl, carboxyl, and amide groups, resulting in widespread dysfunction of enzymes,
transport mechanisms, membranes, and structural proteins.

Because mercury deposits in all tissues, the clinical manifestations of mercury toxicity involve multiple organ systems with variable features and
intensity. Necrosis of the GI mucosa and proximal renal tubules, which occurs shortly after mercury salt poisoning, is thought to result from the direct
oxidative effect of mercuric ions. An immune mechanism is attributed to membranous glomerulonephritis and acrodynia associated with the use of

mercurial ointments.13

Neurologic manifestations of methylmercury poisoning correlate with pathologic findings in the brains of both adults and children who were

prenatally exposed.68,113 Grossly, atrophy of the brain is more severe in children who had prenatally or postnatally acquired methylmercury compared
with the brains of those exposed as adults. In the adult brain, neuronal necrosis and glial proliferation are most prominent in the calcarine cortex of
the cerebrum and in the cerebellar cortex. In fetal Minamata disease, similar lesions are present but in a more diffuse and severe form. Atrophy of the
cerebellar hemispheres, postcentral gyri, and calcarine area of the brain demonstrated on magnetic resonance images in organic mercury–poisoned

patients correlates with clinical findings of ataxia, sensory neuropathy, and visual field constriction, respectively.58 Neuropathologic examination of
the brain of a scientist who died after unintentional dermal exposure to dimethylmercury revealed lesions in the cerebellum, temporal lobe, and visual

cortex.105

In rats, neuronal cytotoxicity of methylmercury may result partly from muscarinic receptor–mediated calcium release from smooth endoplasmic

reticulum of cerebellar granule cells.62 There is animal evidence that methylmercury may trigger reactive oxygen species production. In addition,
methylmercury inhibits astrocyte uptake of cysteine, the rate-limiting step in the production of glutathione, a major antioxidant in mammalian cell

systems.104 Cultured astrocytes accumulated methylmercury and exhibited increased mitochondrial permeability and oxidative injury.125 Complexing
of methyl- mercury with L-cysteine may enhance brain uptake by mimicry of methionine, a substrate of the endogenous L amino acid transport system.

Uptake of the L-isomer significantly exceeds that of methylmercury–D-cysteine. Careful selection of stereospecific thiol complexing agents may lead to

strategies to limit brain uptake of methylmercury.56,70

CLINICAL MANIFESTATIONS

Elemental Mercury

Symptoms of acute elemental mercury inhalation occur within hours of exposure and consist of cough, chills, fever, and shortness of breath.
Gastrointestinal complaints include nausea, vomiting, and diarrhea accompanied by a metallic taste, dysphagia, salivation, weakness, headaches, and
visual disturbances. Chest radiography during the acute phase reveals interstitial pneumonitis and both patchy atelectasis and emphysema.
Symptoms either resolve with lesser exposures or progress to acute respiratory distress syndrome (ARDS) with respiratory failure and death. Some
survivors of severe pulmonary toxicity develop interstitial fibrosis and residual restrictive pulmonary disease. The acute respiratory symptoms occur
concomitantly with or precede the development of subacute inorganic mercury poisoning manifested by tremor, kidney dysfunction, and

gingivostomatitis.17,54,94 Thrombocytopenia is also reported to occur during the acute phase.38

Although acute exposure to elemental mercury vapor occurs most commonly in the occupational setting, poisonings caused by mishandling of the

metal in the home are well reported.19,29,50,72,108 In fact, attempts at home metallurgy using metallic mercury have resulted in fatalities with ambient air

concentrations of mercury as high as 0.9 mg/m3. The current US Occupational Safety and Health Administration permissible exposure limit (PEL) for

mercury vapor is 0.1 mg/m3 of air as a ceiling limit.82

As with other inhaled toxins, children are likely to be more sensitive to the pulmonary toxicity of mercury vapor because of their ratio of minute

ventilation volume to body size.72 Although pulmonary toxicity from elemental mercury usually results from inhalation of vapor, massive

endobronchial hemorrhage followed by death has occurred secondary to direct aspiration of metallic mercury into the tracheobronchial tree.127

Gradual volatilization of elemental mercury results in chronic toxicity from improper handling, such as vacuuming spilled mercury.102

The clinical importance of volatilized metallic mercury from dental amalgams for both the dentist and patient is controversial. The preponderance of
evidence refutes the idea that dental amalgam causes mercury poisoning. Several comprehensive reviews of the subject conclude that (1) occupational
exposure to mercury from dental amalgam is acceptably low, provided that recommended preventive measures such as adequate ventilation are
adhered to; (2) the quantity of mercury vaporized from dental amalgam by mechanical forces, such as chewing, is clinically insignificant; and (3) only in
exceedingly rare cases will immunologic hypersensitivity to mercury amalgam (manifested as cutaneous signs and symptoms and confirmed by patch

testing) necessitate removal of the amalgam.33,34,37,61,107

Unusual cases of chronic toxicity have resulted from intentional subcutaneous or IV injection of elemental mercury (Figs. 8–6 and 95–1).49,74 Aside from
management of systemic mercury toxicity, local wound care and excision of deposits of mercury are additional therapeutic challenges presented by
these cases. Serial or repeat radiographs are useful in guiding the removal of the radiopaque deposits.

FIGURE 95–1.

Anteroposterior (A) and lateral (B) views of the elbow after an unsuccessful suicidal gesture involving an attempted intravenous injection of elemental
mercury in the antecubital fossa. Note the extensive subcutaneous mercury deposition, which was partially removed by surgical intervention. (Used
with permission from Diane Sauter, MD.)

Inorganic Mercury

Acute ingestion of mercuric salts produces a characteristic spectrum from severe irritant to caustic gastroenteritis. Immediately after the ingestion, a
grayish discoloration of mucous membranes and metallic taste typically accompany local oropharyngeal pain, nausea, vomiting, and diarrhea followed

by abdominal pain, hematemesis, and hematochezia. The lethal dose of mercuric chloride is estimated to be 30 to 50 mg/kg.116 The life-threatening
manifestations of severe acute mercuric salt ingestion are hemorrhagic gastroenteritis, massive fluid loss resulting in shock, and acute kidney

failure.100

Oropharyngeal injury, nausea, hematemesis, hematochezia, and abdominal pain were the most prominent symptoms in a series of 54 patients who

presented after ingesting up to 4 g of mercuric chloride.116 In this series, fatality was associated with the early development of oliguria (within 3 days)
likely due in large part to lack of routinely available hemodialysis at that time. The development of anuria appeared to be related to the dose of
mercuric chloride ingested. The histopathologic finding of proximal tubular necrosis after mercuric salt poisoning results both from direct toxicity to

renal tubules and from renal hypoperfusion caused by shock. Consequently, aggressive fluid therapy to maintain perfusion is recommended.101

Acute ingestion of mercuric salts is usually intentional, but unintentional ingestion occurs sporadically in both children and adults.51 Although
ingestion of older button batteries containing mercuric oxide was associated with a greater incidence of fragmentation than with other batteries,

clinically significant systemic mercury toxicity by this route was not reported.64,67 Mercuric chloride–containing stool preservatives are another
potential source of unintentional inorganic mercury poisoning. Ingestion of 10 to 20 mL of a polyvinyl alcohol preservative that contained 4.5%

mercuric chloride resulted in bloody gastroenteritis and proteinuria.103 Nonprescription49 and Ayurvedic99 medicines are also associated with

unintentional inorganic mercury poisoning (Chap. 43).53 These xenobiotics are not subject to US Food and Drug Administration (FDA) regulation,
available without prescription, of variable composition, and are often inadequately labeled (Chap. 43).

Subacute or chronic mercury poisoning occurs after inhalation, aspiration, or injection of elemental mercury; ingestion or application of mercury salts;
or ingestion of aryl or long-chain alkyl mercury compounds. Slow in vivo oxidation of elemental mercury and dissociation of the carbon–mercury bond
of aryl or long-chain alkyl mercury compounds result in the production of the inorganic mercurous and mercuric ions.

The predominant manifestations of subacute or chronic mercury toxicity include GI symptoms, neurologic abnormalities, and renal dysfunction.
Gastrointestinal symptoms consist of a metallic taste and burning sensation in the mouth, loose teeth and gingivostomatitis, excessive salivation

(ptyalism), and nausea.122 The neurologic manifestations of chronic inorganic mercurialism include tremor, as well as the syndromes of neurasthenia
and erethism. Neurasthenia is a symptom complex that includes fatigue, depression, headaches, hypersensitivity to stimuli, psychosomatic
complaints, weakness, and loss of concentrating ability. Erethism, derived from the Greek word red, describes the easy blushing and extreme shyness
of affected individuals. Other symptoms of erethism include anxiety, emotional lability, irritability, insomnia, anorexia, weight loss, and delirium.
Mercury produces a characteristic central intention tremor (Chap. 22) that is abolished during sleep. In the most severe forms of mercury-associated
tremor, choreoathetosis and spasmodic ballismus are also reported. Other neurologic manifestations of inorganic mercurialism include a mixed
sensorimotor neuropathy, ataxia, concentric constriction of visual fields (“tunnel vision”), and anosmia.

Chronic poisoning with mercuric ions is associated with renal dysfunction, which ranges from asymptomatic, reversible proteinuria to nephrotic
syndrome with edema and hypoproteinemia. An idiosyncratic hypersensitivity to mercury ions is thought to be responsible for acrodynia, or “pink
disease,” which is an erythematous, edematous, and hyperkeratotic induration of the palms, soles, and face, and a pink papular rash that was first

described in a subset of children exposed to mercurous chloride powders.122 The rash is described as morbilliform, urticarial, vesicular, and
hemorrhagic. This symptom complex also includes excessive sweating, tachycardia, irritability, anorexia, photophobia, insomnia, tremors,
paresthesias, decreased deep tendon reflexes, and weakness. The acral rash frequently progresses to desquamation and ulceration. The prognosis is
favorable after withdrawal from mercury exposure. Childhood acrodynia has become uncommon since the abandonment of mercurial teething
powders and diaper rinses. Occasional case reports still implicate improperly disposed fluorescent light bulbs and phenylmercuric acetate–containing

paint.3,117

Thimerosal is an example of an aryl mercury compound that results in chronic inorganic mercury toxicity. It is a compound that was widely used as a
preservative in the pharmaceutical industry (Chap. 46). Although initial kinetics suggested a stable ethyl–mercury bond, the later elimination phase
more closely resembles that of the inorganic mercury compounds. Thimerosal is approximately 50% mercury by weight. Although generally
considered safe, toxicity and death can occur after both intentional overdose and excessive therapeutic application of merthiolate (0.1% thimerosal or

600 mcg/mL mercury).87,95

Concern that the cumulative dose of thimerosal in childhood immunizations exceeded federally recommended maximum mercury doses (EPA, 0.1
mcg/kg/day; Agency for Toxic Substances and Disease Registry, 0.3 mcg/kg/day; FDA, 0.4 mcg/kg/day) led to a call by the American Academy of

Pediatrics to reduce or eliminate thimerosal from vaccines.4 Thimerosal continues to be used in medically underserved nations as a preservative in

multidose vials in areas with inadequate refrigeration.31 Nevertheless, since 2001, routinely administered childhood vaccines in the United States no

longer contain thimerosal.4,47

Although sensitization after use in vaccinations has been reported in atopic children,86 clinical mercury toxicity has not been reported in appropriately

immunized children. The claim that thimerosal-containing vaccines causes autism has been refuted by numerous studies and meta-analyses.8,65,84,109

No causal association with early thimerosal exposure and adverse neuropsychological outcomes was shown in children tested at 7 to 10 years of

age.115 Clearly, the risk to child health from the diseases targeted for prevention by vaccines far exceeds the risk from thimerosal preservative in

vaccines.39,114,119 In 2010, US courts rejected a causal relationship between thimerosal and autism.32

Organic Mercury Compounds

In contrast to the inorganic mercurials, methylmercury produces an almost purely neurologic disease that is usually permanent except in the mildest of
cases. Although the predominant syndrome associated with methylmercury is that of a delayed neurotoxicity, acute GI symptoms, tremor, respiratory

distress, and dermatitis are also reported.124 In addition, ST segment changes on electrocardiography and renal tubular dysfunction are associated

with this poisoning.45 However, no increase in cardiovascular disease risk was reported with mercury exposure in a large cohort of US adults.73

The lipophilic property and slower elimination of methylmercury likely contribute to its profound neurologic effects. Characteristically, clinical
manifestations occur after the initial poisoning by a latent period of weeks to months. Consequently, the lethal dose of methylmercury is difficult to
determine. As noted previously, infants exposed prenatally to methylmercury were the most severely affected individuals in Minamata. Often born to
mothers with little or no manifestation of methylmercury toxicity themselves, exposed infants exhibited decreased birth weight and muscle tone,
profound developmental delay, seizure disorders, deafness, blindness, and severe spasticity.

Several weeks after methylmercury contaminated grain was ingested in Iraq, patients began to appear with paresthesias involving the lips, nose, and
distal extremities. Symptomatic patients also noted headaches, fatigue, and tremor. More serious cases progressed to ataxia, dysarthria, visual field
constriction, and blindness. Other neurologic deficits included hyperreflexia, hearing disturbances, movement disorders, salivation, and dementia.
The most severely affected patients lay in a mute, rigid posture punctuated only by spontaneous crying, primitive reflexive movements, or feeding

efforts.96

Although the outlook for methylmercury neurotoxicity is generally considered dismal, observations over the subsequent 2 years in 49 Iraqi children

poisoned during the 1971 outbreak revealed complete resolution or partial improvement in all but the most severely affected.5 Of the 40 symptomatic
children, 33 mildly to severely affected children showed partial to complete resolution of symptoms, but the 7 children classified as “very severely
poisoned” remained dysarthric, ataxic, blind, and bedridden.

An important route of organic mercury exposure is through seafood consumption. The safe amount of methylmercury in seafood remains
controversial. The FDA action concentration of 1 ppm for methylmercury in fish was set to limit consumption of methylmercury to less than 1/10th of

amounts found in cases of symptomatic poisoning. The EPA established a reference dose for methylmercury of 0.1 mcg/kg/day.90,118 Although
elevated blood concentrations (19–53 mcg/L) of mercury were found in one group of self-reported high consumers of seafood, increased incidence of

cognitive and GI complaints were not.52 Even so, concentrations at which fetuses experience adverse effects are unknown. Longitudinal studies of fish-
eating populations are conflicting. No effect of a high prenatal fish diet was found on developmental markers in children followed to 19 years of age in

the Seychelles Islands.27,28,120

However, in the studies done in the Faroe Islands and New Zealand, a subtle but significant effect on neuropsychological development was

reported.25,42,110 In the Faroe Islands, this effect persisted when children were retested at 22 years of age.30,31

One reason for the discrepancy that occurs between the 2 populations may be the different patterns of seafood consumption and concentrations of
methylmercury in the seafood consumed by each. The Faroese consume low level mercury–containing fish 1 to 3 times a week with episodic feasts of
highly contaminated pilot whale, whereas the Seychellois consume a more steady diet of low level–contaminated fish on average 12 times per week.
The pilot whales consumed in the Faroe Islands are also contaminated with neurotoxic polychlorinated biphenyls (PCBs), although these compounds
were measured and considered a potential confounding variable. The mean concentration of methylmercury in the whale meat consumed in the Faroe
Islands was 1.6 mcg/g, and the mean concentration of mercury found in New Zealand shark was 2.2 mcg/g. By contrast, the mean methylmercury

content of Seychellois fish was 0.3 mcg/g.75 The threshold concentration for neuropsychological effects may lie between these concentrations.

The development of neurologic symptoms in infants exclusively breastfed by women exposed to methylmercury after delivery and the detection of

mercury in the milk of lactating women implies a risk for mercury poisoning via breast milk.57 In one series of lactating women, mercury concentrations

in milk were approximately 30% of the concentrations found in blood.83 Perhaps because of high levels of PCBs in pilot whale meat, 7-year-old children
from the Faroe Islands, who have a diet traditionally high in the mercury-containing sea mammals and were breast-fed as infants, exhibited a

diminished benefit (but not deficit) on neuropsychological testing when compared with their counterparts fed formula.48

Further complicating findings in a cohort of Faroese children, the neurobehavioral deficits from methylmercury may be underestimated unless the

protective effects of long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, also found in fish) are included in the analysis.21 Likewise, the Seychelles
Child Development Study Nutrition Cohort 2 found no overall adverse association between prenatal methylmercury exposure and

neurodevelopmental outcomes in children with high maternal n-3 PUFA concentrations.111 The net neuropsychological effects of prenatal and dietary
methylmercury result from dose and timing of fish in the diet as well as the concentrations of methylmercury, neurotoxic PCBs, and neuroprotective

PUFA in the consumed fish.111

The FDA recommends that at-risk populations (pregnant women and women who may become pregnant, nursing mothers, and young children) avoid
large predator fish (shark, swordfish, tilefish, and king mackerel) that contain concentrations of methylmercury approaching 1 ppm (1 mcg/g). The
2004 FDA/EPA consumer advisory emphasizes the health benefits of eating fish and allow for up to 12 ounces per week of fish and shellfish lower in
mercury such as shrimp, canned light tuna, salmon, pollock and catfish and up to 6 ounces of albacore tuna per week. Given the beneficial effects of

seafood, efforts should be aimed at decreasing anthropogenic release of mercury rather than elimination of dietary exposure.91

Although methylmercury has greater importance worldwide, the extreme toxicity of another organic mercurial, dimethylmercury, was tragically
demonstrated by the delayed fatal neurotoxicity that developed in a chemist who inadvertently spilled dimethylmercury on a break in the gloves on her

hands.77 Over a period of several days, she developed progressive difficulty with speech, vision, and gait. Despite chelation and exchange transfusion,
she died of mercury neurotoxicity within several months of the exposure.

DIAGNOSTIC TESTING

The dual findings of unexplained neuropsychiatric and kidney abnormalities in an individual should alert the clinician to the possibility of
mercurialism, as should an at-risk occupation or access by the patient to a mercurial product (Table 95–1). Occupational or environmental exposure
and a consistent clinical scenario are suggestive of mercury poisoning, but demonstration of mercury in blood, urine, or tissues is necessary for
confirmation of exposure. Of the many methods available to measure mercury, cold atomic absorption spectrometry is rapid, sensitive, and accurate
but cannot distinguish the various forms of mercury. Thin-layer and gas chromatographic techniques are recommended to distinguish organic from
inorganic mercury. Whole blood should be collected into a trace element collection tube obtained from the laboratory performing the assay. Urine
should be collected for 24 hours into an acid-washed container obtained from a laboratory. Spot collections must be adjusted for creatinine
concentration. Attempts to measure or otherwise handle the specimen should be avoided to prevent external contamination (Table 95–4).

TABLE 95–4

Diagnostic Testing for Mercury

Whole  Blood 24-hour Urine Hair Clinical

Elemental/Inorganic (+)

Acute, transient

(++)

Confirm exposure

Monitor chelation

Poor correlation to

TBB

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Early detection

Organic (++)

Best reflects

TBB

(–)

Fecal elimination

(+)

Reflects past exposure and external

adsorption

(+)

Poor correlation to TBB

Reflects irreversible CNS

toxicity

Early detection

There is considerable overlap among concentrations of mercury found in the normal population, asymptomatic exposed individuals, and patients with
clinical evidence of poisoning. There is no definitive correlation between either whole blood or urine mercury concentration and mercury toxicity.
However, mercury serves no useful role in human physiology, and concentrations of 1.0 mcg/L or less for whole blood and 0.5 mcg/L for urine are
generally considered to reflect background exposure in nonpoisoned individuals. The inconsistencies of the values found in the literature for mercury
exposure are a recurrent issue in metal testing. A credible and qualified laboratory should be employed and their reference ranges accepted when

testing is desired.20

For inorganic mercury poisoning, urine mercury concentrations correlate roughly with exposure severity and neuropsychiatric symptoms,93 but the
relationship to total body burden is probably poor. Urine mercury determinations have their greatest usefulness in confirming exposure and
monitoring the efficacy of chelation therapy. Whole blood mercury concentrations reflect intense, acute inorganic mercury exposure but become less
reliable as redistribution to tissues takes place.

Because organic mercury is eliminated via the fecal route, urine mercury concentrations are not useful in methylmercury poisoning. Because
methylmercury concentrates in RBCs, the total-body methylmercury burden is best reflected acutely by whole-blood concentrations. As methylmercury
distributes to and accumulates in brain, the severity of clinical manifestations probably more closely reflects the degree of the irreversible neuronal
destruction that has taken place rather than the current body burden of mercury. Correlation of increasing whole-blood mercury concentrations with

prevalence of paresthesias was suggested in a population of Iraqis studied early in the course of methylmercury poisoning.24 However, in another

group of patients, whole-blood concentrations did not correlate with severity of methylmercury poisoning.96 This apparent discrepancy may have
resulted from the finding that paresthesias are among the earliest reported symptoms of methylmercury poisoning.

Because mercury accumulates in the hair, hair analysis has been used as a tool for measuring mercury burden. However, because metal incorporation
reflects past exposure and hair avidly binds to noningested environmental mercury, the reliability of this method is questionable and is not

recommended.89 In addition to mercury assays, neuropsychiatric testing, nerve conduction studies, and urine assays for N-acetyl-β-D-glucosaminidase

and β2-microglobulin are advocated for early detection of subclinical inorganic and organic mercury toxicity.34,45,93

GENERAL MANAGEMENT

After the initial assessment and stabilization, the early toxicologic management of a patient with mercury poisoning includes termination of exposure
by removal from vapors, washing exposed skin, GI decontamination, supportive measures (eg, hydration, humidified oxygen), baseline diagnostic
studies (eg, complete blood count, serum chemistries, venous blood gas, radiography, ECG), specific analysis of whole blood and urine for mercury,
evaluation of possible cointoxicants, and meticulous monitoring.

Elemental Mercury

Inhalation of mercury vapors or aspiration of metallic mercury may result in life-threatening respiratory failure; in this situation, stabilization of
cardiorespiratory function is the initial priority. Postural drainage and endotracheal suction are a reasonable technique to attempt to remove
aspirated metallic mercury. Parenteral deposition of subcutaneous or intramuscular (IM) mercury is amenable to surgical excision, if well localized
(Fig. 95–1).

An adjunct to the initial management of patients with mercury poisoning is environmental decontamination. Elemental mercury that spills onto solid
surfaces should be adsorbed to sand and the resulting mixture then swept into tightly sealed containers. Ideally, a mercury decontamination kit should
be used. The kit consists of calcium polysulfide, which contains excess sulfur to convert mercury to water-insoluble mercuric sulfide. Absorbent
surfaces, such as carpets, should be removed. Spilled mercury compounds should not be vacuumed because vacuuming could volatilize the

mercury.18 Broken compact fluorescent light bulbs should be handled and disposed of according to EPA guidelines and local requirements.2

Recommendations for decontamination after breakage include opening windows to release vapor, using adhesive tape to pick up visible fragments,
and discarding contaminated material in double-wrapped bags. Guidance for decontamination of major spills and disposal of materials can be
provided by local and federal hazardous materials agencies.

Inorganic Mercury

Because ingestion of inorganic mercuric may lead to cardiovascular collapse caused by severe gastroenteritis and third-space fluid loss, fluid
resuscitation is a priority. Gastrointestinal decontamination of ingested inorganic mercury is particularly problematic because of its causticity and risk
for perforating injury. Nevertheless, one series of patients with mercuric chloride ingestion of up to 4 g reported recovery without long-term GI

sequelae in patients who did not succumb to kidney failure.116 Therefore, unless there is high suspicion for penetrating GI mucosal injury, removal of
mercury from absorptive surfaces should take priority over endoscopic evaluation. The prominence of vomiting makes gastric lavage unnecessary for
most patients with inorganic mercury poisoning.

Metals are among the substances that are often considered to be poorly adsorbed to activated charcoal. Nevertheless, the serious nature of late
sequelae after mercury absorption, the typically small quantities of mercury ingested, and evidence that inorganic mercuric salts actually have
substantial adsorption to activated charcoal (800 mg mercuric chloride can be adsorbed to 1 g activated charcoal) justify the routine administration of

activated charcoal.6 Whole-bowel irrigation with polyethylene glycol solution is a reasonable adjunct to remove residual mercury, and its progress can
be followed with serial radiographs.

Organic Mercury

Organic mercury exposures do not typically present as single acute ingestions but rather as chronic or subacute ingestion of contaminated food.
Therefore, GI decontamination is generally moot with respect to organic mercury poisoning. Nevertheless, its irreversible toxicity coupled with
unsatisfactory treatments calls for aggressive decontamination when acute ingestions or dermal exposures occur.

CHELATION

After initial stabilization and decontamination, early institution of chelators minimizes or prevents the widespread effects of poisoning. Dimercaprol
was developed during World War II as an antidote against lewisite, an arsenical warfare agent. The water-soluble analogs DMPS and succimer were

developed in the 1950s, and the 3 chelators have remained the mainstay of therapy for mercury poisoning.59 A high degree of protein binding and
distribution to the brain are responsible for the lack of efficacy of other measures to increase mercury clearance, such as peritoneal dialysis and

hemodialysis.100 In one report of the use of continuous venovenous hemodiafiltration in combination with a chelator in a patient with severe inorganic

mercury poisoning, 12.7% of the ingested dose was recovered in the ultrafiltrate.26 Hemodialysis may nevertheless ultimately be necessary because of
the acute kidney failure that often occurs after mercuric chloride poisoning.

Chelators have thiol groups that compete with endogenous sulfhydryl groups for the binding of mercury, thereby preventing inactivation of sulfhydryl-
containing enzymes and other essential proteins (Antidotes in Depth: A28 and A29). A history of significant mercury exposure combined with the
presence of typical symptoms of mercury poisoning is an appropriate indication for the institution of chelation therapy. Elevated whole-blood and
urine mercury concentrations help support the decision to begin chelation therapy in unclear cases and can also be used to guide the duration of
therapy. Provocative chelation, in which urinary mercury excretion before and after a chelating dose is compared to determine the degree of mercury

poisoning, is of no value.52 Chelation tends to increase urinary elimination of mercury, regardless of exposure history and baseline excretion.

Elemental Mercury and Inorganic Mercury Salts

For patients with symptomatic acute inorganic mercury poisoning, dimercaprol should be administered for 10 days in dosages of 5 mg/kg/dose every 4
hours IM for 48 hours, then 2.5 mg/kg every 6 hours for 48 hours, followed by 2.5 mg/kg every 12 hours for 7 days. It is reasonable to adjust this dosing
regimen, which was derived from lead poisoning, according to clinical response and the occurrence of adverse reactions.

When a patient can take oral medications, we recommend that dimercaprol be replaced with succimer at 10 mg/kg orally 3 times a day for 5 days, then
twice a day for 14 days if the GI tract is clear. Because headache, nausea, vomiting, abdominal pain, and diaphoresis are common reactions during
dimercaprol chelation therapy, oral succimer is recommended in patients who are not acutely ill or who have been chronically poisoned.

Either dimercaprol or succimer is considered the treatment of choice for inorganic mercury poisoning in the United States, but a few other chelators
deserve mention. 2,3-Dimercapto-1-propanesulfonic acid (DMPS) is a water-soluble dimercaprol derivative that is used in Europe. It is administered
both IV and orally. D-Penicillamine is an orally administered monothiol. Its adverse events—GI distress, rashes, leukopenia, thrombocytopenia, and

proteinuria—although uncommon in therapeutic doses, seriously limit the usefulness of the drug. N-acetyl-D,L-penicillamine (NAP), an investigational

analog of D-penicillamine, is thought to be a more effective chelator of mercury than is D-penicillamine, perhaps because of its greater stability.11,40,43

Organic Mercury Compounds

The neurotoxicity of methylmercury and other organic mercury compounds is resistant to treatment, and therapeutic options are less than
satisfactory. In rats, both dimercaprol and D-penicillamine effectively reduced tissue mercury and prevented neurologic toxicity if administered within

the first day of a methylmercury injection.126 Neither treatment reversed neurologic toxicity when administered 12 days after methylmercury injection.
2,3-Dimercapto-1-propanesulphonate, D-penicillamine, NAP, and a thiolated resin all led to a marked reduction of blood half-life of mercury (ie, 10, 24,

23, and 19 days, respectively, versus 60 days) during the outbreak of methylmercury poisoning in Iraq in 1971.24 Clinical improvement was not
observed in any treatment group, but it is reasonable to postulate that reducing the total-body burden of methylmercury may prevent or limit the

progression of disease. When studied in mice poisoned with methylmercury,1 succimer was superior to NAP, DMPS, and a thiolated resin in decreasing
brain mercury and increasing urinary excretion. Brain mercury was decreased to 35% of control, and the total-body burden fell to 19%. Some animal

evidence suggests that dimercaprol increases mercury mobilization into the brain.7,10,15 For this reason, and the lack of serious GI symptoms
necessitating parenteral chelation, We recommend against the use of dimercaprol the treatment of patients with organic mercury poisoning.

Because the neurologic impairment associated with methylmercury is both profound and essentially irreversible, early recognition of poisoning and
prevention of neurotoxicity are essential to a successful outcome. At this time, succimer is the most reasonable treatment for methylmercury
poisoning because of its apparently low toxicity and reported efficacy in animal trials.

SUMMARY

Mercury poisoning by any of the 3 major forms—elemental, inorganic, and organic—presents a complex toxicologic problem associated with a
large variety of clinical presentations.

An ever present awareness of the signs and symptoms coupled with the knowledge of the differing clinical forms is essential for both early
recognition and effective treatment.

Although some chelators show promise in the treatment of mercury poisoning, neurologic sequelae, particularly those resulting from organic
mercury exposures, remain largely irreversible.

Dietary fish remains an important source of mercury exposure and mercurial neuropsychologic illness.

There is no evidence for the role of mercury in the pathogenesis of autism.

Promotion of public education regarding the dangers of mercury, its avoidance, and proper disposal may aid in the prevention of mercury
poisoning.
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