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tend to convey greatest toxicity to cells in S-phase, and the degree of
toxicity increases with duration of exposure. Common toxic manifestations include stomatitis, diarrhea, and myelosuppression. Second
malignancies are not associated with their use.
Methotrexate inhibits dihydrofolate reductase, which regenerates reduced folates from the oxidized folates produced when
thymidine monophosphate is formed from deoxyuridine monophosphate. Without reduced folates, cells die a “thymine-less” death.
N5-Tetrahydrofolate or N5-formyltetrahydrofolate (leucovorin) can
bypass this block and rescue cells from methotrexate, which is maintained in cells by polyglutamylation. The drug and other reduced
folates are transported into cells by the folate carrier, and high concentrations of drug can bypass this carrier and allow diffusion of
drug directly into cells. These properties have suggested the design of
“high-dose” methotrexate regimens with leucovorin rescue of normal
marrow and mucosa as part of curative approaches to osteosarcoma
in the adjuvant setting and hematopoietic neoplasms of children and
adults. Methotrexate is cleared by the kidney via both glomerular filtration and tubular secretion, and toxicity is augmented by renal dysfunction and drugs such as salicylates, probenecid, and nonsteroidal
anti-inflammatory agents that undergo tubular secretion. With normal
renal function, 15 mg/m2 leucovorin will rescue 10−8 to 10−6 M methotrexate in three to four doses. However, with decreased creatinine
clearance, doses of 50–100 mg/m2 are continued until methotrexate
levels are <5 × 10−8 M. In addition to bone marrow suppression and
mucosal irritation, methotrexate can cause renal failure itself at high
doses owing to crystallization in renal tubules; therefore, high-dose
regimens require alkalinization of urine with increased flow by hydration. Methotrexate can be sequestered in third-space collections and
diffuse back into the general circulation, causing prolonged myelosuppression. Less frequent adverse effects include reversible increases
in transaminases and hypersensitivity-like pulmonary syndrome.
Chronic low-dose methotrexate can cause hepatic fibrosis. When
administered to the intrathecal space, methotrexate can cause chemical
arachnoiditis and CNS dysfunction.
Pemetrexed is a novel folate-directed antimetabolite. It is “multitargeted” in that it inhibits the activity of several enzymes, including
thymidylate synthetase, dihydrofolate reductase, and glycinamide
ribonucleotide formyltransferase, thereby affecting the synthesis
of both purine and pyrimidine nucleic acid precursors. To avoid
significant toxicity to the normal tissues, patients receiving pemetrexed
should also receive low-dose folate and vitamin B12 supplementation.
Pemetrexed has notable activity against certain lung cancers and, in
combination with cisplatin, also against mesotheliomas. Pralatrexate
is an antifolate approved for use in T cell lymphoma that is very
efficiently transported into cancer cells.
5-Fluorouracil (5FU) represents an early example of “rational” drug
design in that it originated from the observation that tumor cells incorporate radiolabeled uracil more efficiently into DNA than normal cells,
especially gut. 5FU is metabolized in cells to 5´FdUMP, which inhibits
thymidylate synthetase (TS). In addition, misincorporation can lead to
single-strand breaks, and RNA can aberrantly incorporate FUMP. 5FU
is metabolized by dihydropyrimidine dehydrogenase, and deficiency of
this enzyme can lead to excessive toxicity from 5FU. Oral bioavailability varies unreliably, but orally administered analogues of 5FU such as
capecitabine have been developed that allow at least equivalent activity
to many parenteral 5FU-based approaches. Intravenous administration of 5FU leads to bone marrow suppression after short infusions
but to stomatitis after prolonged infusions. Leucovorin augments the
activity of 5FU by promoting formation of the ternary covalent complex of 5FU, the reduced folate, and TS. Less frequent toxicities include
CNS dysfunction, with prominent cerebellar signs, and endothelial
toxicity manifested by thrombosis, including pulmonary embolus and
myocardial infarction.
Cytosine arabinoside (ara-C) is incorporated into DNA after formation of ara-CTP, resulting in S-phase–related toxicity. Continuous
infusion schedules allow maximal efficiency, with uptake maximal
at 5–7 μM. Ara-C can be administered intrathecally. Adverse effects

include nausea, diarrhea, stomatitis, chemical conjunctivitis, and
cerebellar ataxia. Gemcitabine is a cytosine derivative that is similar
to ara-C in that it is incorporated into DNA after anabolism to the
triphosphate, rendering DNA susceptible to breakage and repair
synthesis, which differs from that in ara-C in that gemcitabine-induced
lesions are very inefficiently removed. In contrast to ara-C, gemcitabine appears to have useful activity in a variety of solid tumors,
with limited nonmyelosuppressive toxicities.
6-Thioguanine and 6-mercaptopurine (6MP) are used in the treatment of acute lymphoid leukemia. Although administered orally,
they display variable bioavailability. 6MP is metabolized by xanthine
oxidase and therefore requires dose reduction when used with allopurinol. 6MP is also metabolized by thiopurine methyltransferase; genetic
deficiency of thiopurine methyltransferase results in excessive toxicity.
Fludarabine phosphate is a prodrug of F-adenine arabinoside
(F-ara-A), which in turn was designed to diminish the susceptibility
of ara-A to adenosine deaminase. F-ara-A is incorporated into DNA
and can cause delayed cytotoxicity even in cells with low growth fraction, including chronic lymphocytic leukemia and follicular B cell
lymphoma. CNS and peripheral nerve dysfunction and T cell depletion
leading to opportunistic infections can occur in addition to myelosuppression. 2-Chlorodeoxyadenosine is a similar compound with
activity in hairy cell leukemia. 2-Deoxycoformycin inhibits adenosine
deaminase, with resulting increase in dATP levels. This causes inhibition of ribonucleotide reductase as well as augmented susceptibility to
apoptosis, particularly in T cells. Renal failure and CNS dysfunction
are notable toxicities in addition to immunosuppression. Hydroxyurea
inhibits ribonucleotide reductase, resulting in S-phase block. It is
orally bioavailable and useful for the acute management of myeloproliferative states.
Asparaginase is a bacterial enzyme that causes breakdown of
extracellular asparagine required for protein synthesis in certain
leukemic cells. This effectively stops tumor cell DNA synthesis, as
DNA synthesis requires concurrent protein synthesis. The outcome of
asparaginase action is therefore very similar to the result of the smallmolecule antimetabolites. Because asparaginase is a foreign protein,
hypersensitivity reactions are common, as are effects on organs such as
pancreas and liver that normally require continuing protein synthesis.
This may result in decreased insulin secretion with hyperglycemia,
with or without hyperamylasemia and clotting function abnormalities.
Close monitoring of clotting functions should accompany use of
asparaginase. Paradoxically, owing to depletion of rapidly turning over
anticoagulant factors, thromboses particularly affecting the CNS may
also be seen with asparaginase.
Mitotic spindle inhibitors Microtubules are cellular structures that
form the mitotic spindle, and in interphase cells, they are responsible
for the cellular “scaffolding” along which various motile and secretory
processes occur. Microtubules are composed of repeating noncovalent multimers of a heterodimer of α and β isoform of the protein
tubulin. Vincristine binds to the tubulin dimer with the result that
microtubules are disaggregated. This results in the block of growing
cells in M-phase; however, toxic effects in G1 and S-phase are also
evident, reflecting effects on normal cellular activities of microtubules.
Vincristine is metabolized by the liver, and dose adjustment in the presence of hepatic dysfunction is required. It is a powerful vesicant, and
infiltration can be treated by local heat and infiltration of hyaluronidase.
At clinically used intravenous doses, neurotoxicity in the form of
glove-and-stocking neuropathy is frequent. Acute neuropathic effects
include jaw pain, paralytic ileus, urinary retention, and the syndrome
of inappropriate antidiuretic hormone secretion. Myelosuppression is
not seen. Vinblastine is similar to vincristine, except that it tends to
be more myelotoxic, with more frequent thrombocytopenia and also
mucositis and stomatitis. Vinorelbine is a vinca alkaloid that appears
to have differences in resistance patterns in comparison to vincristine
and vinblastine; it may be administered orally.
The taxanes include paclitaxel and docetaxel. These agents
differ from the vinca alkaloids in that the taxanes stabilize microtubules against depolymerization. The “stabilized” microtubules

