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Chapter 51: Methotrexate, 5-Fluorouracil, and Capecitabine

Richard Y. Wang

INTRODUCTION

Methotrexate and the fluoropyrimidines (5-fluorouracil and capecitabine) belong to the chemotherapeutic class of antimetabolites. Patients affected
by these chemotherapeutics present with significant clinical toxicities that are potentially fatal. Clinicians must recognize these patients early and be
prepared to provide immediate interventions that include specific antidotal therapies. The oral formulations of methotrexate and capecitabine
present a risk for intentional or unintentional chemotherapeutics ingestion in the home.
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Methotrexate (MTX) is commonly used for a many malignant conditions. Its immunosuppressive activity also allows it to be used for rheumatoid

arthritis, organ transplantation, psoriasis, trophoblastic diseases, and termination of pregnancy.2%#’

Risk factors for MTX toxicity include impaired kidney function (primary route of drug elimination); third compartment spacing: ascites and pleural

effusions; concurrent use of nephrotoxins, such as nonsteroidal antiinflammatory drugs (NSAIDs) and aminoglycosides® and certain intravenous

30,40

radiologic contrast agents; age; folate deficiency; and concurrent infection.® Methotrexate toxicity depends on the dose, but even more on the

duration of exposure.
Pharmacology

The therapeutic and toxic effects of methotrexate are based on its ability to limit DNA and RNA syntheses by inhibiting dihydrofolate reductase (DHFR)
and thymidylate synthetase (Fig. 51-1). Dihydrofolate reductase reduces folic acid first to dihydrofolate and then to tetrahydrofolate (FH,), which

serves as an essential cofactor in the synthesis of purine nucleotides that are used in the synthesis of DNA and RNA. Methotrexate, a structural analog
of folate, competitively inhibits DHFR by binding to the enzymatic site of action. Methotrexate polyglutamates are formed intracellularly by
folylpolyglutamate synthetase and they also inhibit DHFR. The inhibition of DHFR diminishes reduced folate production, which is necessary for the
formation of purine nucleotides. Reduced folates are also required by thymidyl synthetase to serve as methyl donors in the formation of thymidyl.
Thymidyl is then used for DNA synthesis. In addition, thymidyl production is impaired by the direct inhibition of thymidylate synthetase by
polyglutamated derivatives of methotrexate.

FIGURE 51-1.

Mechanism of MTX toxicity. Methotrexate inhibits dihydrofolate reductase activity, which is necessary for DNA and RNA synthesis. Leucovorin bypasses
blockade to allow for continued synthesis. MTX = methotrexate.

Downloaded 2021-11-8 3:56 P Your IP is 170.140.142.252
Chapter 51: Methotrexate, 5-Fluorouracil, and Capecitabine, Richard Y. Wang Page 1/18
©2021 McGraw Hill. All Rights Reserved. Terms of Use ¢ Privacy Policy * Notice « Accessibility



javascript:;
http://accessemergencymedicine.mhmedical.com/drugs.aspx?GbosID=426773
http://accessemergencymedicine.mhmedical.com/drugs.aspx?GbosID=426074
http://accessemergencymedicine.mhmedical.com/drugs.aspx?GbosID=426773
http://accessemergencymedicine.mhmedical.com/drugs.aspx?GbosID=426074
javascript:;
http://accessemergencymedicine.mhmedical.com/drugs.aspx?GbosID=426773
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch51rf20
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch51rf47
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch51rf55
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch51rf30
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch51rf40
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch51rf95
http://accessemergencymedicine.mhmedical.com/drugs.aspx?GbosID=426773
http://accessemergencymedicine.mhmedical.com/drugs.aspx?GbosID=426773
http://accessemergencymedicine.mhmedical.com/#goldtox11_ch51fg1
http://accessemergencymedicine.mhmedical.com/drugs.aspx?GbosID=426773
http://accessemergencymedicine.mhmedical.com/drugs.aspx?GbosID=426773
http://accessemergencymedicine.mhmedical.com/drugs.aspx?GbosID=426773
http://accessemergencymedicine.mhmedical.com/drugs.aspx?GbosID=426773
http://accessemergencymedicine.mhmedical.com/drugs.aspx?GbosID=426773
https://jamanetwork-com.proxy.library.emory.edu/journals/jamainternalmedicine/fullarticle/149//1430-1431
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

Emory University

Accessy»Emergency Medicine

-
ILVERCHAIR

2-deoxyuridine
monophosphate

MTX * 4

Peiyaitananies NS, 10-10-methylene FH4
(tetrahydrofolate)

l

N10-formyl FH4 <—

l

MTX polyglutamates

N5-formyl FH4
(leucovorin)

Purines
' DNA%RNA
Thymkdylate — synthesis

Source: L.S. Melson, M.A. Howland, M.A. Lewin, S.W. Smith, L.R. Goldfrank,
R.5. Hoffman: Goldfrank's Toxicologic Emergencies, Eleventh Edition
Copyright @ McGraw-Hill Education. All rights reserved.

The antiinflammatory effect of MTX likely involves the following mechanisms: (1) inhibition of trans-methylation (by depletion of intracellular folate
stores) which causes the death of T cells and inhibits the formation of polyamines (spermine and spermidine) that are involved in the inflammatory
cascade, (2) reduction in intracellular concentration of glutathione, and (3) inhibition of intracellular 5-aminoimidazole-4-carboxamide ribonucleotide
(AICAR) transformylase, which leads to increased extracellular concentration of adenosine through a series of steps (see below). Adenosine binds to
the A,, receptor located on the surface of leukocytes, and it affects selected functions, where it inhibits the syntheses of cytokines (TNF a) and

complements produced by macrophages, and inhibits lymphocyte proliferation and migration to targeted sites. 2%

The de novo synthesis of purine nucleotides involves the formylation of the intermediate AICAR to formyl-AICAR by AICAR transformylase in the latter
steps of the pathway. Formyl-AICAR proceeds to form inosine and then adenosine. The latter step is facilitated by adenosine deaminase. Adenosine is
phosphorylated to AMP, ADP, and ATP. These phosphorylated species of adenosine can translocate to the extracellular compartment, where they are
converted to adenosine. Polyglutamates of MTX inhibit AICAR transformylase, which causes an increase in the concentration of AICAR and then the

inhibition of AMP and adenosine (via AICA ribonucleoside) deaminases.” The inhibition of these deaminases increases the intracellular
concentrations of adenosine and its phosphorylated derivatives, and contributes to the movement of these products to the extracellular compartment.

The bioavailability of methotrexate is limited by a saturable intestinal absorption mechanism. At oral doses less than 30 mg/m?, the absorption is 90%
and the peak plasma MTX concentration is achieved at one to 2 hours. In children administered oral MTX, peak blood concentrations mean (SD) of MTX

were 0.71 (0.17) umol/L and 1.48 (0.46) umol/L for doses at less than or equal to 10 and 30 mg/m?, respectively.?>*8 In adults, MTX administered as an
oral dose of 7.5 mg, 15 mg, or 50 mg achieved peak blood concentrations (mean, SD) of 0.48 (0.09) umol/L, 0.84 (0.3) umol/L, and 1.84 (0.70) umol/L,

respectively.»* At oral doses greater than 30 mg/m?, gut bioavailability significantly decreases. For example, at doses greater than 80 mg/m2, the

absorption is less than 10% to 20%.*

Methotrexate dosing regimens for chemotherapy are variable, but high-dose therapy is equal to or is greater than 1,000 mg/m?. Conventional
intravenous doses of up to 100 mg/m? are often administered without leucovorin rescue. Doses of 1,000 mg/m? are considered potentially lethal. Much
higher doses (2,000-3,000 mg g/m?) can be given when MTX is followed by leucovorin “rescue” in order to prevent life-threatening toxicity. Mortality

from high-dose MTX is approximately 6%, and occurs primarily when MTX concentrations are not monitored.%>10

Methotrexate has a triphasic plasma clearance. The initial plasma distribution half-life is short at 0.75 hours. The second half-life is 2 to 3.4 hours and
represents renal clearance of the drug. The third phase has a half-life of about 8 to 10.4 hours and represents tissue redistribution into the plasma.
This third phase is prolonged in the setting of kidney failure and is associated with bone marrow and gastrointestinal (Gl) toxicity. The volume of
distribution is 0.6 to 0.9 L/kg and protein binding is 50%. Healthy kidneys eliminate 50% to 80% of MTX unchanged within 48 hours of administration.
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When the creatinine clearance is less than 60 mL/min, MTX clearance is delayed.83’m5 Ten percent to 30% of MTX is eliminated unchanged in the bile,
which contributes to enterohepatic circulation of the chemotherapeutic. In the setting of kidney failure, the half-life of MTX is prolonged by the
recirculation of MTX in the gut.

Hepatic aldehyde oxidase metabolizes a minor portion (<10%) of MTX to 7-hydroxy methotrexate (7-OH-MTX), which inhibits DHFR but to a lesser
extent than MTX. Aldehyde oxidase is also found in renal tubules, but not in the glomerulus, and its contribution to the local production of 7-OH-MTX

and kidney injury remains to be determined.” Another metabolite is 2,4-diamino-N(10)-methylpteroic acid (DAMPA), and it accounts for less than 5%
of MTX. In the gut, bacterial carboxypeptidase acts on MTX to form DAMPA, which is reabsorbed into the blood compartment. Approximately 50% of -N

(10) DAMPA is eliminated unchanged by the kidneys, and this metabolite is inactive at DHFR based on poor cellular uptake and inhibition of the enzyme

when compared to MTX.112

Pathophysiology

At high doses, methotrexate and the insoluble drug metabolites 7-OH-MTX and DAMPA accumulate and precipitate in the renal tubules, causing

reversible acute tubular necrosis. Methotrexate is one-tenth as soluble at a pH of 5.5 as it is at a pH of 7.5.14% Expressed another way, the plasma
concentration threshold for nephrotoxicity is 2.2 mmol/L when the urine pH is 5.5, and 22 mmol/L when the urine pH is 6.9. Thus, patients who are

either inadequately hydrated or not alkalinized are at risk for acute kidney failure from high-dose MTX treatment.>* Methotrexate is excreted
unchanged in the urine by both glomerular filtration and active tubular secretion. A small amount of MTX is metabolized intracellularly to
polyglutamate derivatives, which inhibit DHFR and thymidyl synthetase and are believed to be responsible for the persistent cytotoxic effect of MTX
because they do not easily diffuse outside of the cell. The threshold concentration for MTX in plasma that inhibits DNA synthesis is lower for intestinal

epithelial cells (0.005 uM/L) than for hematopoietic cells (0.01 pmol/L) by one order of magnitude.?’ Thus, patients with a significant exposure to MTX
will develop Gl toxicity before bone marrow toxicity.

The decreased production of reduced folates and diminished folate content in the hepatocyte likely contribute to injury, which leads to hepatic fibrosis

from the stimulation of hepatic stellate cells by adenosine.”™ Patients on long-term therapy with MTX and elevated aminotransferases can develop
hepatic fibrosis from persistent injury to the liver.

Clinical Manifestations

In the course of MTX therapy, a variety of disorders can occur, resulting from either increased patient susceptibility to toxicity or excessive
administration. The clinical manifestations of MTX toxicity include stomatitis, esophagitis, kidney failure, myelosuppression, hepatitis, and central
neurologic system dysfunction. In a group of 23 patients who received 45 courses of high-dose MTX therapy with leucovorin rescue, the most
commonly observed signs included increased aspartate aminotransferase (AST) or alanine aminotransferase (ALT) (81%), nausea and vomiting (66%),

mucositis (33%), dermatitis (18%), leukopenia (11%), thrombocytopenia (9%), and creatinine elevation (7%).”

Nausea and vomiting, considered rare from cancer therapy with MTX at 40 mg/m?, typically begin 2 to 4 hours after high-dose therapy (1,000 mg/m?)
and last for about 6 to 12 hours. Mucositis, characterized by mouth soreness, stomatitis, or diarrhea, usually occurs in the first week of therapy, and
can last for 4 to 7 days. Other gastrointestinal effects resulting from MTX therapy include pharyngitis, anorexia, gastrointestinal hemorrhage, and toxic

megacolon.’ Hepatocellular toxicity, as defined by increased hepatic enzymes (AST, ALT), and hyperbilirubinemia occur with both acute and chronic

therapies.®»™57" It is usually associated with high dose regimens, and elevations in AST/ALT will begin within one to 3 days following an exposure to a
significant dose of MTX. Laboratory abnormalities improve within 1 to 2 weeks of discontinuation of MTX. The mechanism is incompletely understood,
but toxicity is attributed to reduced liver folate stores resulting from intracellular competition with polyglutamates of MTX for glutamyl conjugation in

chronic exposures,'! and cellular damage from oxidative stress>* or the precipitation of 7-OH-MTX in the bile duct*” in acute exposures. Factors
associated with hepatotoxicity are sustained high plasma concentrations, increased cumulative dosages, chronic therapy, and host factors such as
increase in age, obesity, alcoholism, and prior liver disease.!%"

Pancytopenia usually occurs within the first 2 weeks after an acute exposure. There are several reports demonstrating the occurrence of pancytopenia

in individuals receiving chronic MTX therapy for rheumatoid arthritis and psoriasis.?»>62:80
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When used at intravenous (IV) doses of 40 to 60 mg/mZ2, MTX is not associated with appreciable nephrotoxicity. However, at doses greater than 5,000

g/m? (approximately 130 mg/kg for an adult), several investigators report severe kidney injury, with oliguria, azotemia, and kidney failure.’3 The
incidence of kidney injury (serum creatinine 21.5 to 3.0 x upper limit of normal) in patients with osteosarcoma and treated with high-dose MTX in

conjunction with hydration, urinary alkalinization, and leucovorin is 1.8%.1%° Kidney function typically recovers over time. Patients at risk for
nephrotoxicity include the elderly, those with underlying kidney disease defined as a glomerular filtration rate of less than 60 mL/min, and those who
receive concurrent drug therapy that can delay MTX excretion, which includes agents that reduce renal blood flow such as NSAIDs, the nephrotoxins

such as cisplatin, and the aminoglycosides, or weak organic acids such as salicylates and piperacillin which inhibit renal secretion. %

The neurologic complications associated with either high-dose systemic MTX therapy or intrathecal administration are the most consequential
manifestations. The incidence of neurologic toxicity from high dose MTX therapy is approximately 5% to 15%.% The manifestations usually occur from
hours to days after the initiation of therapy and include hemiparesis, paraparesis, quadriparesis, seizures, and dysreflexia.*>*61:%:103 These events are
reversible to varying degrees.? Clinical findings occurring within several hours (usually within 12 hours) of therapy are attributed to chemical

arachnoiditis, and they include acute onset of fever, meningismus, pleocytosis, and increased cerebrospinal fluid (CSF) protein concentration.*?
Leukoencephalopathy is associated with the onset of behavioral disorders and progressive dementia from months to years after treatment and is

irreversible, although manifestations presenting soon after treatment can be reversible depending on the extent of involvement.®13 Patients with
increased age and prior cranial radiation are at risk for this disorder.3’ Patients with leukoencephalopathy have findings consistent with edema, and

demyelination or necrosis of the white matter on computed tomography (CT) and magnetic resonance imaging (MRI) of the brain.°
Diagnostic Testing

Plasma MTX concentrations are monitored during therapy to limit clinical toxicity. For example, patients with a plasma concentration greater than

1.0 umol/L at 48 hours posttreatment are considered at risk for bone marrow and gastrointestinal mucosal toxicities.? In the former example, the MTX
concentration since the time of administration is used in cancer therapy to minimize bone marrow toxicity (suppression) and maximize the efficacy of

the therapeutic.3 The drug concentration and the duration of exposure are indirect indicators of the efficacy of the drug during therapy. In patients
with an unintentional exposure to MTX and not receiving MTX therapy, their exposure to MTX (concentration and duration) should be minimized
because they are vulnerable to Gl toxicity (mucositis). The threshold concentration of MTX for the inhibition of DNA synthesis is one order of
magnitude lower for intestinal epithelial cells than hematopoietic cells.

There are several analytical methods available to measure the concentration of MTX, which is routinely conducted in blood (serum or plasma) (Table
51-1). Itisimportant to select the appropriate analytical method to measure MTX because the performance characteristics are variable among these
methods.
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TABLE 51-1

Analytical Techniques Used to Measure Methotrexate and Selected Metabolites

. LOD LOQ CV (MTX, AMR )
Technique Analyte Matrix Comments
(M/L) (emol/L) pmol/L)* (umol/L)
FPIAL,16 MTX 0.02 0.03 14% (0.07) 0.03-1.0 Serum, Assay cross-reacts with
plasma DAMPA
5.9% (0.8)
EMIT7,36 MTX 0.02 0.04 11.7% (0.07) 0.04-1.2 Serum, Assay cross-reacts with
plasma DAMPA
6.9% (0.82)
CMIA10,16 MTX 0.04 4.1% (0.07)+ 0.04-1.5 Plasma Assay cross-reacts with
DAMPA
4.6% (0.45)+
HPLC- MTX 0.003 0.01 12.6% (0.05)+ 0.025-5.0 Serum
uvDi12
5.5% (1.0)+
LC-MS15 MTX 0.0025 12% (0.005) 0.006-1.0 Urine
1.7% (0.01)
7-OH- 0.01
MTX
LC-MS/MS79 MTX 0.0004 16.8% (0.0022)+, & 0.002-5.5 Plasma, CSF
4.1% (0.82)+
7-OH- 0.0004
MTX

DAMPA 0.0023

*CVs for inter- and intraday at selected MTX concentrations: +CV for interday; & for measurements made in plasma.

AMR = analytical measurement range; CSF = cerebrospinal fluid; CMIA = chemiluminescent microparticle immunoassay (Abbott); CV = coefficient of variation; DAMPA
=2,4-diamino-N(10)-methylpteroic acid; EMIT = enzyme multiplied immunoassay (ARK); FPIA = fluorescence polarization immunoassay (monoclonal antibody,
Abbott); HPLC = high-performance liquid chromatography; LC = liquid chromatography; LOD = limit of detection; LOQ = limit of quantification; MS = mass
spectrometry; MTX = methotrexate; 7-OH-MTX = 7-hydroxymethotrexate; UVD = ultraviolet detection.

The measurement of methotrexate concentrations in the clinical setting is routinely conducted using an immunoassay technique such as enzyme
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multiplied immunoassay (EMIT), chemiluminescent microparticle immunoassay (CMIA), or fluorescence polarization immunoassay (FPIA) (Table 51—

1).17:10,16:36 These measurements are performed on serum or plasma. The presence of the MTX metabolite DAMPA but not 7-OH-MTX diminishes the
specificity of these analytical methods for MTX. The amount by which DAMPA affects the MTX concentration depends on the assay.

At low concentrations of MTX, analytical methods based on high-performance liquid chromatography with ultraviolet detection (HPLC-UVD) or mass
spectrometry (LC-MS or LC-MS/MS) provide increased sensitivity and specificity compared to the immunoassays (Table 51-1). The primary advantage

of the HPLC-UVD technique over the immunoassay is the ability to measure MTX independent of DAMPA.'? The advantages of mass spectrometry are
increased sensitivity and specificity compared to HPLC-UVD or immunoassays. For example, analytical methods based on mass spectrometry detect or
quantify MTX at a concentration one to 2 orders of magnitude lower than methods using either one of the former 2 techniques, and they can quantify
7-OH-MTX and DAMPA in a single analytical run.’>" The limitations of methods using HPLC (with UVD or mass spectrometry) are their availability and
turnaround time for the test result.

When patients are treated with glucarpidase (carboxypeptidase G,) (Antidotes in Depth: A13), it is preferable to use an HPLC method to measure MTX

because of the presence of DAMPA during therapy. The FPIA method with monoclonal antibodies is recommended not to be used in patients who have
developed antibodies to mouse monoclonal antibodies or elevated concentrations of DAMPA.

An elevated CSF methotrexate concentration (>100 umol/L) is indicative of an excessive intrathecal dose or delayed cerebrospinal fluid outflow

obstruction.” Radiologic imaging of the brain, such as computed tomography and magnetic resonance imaging, are useful to evaluate for meningeal
inflammation, demyelination and necrosis of the white matter, or other pathologies such as a cerebrovascular accident.

Management

The initial approach to the patient exposed to MTX is to determine whether the exposure is acute or chronic because the priorities are different for
these patients. For example, a patient with chronic MTX toxicity is more likely to die from overwhelming sepsis than the patient with an acute exposure
because the former patient typically presents with bone marrow suppression and severe gastroenteritis. Fluid resuscitation, stabilization, and
assessment for neutropenia and kidney and liver injuries are essential steps during the evaluation of the patient with chronic MTX toxicity.

The patient with an acute exposure to MTX typically presents early after an oral exposure. The essential steps during the evaluation of this patient are
limiting further gut absorption of MTX, and administering leucovorin early. Leucovorin is most effective as a competitive antidote to MTX when the
intracellular concentration of MTX is still low. The time to peak blood concentration of MTX from an oral therapeutic dose of MTX is about 2 hours (1-3
hours). Using the above perspective as a framework for the management of these patients, the following discussion will review the roles of activated
charcoal, urinary alkalinization, colony-stimulating factor, and antidotal therapies.

Activated charcoal adsorbs methotrexate and administration is recommended as soon as possible to limit absorption in the setting of oral exposure.®

The administration of multiple-dose activated charcoal and cholestyramine?# can significantly decrease the elimination half-life of methotrexate by

interrupting the enterohepatic circulation.33 This approach can increase MTX clearance but is of most benefit to patients with diminished creatinine
clearance. Multiple-dose activated charcoal is recommended for patients with evidence of delayed MTX clearance, such as kidney injury or prolonged
half-life (based on blood MTX concentration). Activated charcoal should be withheld in patients with gastrointestinal hemorrhage.

Adequate hydration with 0.9% sodium chloride solution as well as urinary alkalinization with IV sodium bicarbonate (to urine pH 7 to 8) (Antidotes in
Depth: A5) is recommended because these modalities prevent or limit kidney injury from the precipitation of MTX and its metabolites in patients who
receive inadvertent high doses of glucarpidase.? Serial measurements of serum creatinine and blood MTX concentration will determine the duration
of urinary alkalinization.

The complete blood count (CBC) should be monitored at least as frequently as days 7, 10, and 14 to assess the impact on the cells in the bone
marrow.>® Granulocyte-macrophage colony-stimulating factor (GM-CSF) was used in patient with a chronic MTX overdose and pancytopenia.®* The
patient had a serum MTX concentration of 1.25 pmol/L on admission and was in kidney failure. Bone marrow biopsy showed promyelocytes, but no
mature white cells, and a marked reduction of megakaryocytes. Because of deteriorating conditions, GM-CSF (125 mcg/mz/d) was administered when
the MTX concentration fell below the reference value for toxicity. Seven days after the initiation of GM-CSF, the white blood cell (WBC) count rose and
reached expected values within 10 days. Colony-stimulating factor is recommended for patients with febrile neutropenia and who are at high risk for
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complications from an infection or are likely to have a poor outcome (eg, absolute neutrophil count <100 cells/uL, prolonged neutropenia {>10 days},

age 65 years or older, and hypotension with multiorgan dysfunction).%!

Patients presenting with meningismus or altered mental status following MTX therapy should receive an initial MRI of the brain and then CSF analysis

for infection.> Although not considered standard, it would be reasonable to measure the CSF concentration of MTX if excessive exposure to this
compartment is suspected. The peak therapeutic concentration of methotrexate in CSF after the intrathecal administration of 12 mg MTX by lumbar

puncture is 100 umol/L, and the terminal half-life of MTX in the cerebrospinal compartment is 7 to 16 hours.”> Magnetic resonance imaging of the brain

can demonstrate a high signal throughout the pachymeningeal (dura mater) region, which is consistent with a chemical meningitis,® or a high signal of
the white matter with a decreased diffusion coefficient in a diffusion-weighted image to indicate the presence of edema, which is an early finding of
leukoencephalopathy.

Antidotes

The available antidotes or rescue agents (term used in cancer therapy for therapeutics that extend the use of chemotherapeutics) for methotrexate -
toxicity are leucovorin (folinic acid) (Antidotes in Depth: A12) and glucarpidase (carboxypeptidase G,) (Antidotes in Depth: A13). The effectiveness of

these therapies depends on both the timing of administration and the dose, which warrants the monitoring of plasma MTX concentrations during the
use of these antidotes. Leucovorin rescue therapy limits the bone marrow and gastrointestinal toxicity of MTX by allowing for the continuation of
essential biochemical processes that are dependent on reduced folates. The purpose of the initial dose of leucovorin is to achieve a plasma
concentration equal to the MTX and subsequent doses should be adjusted according to plasma MTX concentrations at 24 and 48 hours postexposure

(Fig. 51-1).3L19 | eucovorin treatment is continued until the MTX concentration is less than 0.01 umol/L.% In patients with marrow toxicity and no

cancer, leucovorin therapy should be continued until marrow recovery occurs, even if plasma MTX is no longer detectable,® because MTX
polyglutamates can still be present in the cytosol and adversely affect cellular activity. Among 36 patients undergoing MTX therapy (amount varied from
2 to 13 mg MTX per week) for rheumatoid arthritis, all of these patients had indirectly detected MTX polyglutamates in red blood cells and nondetected

MTX in the plasma by FPIA and MAB.*3#

Glucarpidase (carboxypeptidase G,) is a recombinant bacterial enzyme that is used as a rescue therapy to inactivate MTX by hydrolyzing it to DAMPA

and glutamate. Glucarpidase is used in patients with an elevated plasma MTX concentration (>1.0 pmol/L) and delayed renal clearance of MTX.102
Glucarpidase is not indicated for patients with a plasma MTX concentration that is consistent with the expected clearance for MTX at the dose
administered (ie, a concentration that is within 2 SD of the mean MTX elimination curve for the dose administered), or for patients with no more than
mild kidney injury. Following glucarpidase therapy, plasma MTX concentrations need to be monitored because residual concentrations of MTX in the
blood after initial enzymatic therapy can result from the fact that the action of glucarpidase occurs solely within the vascular compartment; inadequate
dose of glucarpidase occurs in patients with large MTX exposures or following redistribution of MTX from tissue stores to the blood

compartment.18:85:110 Glycarpidase can also be successfully administered intrathecally to reduce elevated MTX concentrations in the cerebrospinal

space (Special Considerations: SC7).111

Extracorporeal Elimination

The patient with delayed renal clearance of a toxic concentration of MTX and who is not a candidate for glucarpidase therapy can benefit the most from
extracorporeal elimination of MTX when the procedure is instituted early during the patient’s course. Once MTX distributes into the cell and peripheral
tissue compartments, the procedure cannot remove intracellular polyglutamate derivatives of MTX, and multiple sessions can be required to clear

additional MTX stored at peripheral sites.1% In addition, the procedure can be performed safely in the patient before he or she develops pancytopenia
and gastrointestinal hemorrhage from MTX toxicity.

There are several reports of the use of hemodialysis or hemoperfusion (or both) for patients with MTX toxicity.?108:8:97.105 Although the volume of
distribution (0.6-0.9 L/kg) and protein binding (50% that is not concentration dependent) suggest that MTX is cleared by hemodialysis, older clinical

evidence suggests otherwise.?® In one report, less than 10% of an initial 700 mg dose of methotrexate was cleared in 12 sessions of hemodialysis.?” The

measured clearance was only 38 mL/min, which can be compared to 5 mL/min for peritoneal dialysis,39 0.28 to 24 mL/min for continuous venovenous

50,53

hemodiafiltration, and 180 mL/min for normal renal clearance.’” The ability of hemofiltration to extract MTX from the blood is also limited by the
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magnitude of the concentration gradient for MTX, which decreases as the concentrations of MTX decreases in the blood.?? Plasma exchange
transfusion is not recommended to remove MTX because the drug has a low degree of protein binding, which limits the efficacy of this

procedure,13:53.73.97

Acute intermittent hemodialysis with a (F-80B Fresenius Dialyzer) high-flux dialyzer membrane yielded an effective mean plasma MTX clearance of 92 +
10.3 mL/min in 6 patients with kidney failure that was a result of either chronic disease or high-dose MTX therapy.1? These patients received high-dose
MTX therapy and had predialysis serum MTX concentrations ranging from 1.45 to 1,813 pmol/L. The time of dialysis initiation after MTX treatment was
from 1 hour to 6 days in this patient population. A serum MTX concentration of 0.3 umol/L was used as an end point for dialysis. The reported plasma
MTX clearance by this technique closely approximates normal renal MTX clearance and is indicated to enhance the clearance of MTX in patients with

diminished renal clearance and a toxic plasma MTX concentration when it can be conducted safely.®

Charcoal hemoperfusion removed more than 50% of MTX in 4 patients with impaired renal clearance during high dose MTX therapy.?®"8 This was
thought to have prevented severe skin and mucosal toxicity. Sequential hemodialysis and hemoperfusion were used for a patient with substantial MTX

toxicity.®® These procedures decreased the half-life of elimination from 45 hours to 7.6 hours. In experimental animals, hemoperfusion significantly
reduced the terminal half-life of methotrexate. In surgically anephric dogs, hemoperfusion decreased the half-life from more than 20 hours to

1.3 hours.®® Unfortunately, hemoperfusion is currently typically unavailable but modern standard hemodialysis is quite effective in MTX removal
(Chap.6).”®

In vitro studies indicate that the toxic effects of 100 umol/L of MTX cannot be reversed by 1,000 pmol/L of leucovorin.”™ This suggests the need for
extracorporeal elimination, such as high-flux hemodialysis, or glucarpidase (or both) to lower persistent plasma MTX concentrations of greater than
100 umol/L.” It is important to perform high-flux hemodialysis early, prior to distribution into tissues. Rebound of MTX concentrations from tissues
can be expected with intermittent hemodialysis, which typically begins at 2 hours postdialysis and plateau at 16 hours.3>3%:105

Patients who are at the greatest risk for developing MTX toxicity despite leucovorin treatment should receive glucarpidase (Antidotes in Depth: A13). If
the patient with diminished renal clearance and a toxic MTX concentration is not a candidate for glucarpidase therapy, it is reasonable to use
hemodialysis early in the patient’s course. Current standard hemodialysis can offer the additional benefit of correcting fluid and electrolyte disorders
resulting from kidney failure. Other treatment options to limit additional organ toxicity, including leucovorin and urinary alkalinization, should be
continued during extracorporeal MTX removal. Leucovorin needs to be replaced postdialysis because it is water-soluble and will be removed by

hemodialysis.2*78:88,%
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The fluoropyrimidines used in chemotherapy are 5-fluorouracil (5-FU), capecitabine, tegafur, and floxuridine. The fluoropyrimidines are competitive
analogues to uridine and they disrupt the syntheses of DNA (during the S-phase of the cell cycle) and RNA (Chap. 50). Although floxuridine is
metabolized to 5-FU, it has limited systemic toxicity because it is administered to the target organ by the arterial route. These chemotherapeutics are
used to treat breast and selected Gl cancers, such as colorectal. Common risk factors for toxicity from these chemotherapeutics are selected genetic
polymorphisms (ie, dihydropyrimidine dehydrogenase {DPD} deficiency), and underlying liver, kidney, and coronary artery diseases.
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Pharmacology

Capecitabine is an oral pro-drug of 5-FU; it is well absorbed by the gut, and then metabolized to 5-FU. In comparison, 5-FU has an erratic oral
absorption in the gut and needs to be administered by the intravenous route as a bolus or a continuous infusion. Technical problems with the infusion

pump or a pump programming error are reported causes of clinical toxicity from an overdose of 5-FU.>%:8

The time to peak blood concentration for capecitabine is 1.5 to 2 hours (3.9 mg/L).1* A median peak blood 5-FU concentration was 55.4 mg/L for a

group of 18 patients receiving bolus therapy (400 mg/m? 5-FU) for colon cancer.'® 5-Fluorouracil has an apparent volume of distribution of 8-11 L/m?,
distributes to third spaces or compartments, such as peritoneal and pleural fluids, and is approximately 10% protein bound. The plasma protein
binding for capecitabine is 60%. The terminal half-lives for 5-FU and capecitabine in the blood compartment are about 15 and 45 minutes, respectively.

Whether a patient experiences therapeutic effects or toxic effects from the use of these chemotherapeutics depends on the balance between the
enzymatic reactions involved with the formation of active metabolites and the enzymatic reaction that degrades these metabolites and the parent
compound. This isimportant because these chemotherapeutics require enzymes that can have variable levels of potential to activate and inactivate
them.

Capecitabine undergoes 3 enzymatic reactions in the liver to form 5-FU. Capecitabine is initially metabolized by carboxylesterase to 5'-deoxy-5-
fluorocytidine (5-DFCB) and then to 5'-deoxy-5-fluorouridine (5'-DFUR) by cytidine deaminase (Fig. 51-2). In the liver or at the tumor site, thymidine
phosphorylase converts 5'-DFUR to 5-FU. Inside the cell, 5-FU is converted to active metabolites: FAUMP, FTP, and FAUTP. Floxuridine (5-FUDR) is
metabolized to 5-FU and then to FAUTP and FAUMP. Tegafur is an additional prodrug that is bioactivated by CYP2A6 to 5-FU. CYP2C9 is also capable of
metabolizing tegafur, but it did not appear to significantly contribute to overall activation of tegafur in a human liver microsome system.

FIGURE 51-2.

5-Fluorouracil, capecitabine, and tegafur chemotherapeutic mechanisms of action and uridine triacetate antidotal rescue. 5'-DFCR = 5'-deoxy-5-
fluorocytidine; 5'-DFUR = 5'-deoxy-5-fluorouridine; 5-FdUMP = fluorodeoxyuridine monophosphate; 5-FU = 5-fluorouracil; 5,10-methylene-FH4 = 5,10-
methylenetetrahydrofolate; CYP2A6 = cytochrome P450, family 2, subfamily A, polypeptide 6; DHFR = dihydrofolate reductase; DHFU = 5,6-
dihydrofluorouracil; DNA Pol = DNA polymerase; DPD = dihydropyrimidine dehydrogenase; dTMP = deoxythymidine monophosphate; dTTP =
deoxythymidine triphosphate; dUMP = deoxyuridine monophosphate; FAUTP = fluorodeoxyuridine triphosphate; FH2 = dihydrofolate; FUdR =
floxuridine; FUTP = fluorouridine triphosphate; RNA Pol = RNA polymerase; TKase = thymidine kinase; TPase = thymidine phosphorylase; TYMS =
thymidylate synthase; UTP = uridine triphosphate. (Used with the permission from Silas W. Smith, MD.)
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Hepatic metabolism by DPD inactivates approximately 80% of 5-FU to 5,6-dihydro-5-fluorouracil and alpha-fluoro-beta-alanine (FBAL), and these
products are excreted in the urine. The enzyme DPD has nonlinear kinetics because of saturation, and its level of activity depends on the genetic

variant. The frequencies of genetic variants with complete and partial DPD deficiencies in adults are 0.1% to 0.5% and 3% to 5%, respectively.® Patients
with a significant DPD deficiency based on certain genetic variants will present with early-onset and severe manifestations of toxicity from 5-FU or
capecitabine. %%

Cytidine deaminase is another enzyme with a variable level of expression in the general population. Patients with a markedly elevated level of activity
for this enzyme can develop capecitabine toxicity. Patients with certain genetic variants of cytidine deaminase are “ultra-metabolizers” of capecitabine,
and they form higher than expected concentrations of 5-FU and present with early-onset toxicities, including severe gastroenteritis and bone marrow

25,58,65,87 Lastly
I

suppression. certain thymidylate synthase polymorphisms are associated with more severe toxicity.

The proportions of unchanged 5-FU that are eliminated in the urine and bile are less than 10% and approximately 2% to 3%, respectively. Capecitabine

and its metabolites are eliminated primarily by the kidneys (84% in the first 24 hours).1% Capecitabine is contraindicated when the creatinine clearance
is less than 30 mL/min.

Pathophysiology

The therapeutic and toxic effects of 5-FU (and capecitabine) are based on its ability to limit DNA and RNA activities by serving as an antagonist to the
pyrimidine uracil in these macromolecules (Fig. 51-2). The specific sites of action and consequence are as follows: (1) 5-FU (as FAUMP) replaces dUMP
and it irreversibly inhibits thymidylate synthetase with the cofactor 5,10-methylenetetrahydrofolate (affects DNA synthesis and repair), (2) FAUTP
replaces dUTP and it inhibits DNA replication (because of depleted thymidine triphosphate), and (3) fluorouridine triphosphate (FUTP) replaces UTP
and inhibits RNA and protein syntheses. Although the primary mechanism of action in chemotherapy for 5-FU is inhibition of thymidylate synthetase,
the impairment of RNA synthesis causes significant toxicity to the host.

Clinical Manifestations

The clinical manifestations of toxicity from 5-FU or capecitabine are primarily gastroenteritis and bone marrow suppression.?8% |n the setting of an

overdose (5-FU), nausea and diarrhea present early (<3 days) after the completion of the administration of the chemotherapeutic.8
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Patients with a significant genetic variant of a critical enzyme (eg, DPD, cytidine deaminase or thymidylate synthase) present with severe manifestations

of toxicity that are similar to an overdose of 5-FU or capecitabine.®! However, these clinical findings typically appear soon after the administration of
the first course of treatment. For capecitabine, patients susceptible to toxicity will develop manifestations later than patients on 5-FU—usually on days
3to 9 during a 14 day course of treatment.?>»>%:6

Hand-and-foot syndrome (palmar plantar erythrodysesthesia) presents with erythema, edema, and pain on the palms of the hand and soles of the feet.
The skin desquamates and blisters, and the lesions can appear at other locations on the body. The dermatitis is more common with capecitabine than

5-FU therapy.?® It has a variable time of onset (from 11 to 360 days), and is reversible upon discontinuation of the chemotherapeutic.1%

Cardiac and central nervous system (CNS) manifestations of toxicity are uncommon in patients treated with these chemotherapeutics. The incidence of

cardiotoxicity from 5-FU varies from 1.6% to 18%, and patents with an underlying coronary artery disease are at risk for toxicity.8% Cardiac
manifestations of toxicity include dysrhythmias, myocardial infarction, myocardial ischemia (from coronary artery vasospasm), heart failure, and

cardiogenic shock.?®2 In patients with documented cardiotoxicity from 5-FU, it is recommended not to resume therapy because the recurrence rate is

high, varying from 82% to 100%.% The manifestations of CNS toxicity include confusion, encephalopathy, and coma. Although the causes of these
cardiac and neurologic manifestations are unknown, toxicity from the metabolite fluoroacetate and genetic polymorphisms, such as significant DPD

deficiency, are under consideration, 678!

Diagnostic Testing

Clinical laboratory tests for 5-FU or capecitabine and their metabolites (FBAL), and the type of genetic variant or level of activity for selected enzymes,

D863 25,87

such as DP or cytidine deaminase are not routinely available.

Management

Itis reasonable to administer activated charcoal as soon as possible to a patient presenting early after an oral overdose of capecitabine because it can
limit gut absorption of the chemotherapeutic. Initiate supportive management with IV fluid hydration for dehydration and an antiemetic for vomiting
(as needed) and assess for electrolyte disorders, cardiac and kidney injuries, neutropenia, and sepsis. If the patient presents with an acute coronary
syndrome, conservative antianginal therapy (eg, nitrates and calcium channel blockers) should be initiated. The patient will require a cardiac
monitored setting, and serial ECGs and cardiac enzymes.8% Patients with a new-onset altered mental status should receive a computed tomography
scan of the brain and possibly a lumbar puncture to assess for CNS infection.

Antidotes

Uridine triacetate is administered in a timely manner in an attempt to improve the survival of patients adversely affected by 5-FU or capecitabine. In an
open-label, multicenter study of patients with 5-FU or capecitabine toxicity and treated with uridine triacetate, there were 117 overdoses and 18 early-
onset severe symptoms. An overdose was defined as the administration of 5-FU at a dose or rate (via infusion pump) greater than the maximum
tolerated dose for the patient’s intended regimen of 5-FU or capecitabine. Patients with early onset of signs or symptoms were presumed susceptible
to toxicity from a genetic variant of a critical enzyme. In the study, there were 130 survivors at 30 days among the 135 patients treated with uridine
triacetate.® By comparison, when uridine triacetate was not available in a historical reference group of patients with 5-FU or capecitabine toxicity,
there were 38 deaths among 42 patients.>® When uridine triacetate was administered within 96 hours of the last dose of the chemotherapeutic to
patients with early onset of severe toxicity, all 18 patients survived. However, only 3 of 8 patients survived when uridine acetate was administered after

96 hours.»

Uridine triacetate is available for the emergency treatment of patients with (1) an overdose of 5-FU or capecitabine regardless of the presence of
clinical toxicity, (2) an early onset (<96 hours) of severe or life-threatening manifestations of toxicity (cardiovascular, central nervous system), or (3) an
early onset of an unusually severe adverse reaction, such as gastroenteritis or neutropenia, within 96 hours of the administration of 5-FU or

capecitabine during the course of chemotherapy.1 Uridine triacetate is not recommended for the treatment of patients with common or anticipated

manifestations of these chemotherapeutics during therapy.'®
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ILVERCHAIR

Uridine triacetate is administered orally and it is deacetylated by nonspecific esterases in the gut and blood to form uridine. Upon entry into the cell,
uridine is activated by phosphorylation to uridine triphosphate (UTP) (Fig. 51-2). Uridine competes with FUTP as UTP during the synthesis of RNA and

serves as a source of UTP for the synthesis of new RNA. A plasma uridine concentration of at least 70 umol/L is desired for treatment of 5-FU toxicity.>

Asingle oral dose of 6 to 10 g of uridine triacetate yields a peak plasma uridine concentration of approximately 150 umol/L at about 2 hours.#+1% The

half-life for uridine is about 3 hours.1%

The amount of uridine triacetate indicated for 5-FU or capecitabine toxicity in adults for each single dose is 10 g administered every 6 hours for 20
doses for a total of 5 days. For children, a single dose of uridine triacetate is 6.2 g/m? of body surface area up to a maximum of 10 g per dose. The dose

and schedule for uridine triacetate are not adjusted by sex, amount of 5-FU or capecitabine, or hepatic or renal clearance.'%> A common side effect
from this therapy is nausea, vomiting, and diarrhea.

SUMMARY

e The number of patients with potential MTX toxicity is anticipated to increase because of the expanding therapeutic indications and available
multiple formulations of this chemotherapeutic.

e Specific interventions for MTX include supportive care, monitoring plasma MTX concentration, urinary alkalinization to limit kidney toxicity,
enhanced elimination, and antidotal therapy with leucovorin and enzymatic cleavage with glucarpidase.

e Patients with significant genetic variants of critical enzymes involved with 5-FU or capecitabine typically present with severe clinical toxicity soon
after the administration of the first course of treatment.

e Specific interventions for 5-FU or capecitabine toxicity include supportive care and antidotal therapy with uridine triacetate.
e The early recognition of these patients and institution of these therapies can offer the patient the best outcome.
Disclaimer

The findings and conclusions in this chapter are those of the author and do not necessarily represent the official position of the Centers for Disease -
Control and Prevention.
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