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usually a decline in the carbon monoxide diffusing capacity (DLco) or
coughing, although cessation of drug immediately upon documentation of a decrease in DLco may not prevent further decline in pulmonary
function. Bleomycin is inactivated by a bleomycin hydrolase, whose
concentration is diminished in skin and lung. Because bleomycindependent electron transport is dependent on O2, bleomycin toxicity
may become apparent after exposure to transient very high fraction of
inspired oxygen (Fio2). Thus, during surgical procedures, patients with
prior exposure to bleomycin should be maintained on the lowest Fio2
consistent with maintaining adequate tissue oxygenation.
Mitoxantrone is a synthetic compound that was designed to
recapitulate features of doxorubicin but with less cardiotoxicity. It
is quantitatively less cardiotoxic (comparing the ratio of cardiotoxic
to therapeutically effective doses) but is still associated with a 10%
incidence of cardiotoxicity at cumulative doses of >150 mg/m2. It also
causes alopecia. Cases of acute promyelocytic leukemia (APL) have
arisen shortly after exposure of patients to mitoxantrone, particularly
in the adjuvant treatment of breast cancer. Although chemotherapyassociated leukemia is generally of the acute myeloid type, APL arising
in the setting of prior mitoxantrone treatment had the typical t(15;17)
chromosome translocation associated with APL, but the breakpoints
of the translocation appeared to be at topoisomerase II sites that would
be preferred sites of mitoxantrone action, clearly linking the action of
the drug to the generation of the leukemia.
Etoposide was synthetically derived from the plant product podophyllotoxin; it binds directly to topoisomerase II and DNA in a reversible ternary complex. It stabilizes the covalent intermediate in the
enzyme’s action where the enzyme is covalently linked to DNA. This
“alkali-labile” DNA bond was historically a first hint that an enzyme
such as a topoisomerase might exist. The drug therefore causes a
prominent G2 arrest, reflecting the action of a DNA damage checkpoint. Prominent clinical effects include myelosuppression, nausea,
and transient hypotension related to the speed of administration of
the agent. Etoposide is a mild vesicant but is relatively free from other
large-organ toxicities. When given at high doses or very frequently,
topoisomerase II inhibitors may cause acute leukemia associated with
chromosome 11q23 abnormalities in up to 1% of exposed patients.
Camptothecin was isolated from extracts of a Chinese tree and
had notable antileukemia activity in preclinical mouse models. Early
human clinical studies with the sodium salt of the hydrolyzed camptothecin lactone showed evidence of toxicity with little antitumor activity. Identification of topoisomerase I as the target of camptothecins
and the need to preserve lactone structure allowed additional efforts to
identify active members of this series. Topoisomerase I is responsible
for unwinding the DNA strand by introducing single-strand breaks
and allowing rotation of one strand about the other. In S-phase,
topoisomerase I–induced breaks that are not promptly resealed lead to
progress of the replication fork off the end of a DNA strand. The DNA
damage is a potent signal for induction of apoptosis. Camptothecins
promote the stabilization of the DNA linked to the enzyme in a socalled cleavable complex, analogous to the action of etoposide with
topoisomerase II. Topotecan is a camptothecin derivative approved
for use in gynecologic tumors and small-cell lung cancer. Toxicity is
limited to myelosuppression and mucositis. CPT-11, or irinotecan, is a
camptothecin with evidence of activity in colon carcinoma. In addition
to myelosuppression, it causes a secretory diarrhea related to the toxicity of a metabolite called SN-38. Levels of SN-38 are particularly high
in the setting of Gilbert’s disease, characterized by defective glucuronyl
transferase and indirect hyperbilirubinemia, a condition that affects
about 10% of the white population in the United States. The diarrhea
can be treated effectively with loperamide or octreotide.
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Antitumor antibiotics and topoisomerase poisons Antitumor antibiotics are substances produced by bacteria that in nature appear to
provide a chemical defense against other hostile microorganisms. As a
class, they bind to DNA directly and can frequently undergo electron
transfer reactions to generate free radicals in close proximity to DNA,
leading to DNA damage in the form of single-strand breaks or crosslinks. Topoisomerase poisons include natural products or semisynthetic species derived ultimately from plants, and they modify enzymes
that regulate the capacity of DNA to unwind to allow normal replication or transcription. These include topoisomerase I, which creates
single-strand breaks that then rejoin following the passage of the other
DNA strand through the break. Topoisomerase II creates doublestrand breaks through which another segment of DNA duplex passes
before rejoining. DNA damage from these agents can occur in any cell
cycle phase, but cells tend to arrest in S-phase or G2 of the cell cycle in
cells with p53 and Rb pathway lesions as the result of defective checkpoint mechanisms in cancer cells. Owing to the role of topoisomerase I
in the procession of the replication fork, topoisomerase I poisons cause
lethality if the topoisomerase I–induced lesions are made in S-phase.
Doxorubicin can intercalate into DNA, thereby altering DNA structure, replication, and topoisomerase II function. It can also undergo
reduction reactions by accepting electrons into its quinone ring system, with the capacity to undergo reoxidation to form reactive oxygen
radicals after reoxidation. It causes predictable myelosuppression, alopecia, nausea, and mucositis. In addition, it causes acute cardiotoxicity
in the form of atrial and ventricular dysrhythmias, but these are rarely
of clinical significance. In contrast, cumulative doses >550 mg/m2
are associated with a 10% incidence of chronic cardiomyopathy. The
incidence of cardiomyopathy appears to be related to schedule (peak
serum concentration), with low-dose, frequent treatment or continuous infusions better tolerated than intermittent higher-dose exposures.
Cardiotoxicity has been related to iron-catalyzed oxidation and reduction of doxorubicin, and not to topoisomerase action. Cardiotoxicity
is related to peak plasma dose; thus, lower doses and continuous infusions are less likely to cause heart damage. Doxorubicin’s cardiotoxicity is increased when given together with trastuzumab (Herceptin),
the anti-HER2/neu antibody. Radiation recall or interaction with
concomitantly administered radiation to cause local site complications is frequent. The drug is a powerful vesicant, with necrosis of
tissue apparent 4–7 days after an extravasation; therefore, it should
be administered into a rapidly flowing intravenous line. Dexrazoxane
is an antidote to doxorubicin-induced extravasation. Doxorubicin
is metabolized by the liver, so doses must be reduced by 50–75% in
the presence of liver dysfunction. Daunorubicin is closely related to
doxorubicin and was actually introduced first into leukemia treatment, where it remains part of curative regimens and has been shown
preferable to doxorubicin owing to less mucositis and colonic damage.
Idarubicin is also used in acute myeloid leukemia treatment and may
be preferable to daunorubicin in activity. Encapsulation of daunorubicin into a liposomal formulation has attenuated cardiac toxicity
and antitumor activity in Kaposi’s sarcoma, other sarcomas, multiple
myeloma, and ovarian cancer.
Bleomycin refers to a mixture of glycopeptides that have the
unique feature of forming complexes with Fe2+ while also bound to
DNA. It remains an important component of curative regimens for
Hodgkin’s disease and germ cell neoplasms. Oxidation of Fe2+ gives
rise to superoxide and hydroxyl radicals. The drug causes little, if any,
myelosuppression. The drug is cleared rapidly, but augmented skin and
pulmonary toxicity in the presence of renal failure has led to the recommendation that doses be reduced by 50–75% in the face of a creatinine
clearance <25 mL/min. Bleomycin is not a vesicant and can be administered intravenously, intramuscularly, or subcutaneously. Common
side effects include fever and chills, facial flush, and Raynaud’s phenomenon. Hypertension can follow rapid intravenous administration,
and the incidence of anaphylaxis with early preparations of the drug has
led to the practice of administering a test dose of 0.5–1 unit before the
rest of the dose. The most feared complication of bleomycin treatment
is pulmonary fibrosis, which increases in incidence at >300 cumulative units administered and is minimally responsive to treatment

Indirect modulators of nucleic acid function: antimetabolites A broad
definition of antimetabolites would include compounds with structural similarity to precursors of purines or pyrimidines, or compounds
that interfere with purine or pyrimidine synthesis. Some antimetabolites can cause DNA damage indirectly, through misincorporation into
DNA, abnormal timing or progression through DNA synthesis, or

