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Does the administration of antioxidants during cancer che-
motherapy affect antineoplastic efficacy or the development of
side effects? Although the majority of preclinical studies in-
volving the use of in vitro systems and animal models support
the contention that certain antioxidants are of benefit, few
clinical studies have been done (1,2). Factors to consider in
the design of studies to answer the question posed above
include the properties of the individual antioxidants, the
mechanism of action of the antineoplastic agents, and the
mechanism whereby antineoplastic agents cause their side
effects. Additionally, the impact of chemotherapy-induced
oxidative stress upon antineoplastic efficacy and the role that
reactive oxygen species (ROS)3 may play in drug-induced
apoptosis need to be elucidated.

All antioxidants cannot be viewed as equal when evaluat-
ing their potential impact on cancer chemotherapy, and an
individual antioxidant cannot be anticipated to have the same
impact on the activity of all cancer chemotherapeutic agents.
Small molecular weight antioxidant molecules are effective
reducing agents but some, including glutathione (GSH), N-
acetyl cysteine (NAC), and alpha-lipoic acid, also are strong
nucleophiles because they possess a sulfhydryl group. While all
antioxidants are capable of detoxifying free radicals, those that
possess strong nucleophilic properties can bind and inactivate
the electrophilic intermediates of antineoplastic agents that
act via nucleophilic substitution reactions, i.e., platinum-co-
ordination complexes and most alkylating agents. Competi-
tion between nucleophilic antioxidants and the nucleophilic
cellular targets of these anticancer agents can reduce the

efficacy of the therapy. Selenium also can be considered a
nucleophilic antioxidant. Although inorganic selenium does
not function as an antioxidant, it is incorporated into seleno-
proteins (as selenocysteine or selenomethionine) and other
selenium compounds such as methylselenol. Because selenium
possesses properties similar to sulfur, selenoproteins and or-
ganoselenols have nucleophilic properties. Additionally, sele-
nium induces the synthesis of the cysteine-rich metallothio-
neins, which can bind to electrophilic intermediates of
platinum-coordination complexes and alkylating agents, and
elevated levels of methallothioneins are associated with resis-
tance to these antineoplastic agents (3).

If generation of ROS by a cancer chemotherapeutic agent
or a free radical intermediate of the drug plays a role in its
cytotoxicity, antioxidants may interfere with the drug’s anti-
neoplastic activity. However, if the reactive species are respon-
sible only for the drug’s adverse effects, antioxidants may
actually reduce the severity of such effects without interfering
with the drug’s antineoplastic activity. Thus, it is important to
distinguish between a drug’s ability to induce oxidative stress
in biological systems and the role, if any, that ROS or free
radical intermediates play in the mechanism of action of the
drug.

The drugs of many classes of antineoplastic agents are
known to generate a high level of oxidative stress in biological
systems (1). These classes of drugs include the anthracyclines,
most alkylating agents, platinum-coordination complexes, epi-
podophyllotoxins, and camptothecins. For these drugs, the
hepatic microsomal monooxygenase system is a primary site
where ROS are generated, although other enzymatic (e.g.,
xanthine oxidase) and nonenzymatic (Fenton and Haber-
Weiss reactions) mechanisms also play a role. The electron
transport system of cardiac mitochondria is another site where
significant levels of ROS are generated by anthracyclines (4).
Although some classes of antineoplastic agents generate high
levels of oxidative stress, others, including the taxanes, vinca
alkaloids, antifolates, and nucleoside and nucleotide ana-
logues, generate only low levels. Nevertheless, all drugs gen-
erate some free radicals as they induce apoptosis in cancer
cells.

One of the primary pathways of drug-induced apoptosis is
the pathway that involves release of cytochrome c from mito-
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chondria (5). When cytochrome c is displaced from the elec-
tron transport chain, instead of electrons being transferred to
oxygen via cytochrome c oxidase with the formation of water,
electrons are diverted from NADH dehydrogenase (Complex
I) and reduced coenzyme Q10 to oxygen with the concomitant
formation of superoxide radicals. Although superoxide is not
highly toxic, mitochondrial superoxide dismutase generates
hydrogen peroxide from superoxide and, in the presence of
reduced iron that is abundant in mitochondria, highly toxic
hydroxyl radicals are formed via Fenton and Haber-Weiss
reactions. Thus, all drugs that induce apoptosis by this mech-
anism generate some degree of oxidative stress, although this
does not imply that free radical generation is necessary for a
drug to exert its cytotoxic effect on neoplastic cells, because
the apoptotic process is initiated by cytochrome c release and
superoxide generation occurs secondarily.

The mechanism of action of only a few antineoplastic
agents has been definitively linked to a free radical interme-
diate of the parent drug. Examples of antineoplastic agents
that have been so linked include mitomycin-C, which creates
DNA interstrand crosslinks following reduction of its aziridine
ring, and bleomycin, which cleaves DNA by hydrogen abstrac-
tion by its iron-binding arm, which functions as a ferrous
oxidase. Most of the other major classes of antineoplastic
agents have well-established mechanisms of action that are
independent of free radical intermediates or free radical gen-
eration. These include the antifolates and nucleoside and
nucleotide analogues that impact DNA synthesis, the vinca
alkaloids and taxanes that interfere with microtubule function,
the epipodophyllotoxins (etoposide, teniposide) that interfere
with topoisomerase II activity, and the camptothecins (topo-
tecan, irinotecan) that interfere with topoisomerase I activity.

The platinum coordination complexes (cisplatin, carbopla-
tin, oxaliplatin) and most alkylating agents form strong elec-
trophilic intermediates that act via nucleophilic substitution
reactions to form inter- and intrastrand DNA crosslinks. Al-
though toxicity among these agents varies, most side effects
also are attributed to nucleophilic substitution reactions, e.g.,
cisplatin toxicity (nephrotoxicity, neurotoxicity, ototoxicity)
is attributable to protein sulfhydryl binding and inactivation of
thiol-containing enzymes. Antioxidants that act as reducing
agents do not appear to interfere with the antineoplastic
activity of these agents nor do they prevent the development
of side effects (1), which suggests that free radical generation
does not play a role in the antineoplastic activity or the
toxicity of these agents. In contrast to antioxidants that act as
reducing agents, nucleophiles, such as GSH, NAC, and thio-
sulfate, can bond covalently to electrophilic compounds such
as cisplatin, and mixing cisplatin with thiosulfate prior to
administration blocks the antineoplastic agent’s activity (1).
However, several animal and clinical studies have shown that
intravenous administration of GSH shortly before administra-
tion of cisplatin reduces the drug’s toxicity without reducing
its anticancer activity (1). This may be explained by the high
renal and neural intracellular levels of �-glutamyl transpepti-
dase (GGT), an enzyme that hydrolyzes circulating GSH
(GluCysGly) to Glu and CysGly and transports these products
into the cell (6). The high enzyme levels in normal tissues
allow for rapid clearing of circulating GSH, thus preventing
cisplatin binding to GSH in the bloodstream, and also results
in high GSH levels in renal and neural tissue, thus protecting
them from cisplatin toxicity. Renal cells also have unique
mechanisms for concentrating selenium and for formation of
methylselenol and glutathionylselenol, compounds that also
protect the kidneys from cisplatin toxicity (7). Most cancer
cells have low levels of GGT. Thus, intravenous administra-

tion of GSH does not increase the GSH content of most
cancer cells that could reduce the antineoplastic activity of
cisplatin. However, GTT may be expressed in higher amounts
or be inducible in some neoplastic cells (8). The potential
selective protection of normal tissues from cisplatin toxicity
warrants further investigation.

Several mechanisms have been proposed for the anticancer
activity of anthracyclines. Although the most studied anthra-
cycline, doxorubicin, alters membrane function, signal trans-
duction such as pathways involving protein kinase C, and
many other cellular functions, the most compelling evidence
for its primary mechanism of action is via intercalation with
double-stranded DNA and inhibition of topoisomerase II ac-
tivity. This effect is evident at clinically relevant concentra-
tions, with the drug being localized primarily in the nucleus of
neoplastic cells and acting in the S-phase of the cell cycle.
This supports topoisomerase II inhibition as the drug’s primary
cytotoxic mechanism. However, doxorubicin readily under-
goes a one-electron reduction to its semiquinone, which can
donate an electron to molecular oxygen resulting in superox-
ide generation. Although generation of hydroxyl radicals from
superoxide is an attractive explanation for the cytotoxicity of
doxorubicin, several lines of evidence suggest that this mech-
anism does not contribute significantly to the drug’s anticancer
activity: (a) doxorubicin is localized primarily in the nucleus of
neoplastic cells, and DNA-intercalated doxorubicin is not
readily reduced; (b) although semiquinone formation can oc-
cur in membranes, including the nuclear membrane and the
sarcoplasmic reticulum, the hepatic microsomal cytochrome
P450 monooxygenase system and mitochondria of cardiac cells
are the primary sites where high levels of the semiquinone are
generated; (c) preclinical studies show that antioxidants re-
duce doxorubicin-induced oxidative stress while preserving
the drug’s antineoplastic activity (1,2); (d) several clinical
studies suggest that antioxidants such as coenzyme Q10 do not
interfere with the drug’s anticancer efficacy (1,2); (e) most
studies that have shown doxorubicin-induced hydroxyl radical
formation to be cytotoxic have used concentrations (several
micromolar) that are far above those that are clinically rele-
vant (a 60 mg/m2 bolus dose results in a peak level of 1
micromolar doxorubicin, which rapidly declines to a level of
�10 nanomolar, which is sustained for a period of up to 1 wk);
(f) doxorubicin has been shown to be cytotoxic under hypoxic
conditions; and (g) many neoplastic cells are not sensitized to
doxorubicin by depletion of antioxidants.

Although free radical generation may not play a significant
role in the antineoplastic activity of doxorubicin, there is
compelling evidence that disruption of the electron transport
system and hydroxyl radical generation in mitochondria of
cardiac cells accounts for the drug’s acute and chronic cardio-
toxicity. The selective toxicity of doxorubicin to cardiac cells
is accounted for by the unique structure of the cardiac mito-
chondrial inner membrane, which possesses a cytosolic (outer
surface, or intermembranous) NADH dehydrogenase in addi-
tion to the matrix (inner surface) NADH dehydrogenase that
is present in the mitochondria of all cells (9). Doxorubicin (a
tetracycline ring with a sugar moiety) is hydrophilic and can-
not penetrate the inner membrane and be reduced by the
matrix enzyme. However, in cardiac mitochondria, doxorubi-
cin, which can penetrate the outer membrane and enter the
mitochondrial cytosol, is reduced by the cytosolic NADH
dehydrogenase to its semiquinone. Intramolecular rearrange-
ment results in formation of the lipophilic deoxyaglycone of
doxorubicin that penetrates the inner membrane where it then
inhibits coenzyme Q10-dependent enzymes, accounting for
disruption of mitochondrial energetics and resulting in the
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development of acute cardiotoxicity (arrhythmias and reduced
ejection fraction). The deoxyaglycone also competes with
coenzyme Q10 (both structurally are quinones) as an electron
acceptor, diverting electrons to molecular oxygen with the
formation of superoxide radicals, and displaces coenzyme Q10
from the electron transport chain, resulting in elevated plasma
levels of coenzyme Q10 (10). These effects explain the gener-
ation of elevated levels of ROS in cardiac cells that lasts for
several weeks following administration of doxorubicin and the
high levels of mitochondrial DNA adducts that form in heart
mitochondria and result in suppression of mitochondrial gene
expression for critical components of the electron transport
system (11), such as coenzyme Q10 (12). These long-lasting
effects most likely explain mitochondrial disruption, the first
cytological evidence of chronic cardiotoxicity (13,14), which
leads to myocyte degeneration and cardiac failure. Preclinical
and a limited number of clinical studies suggest that, whereas
antioxidants in general do not prevent doxorubicin cardiotox-
icity, administration of coenzyme Q10 does prevent the devel-
opment of both acute and chronic cardiotoxicity without
interfering with the drug’s anticancer efficacy (1). This is
another area that warrants further investigation.

Oxidative stress induced by low levels of hydrogen peroxide
has been shown to elevate the LD50 of several types of anti-
neoplastic agents and to block drug-induced apoptosis in neo-
plastic cells, causing cells to undergo necrosis instead of apo-
ptosis (15,16). These effects of hydrogen peroxide are
prevented by the addition of certain antioxidants. The re-
duced cytotoxicity of anticancer agents in the presence of
hydrogen peroxide, an effect that also might occur during
chemotherapy-induced oxidative stress, may result from the
effects of the cellular products generated by ROS.

Free radicals generated during oxidative stress have many
cellular targets, but one of the primary targets is cellular lipids.
Lipid peroxidation of PUFA results in formation of alkoxyl
and peroxyl radicals (primary products) that are highly reac-
tive and relatively short-lived. Secondary products of lipid
peroxidation include numerous aldehydes, including malondi-
aldehyde, the 4-hydroxyalkenals, and acrolein (17). These
electrophilic compounds are more stable than the primary
products, and they can diffuse throughout the cell where they
can damage cellular components and interfere with cellular
functions. The aldehydes are potent enzyme inhibitors because
they bind to nucleophilic groups of amino acids, such as
cysteine, lysine, histidine, serine, and tyrosine, that are critical
components of enzyme active sites or necessary for maintain-
ing the tertiary structure of enzymes.

Oxidative stress, possibly through aldehyde-mediated en-
zyme inhibition of cyclin-dependent kinases, inhibits transi-
tion of cells from the G0 phase (quiescent phase) of the cell
cycle to the G1 phase, blocks progression through the restric-
tion point, and causes arrest of the cell cycle at the G1, S, G2,
and M phase checkpoints (18). For antineoplastic agents that
exhibit cell cycle phase-specific activity, e.g., those that inter-
fere with DNA synthesis or block the mitotic process, inter-
ference with cell cycle progression may diminish their cyto-
toxicity. Even platinum coordination complexes and
alkylating agents, which are not considered to be phase-spe-
cific agents, require cells to progress through the S phase and
G2 phase for apoptosis to occur. Checkpoint arrest also may
allow for DNA repair of damage caused by platinum coordi-
nation complexes and alkylating agents, and checkpoint ab-
rogation (the opposite of what happens during oxidative
stress) has been shown to enhance the cytotoxicity of several
types of antineoplastic agents. By reducing aldehyde genera-
tion, antioxidants may counteract the effects of chemother-

apy-induced oxidative stress on cell cycle progression and
enhance the cytotoxicity of antineoplastic agents.

Aldehydes also may directly interfere with the major path-
ways of chemotherapy-induced apoptosis, namely, the CD95/
CD95 ligand (Fas/Apo1) death receptor pathway and the
pathway initiated by cytochrome c release from mitochondria
(5). The CD95 death receptor has a cysteine-rich extracellular
domain, making it a potential target for binding by strong
electrophiles such as the aldehydes. Binding of aldehydes to
death receptors may mimic the effect of death receptor anti-
bodies that interfere with ligand binding and block drug-
induced apoptosis.

Whereas oxidative stress can act as a trigger for cytochrome
c release and initiate apoptosis, excessive oxidative stress is an
effective inhibitor of caspases (and procaspase activation)
(19,20), the enzymes that carry out the apoptotic process.
Caspases are cysteine proteases, possessing a cysteine moiety at
their active sites, and require a reducing environment for
optimal activity. Caspase inhibition, such as that caused by the
cowpox virus CrmA protein when it is overexpressed in leu-
kemic cells, confers resistance to a variety of antineoplastic
agents (21). Electrophilic aldehydes, such as acetyl-tetrapep-
tide (22), also bind to the active site of caspases and inhibit
their activity. Thus, aldehyde generation, resulting in caspase
inhibition, may account for the reduced efficacy of antineo-
plastic agents during oxidative stress. If so, antioxidants may
enhance the anticancer activity of cancer chemotherapeutic
agents by reducing aldehyde generation that is caused by
chemotherapy-induced oxidative stress.

Future research needs to address many unanswered ques-
tions regarding the impact of oxidative stress on the therapeu-
tic efficacy of cancer chemotherapy, the role that oxidative
stress plays in the development of chemotherapy-induced side
effects, and the effect of antioxidants on anticancer activity
and the development of therapy-induced adverse effects. Fun-
damental studies that elucidate the impact of oxidative stress,
and specifically ROS-generated aldehydes, on cell cycle pro-
gression and apoptotic pathways may guide us to interventions
that could enhance chemotherapeutic efficacy. Further inves-
tigation of GSH for preventing cisplatin toxicity and coen-
zyme Q10 for preventing doxorubicin cardiotoxicity appears to
be indicated based upon existing studies. Finally, clinical stud-
ies must be conducted to determine both the short-term and
long-term impact of antioxidants, singly and in combination,
upon the efficacy of cancer chemotherapy and the develop-
ment of chemotherapy-induced side effects.
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