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Abstract: Many clinical studies involving anti-tumor agents neglect to consider how these agents are metabolized
within the host and whether the creation of specific metabolites alters drug therapeutic properties or toxic side ef-
fects. However, this is not the case for the anthracycline class of chemotherapy drugs. This review describes the
various enzymes involved in the one electron (semi-quinone) or two electron (hydroxylation) reduction of anthra- (AW
cyclines, or in their reductive deglycosidation into deoxyaglycones. The effects of these reductions on drug anti- Amadeo M. Parissenti
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tumor efficacy and toxic side effects are also discussed. Current evidence suggests that the one electron reduction of anthracyclines aug-

ments both their tumor toxicity and their toxicity towards the host, in particular their cardiotoxicity. In contrast, the two electron reduc-

tion (hydroxylation) of anthracyclines strongly reduces their ability to kill tumor cells, while augmenting cardiotoxicity through their ac-

cumulation within cardiomyocytes and their direct effects on excitation/contraction coupling within the myocytes. The reductive degly-

cosidation of anthracyclines appears to inactivate the drug and only occurs under rare, anaerobic conditions. This knowledge has resulted

in the identification of important new approaches to improve the therapeutic index of anthracyclines, in particular by inhibiting their car-

diotoxocity. The true utility of these approaches in the management of cancer patients undergoing anthracycline-based chemotherapy re-

mains unclear, although one such agent (the iron chelator dexrazoxane) has recently been approved for clinical use.

Keywords: Anthracyclines, anti-tumor effects, cardiotoxicity, deoxyaglycone, hydroxylation, metabolites, optimization, semi-quinone, thera-

peutic index.

A). INTRODUCTION

Since their introduction in the 1960’s, anthracyclines have been
used in the treatment of many neoplastic diseases, including both
solid tumors and hematological cancers. They are planar molecules
consisting of a rigid hydrophobic tetracycline ring, with a dauno-
samine sugar attached through a glycosidic bond [1]. The quinone
and hydroquinone substitutions on two of four planar rings are im-
portant in their metabolism [1]. Used as a single agent or as part of
a regimen, the anthracyclines are key components of neoadjuvant,
adjuvant, curative, or palliative treatments for several types of ma-
lignancies. Derived from the pigment-producing Streptomyces
peucetius bacterium, doxorubicin (DOX) and daunorubicin (DNR)
are two naturally occurring anthracyclines [2]. Due to their success
in treating cancers from various tissue types, a significant amount
of effort has been placed into creating and characterizing novel
anthracyclines. This has resulted in the development of approxi-
mately 2000 anthracycline analogs. A number of these analogs are
now in widespread clinical use, including idarubicin, epirubicin,
carminomycin, pirarubicin, aclarubicin, valrubicin and zorubicin [3,
4]. As with other chemotherapy agents, the clinical success of an-
thracyclines is compromised by innate or acquired resistance to
these agents [5] and by their significant toxic side effects in cancer
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patients, in particular cardiotoxicity [6, 7]. Consequently, all an-
thracyclines have an associated maximum recommended cumula-
tive dose in an effort to avoid congestive heart failure.

DNR and DOX, the first anthracycline antibiotics to be isolated
over the past 50 years, are among the most effective antineoplastic
agents currently used in the treatment of human cancers. DNR is
used mainly to treat acute lymphoblastic or myeloblastic leukemias,
while DOX has efficacy against both solid and non-solid tumors.
The latter is widely used for the treatment of breast cancer, Wilms’
tumors, soft tissue sarcomas, leukemias, Hodgkin’s disease, non-
Hodgkin’s lymphomas and several other cancers [8]. Although
differing from DOX by a single hydroxyl group, this alteration in
structure gives DNR distinct reaction kinetics [9]. Nevertheless, the
use of both DOX and DNR is limited by their toxic side-effects
within the host, including necrosis of tissue at the injection site,
mucositis, alopecia, nausea, vomiting, stomatitis, and cumulative
cardiotoxicity. Consequently, the maximum recommended cumula-
tive doses for DNR and DOX are set at 550 mg/m® and 450-550
mg/m’, respectively [10, 11].

Epirubicin (EPI) is obtained by an axial-to-equatorial epimeri-
zation of the 4’-hydroxyl group of DOX (Fig. 1). It is currently
widely used to treat carcinomas of the breast, stomach, gut, endo-
metrium, lung, ovary, esophagus, and prostate (as well as soft tissue
sarcomas) [12]. While EPI has almost equivalent antitumor activity
to that of DOX, it possesses different pharmacokinetic and meta-
bolic characteristics. For example, EPI is more glucuronidated,
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Fig. (1). Chemical structures of Daunorubicin (DNR), Doxorubicin (DOX), Epirubicin (EPI) and Idarubicin (IDA).

which facilitates excretion in bile and urine. It therefore has a
greater margin of safety and has almost double the recommended
cumulative dosing of DOX (900-1000 mg/m? for EPI) [13].

Idarubicin (IDA), an analog of DNR, lacks the C-4 methoxy
group and has been shown to have improved activity for the treat-
ment of acute myelogenous leukaemia. It is also found to be active
against multiple myeloma, non—-Hodgkin's lymphoma, and breast
cancer [12]. IDA is the only anthracycline that can be administered
orally or through intravenous injection. The absence of a methoxy
group in IDA’s structure (Fig. 1) results in a longer half-life than
DNR and significantly enhances lipophilicity. This results in more
rapid cellular uptake, superior DNA-binding capacity, and conse-
quently greater cytotoxicity compared to DOX and DNR [14].
Comparative information regarding the half-life and toxicities of
the above anthracyclines is presented in Table 1.

The mechanism by which anthracyclines enter cells is still not
completely known, but is thought to involve their passive diffusion
through the plasma membrane, followed by their selective transport
into the nucleus by binding to proteasomes [15]. Once in the nu-
cleus, the anthracyclines dissociate from proteasomes and bind to
DNA due to their higher affinity for the latter macromolecule [16,
17]. Anthracyclines are thought to inhibit the proliferation of rap-
idly dividing cells through multiple mechanisms, including their
ability to intercalate between and cross-link DNA strands, to alky-
late DNA, and to inhibit topoisomerase II [18-20]. These actions
are also highly effective in preventing DNA unwinding and strand
separation, thereby blocking DNA replication and transcription
[19]. In addition, the ability of anthracyclines to generate highly
reactive free radicals can result in abundant damage to DNA and to
the plasma membrane through lipid oxidation [21-24]. In addition
to their cytostatic and cytotoxic effects against tumor cells, anthra-

cyclines have been documented to accumulate in other tissues such
as the liver, heart, white blood cells and bone marrow contributing
to their systemic toxic side effects [25].

In humans, it is estimated that approximately 50% of DOX is
eliminated from the body without any change in its structure, while
the remainder of the drug is processed through three major meta-
bolic pathways [25]. Metabolism of anthracyclines occurs through
hydroxylation, semiquinone formation or deoxyaglycone formation,
which can result in the formation of metabolites that either augment
or suppress the anticancer properties of anthracyclines [26, 27].

Hydroxylation of anthracyclines at the C-13 carbonyl group,
more commonly referred to as the two electron reduction, results in
the formation of secondary alcohol metabolites that have been im-
plicated in anthracycline-induced cardiotoxicity [14]. This major
pathway of anthracycline biotransformation is mediated by a het-
erogenous family of cytosolic NADPH-dependent carbonyl (CBR)
and aldo-keto (AKR) reductases (collectively referred to as car-
bonyl reducing enzymes) that catalyze the formation of daunorubi-
cinol (DNROL), doxorubicinol (DOXOL), epirubicinol (EPIOL)
and idarubicinol (IDAOL) from their parent drugs [28]. The AKRs
are the primary enzymes involved in DOX hydroxylation in the
human heart, whereas the CBRs play more of a role in DNR hy-
droxylation [29]. The hydroxylation reactions occur in all cell types
as the enzymes involved are ubiquitous, and have also been studied
extensively in red blood cells, liver and kidney [30].

The one electron reduction of anthracyclines is catalyzed by
cytochrome P-450 reductase (CPR), NADH dehydrogenase
(NDUFS), nitric oxide synthase (NOS), and xanthine oxidase, lead-
ing to the conversion of the quinone moiety of anthracycline drugs
to a semiquinone radical [17]. Although this radical is stable under
anoxic conditions, in the presence of oxygen, the semiquinone radi-
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Table 1. Comparison of the four major anthracyclines used in clinical oncology and their differences in clinical use, pharmacoki-
netics, and toxicities.
Drugs Maximum Recommended Dose Half-Life (hr) Side Effects
Daunorubicin 550 mg/m” 14-20 Cardiotoxocity, mucositis, myelosuppression, nausea, vomiting, alopecia
Doxorubicin 450 - 600 mg/m’ 1-3 Cardiotoxicity, muscositis, nausea, vomiting
Epirubicin 900-1000 mg/m” 33 Myelosuppression, cardiotoxicity, nausea, vomiting, mucositis
Idarubicin >160 mg/m’ 12-27 Cardiotoxicity, myelosuppression muscositis, nausea, vomiting, alopecia

cal is readily re-oxidized to regenerate the parent quinone and re-
sults in the generation of a superoxide anion and hydrogen perox-
ide, thereby increasing the formation of reactive oxygen species
(ROS). The resulting free radicals can cause peroxidation of lipids
within cellular membranes, protein aggregation and cell death [31].
This redox cycling of DOX, DNR, and other anthracycline ana-
logues has been observed in the cytoplasm, mitochondria and sar-
coplasmic reticulum and has been implicated in the production of
toxic aldehydes that are able to escape from the cell and contribute
to anthracycline toxicity [8].

The final metabolic pathway, deglycosidation, accounts for
approximately 1-2% of anthracycline metabolism [29]. The reduc-
tive cleavage of the glycosidic bond and the side chain carbonyl
group results in the formation of 7-deoxyaglycones and hydroxya-
glycones [32]. It has been reported that this reaction is catalyzed by
poorly characterized NADPH-dependent hydrolase- and reductase-
type glycosidases [NADPH quinone oxidoreductases (NQO1) and
NADPH-cytochrome P450 reductase (CPR)] along with the in-
volvement of xanthine dehydrogenase (XDH) [29]. The formation
of hydroxyaglycones results from NADPH-dependent enzymes that
are present in the cytosol, whereas the 7-deoxyaglycone formation
may be initiated by microsomal or mitochondrial oxidoreductases
[32]. Several studies report that the anthracycline aglycones may
generate ROS, but the resulting 7-deoxyaglycone metabolites have
been shown to possess no cytotoxic activity [33]. The aglycones
produced have a higher lipophilicity than the parent anthracyclines,
and are thought to intercalate into mitochondrial membranes [34].
Moreover, studies suggest that the anthracycline aglycones may
cause myocardial damage due to their prominent oxidizing proper-
ties that divert more electrons to oxygen in the mitochondria [35].
While anthracycline metabolic pathways and metabolites vary from
tissue to tissue and between in vitro and in vivo conditions, the two
electron reduction (hydroxylated) product is generally the predomi-
nant metabolite for anthracyclines, with considerably lower per-
centages of the algycone, 7-deoxy aglycone and 7-deoxy hydroxy-
lated aglycone products [33, 36].

Having summarized the various pathways by which anthracy-
clines are metabolized in humans, this review will describe how this
metabolism can affect the above-described biochemical and bio-
logical properties of this important class of chemotherapy agents.
We will focus particularly on how the metabolism of anthracyclines
affects their ability to combat the growth of tumors and to produce
toxic side effects in patients. In addition, we will explore how varia-
tions in anthracycline metabolism within cancer patients and their

tumors can impact treatment efficacy and discuss recent strategies
to improve the therapeutic index of anthracyclines. A schematic
summary of the major points of this review is provided in Figure 2.

B) TWO ELECTRON REDUCTION OF ANTHRACY-
CLINES (HYDROXYLATION)

Anthracyclines hydroxylated at the C13 position are more polar
than the parent compound and have higher water solubility. How-
ever, contrary to what might be expected, these hydroxylated me-
tabolites are excreted from certain tissues at slower rates than the
parental compound. They are also considerably less potent antineo-
plastic agents, while having greater cardiotoxicity due to their en-
hanced ability to accumulate in cardiac tissue relative to the parent
compounds [37]. Peters et al. showed that levels of DOXOL in rats
administered DOX were greatly enhanced in cardiac muscle com-
pared to other tissues, including liver and skeletal muscle. The rea-
son for this preferential accumulation of DOXOL in cardiac muscle
is unknown [38]. With the exception of IDA, the C-13 metabolites
for DNR, DOX and EPI are all less cytotoxic than their unhydroxy-
lated forms [39, 40]. IDAOL is equally cytotoxic as IDA [39, 40].

a) Carbonyl Reductases (CBRs)

CBRs have recently been extensively reviewed in their function
as drug metabolizing agents by Malatkova and Wsol in 2014 [41].
Thus, for this review, we will only briefly discuss their role in an-
thracycline metabolism. While AKRs and CBRs are both carbonyl
reducing enzymes, this section focuses specifically on the carbonyl
reductases CBR1 and CBR3 [41, 42]. These enzymes are found in a
wide variety of tissues with a very broad range of substrates. They
are generally associated with detoxifying toxic substrates to protect
cells and organs [44, 45]. CBR1 is the predominant reductase that
hydroxylates DOX in the liver, kidney, and gastrointestinal tract
[43]. In a recent study, Kassner and colleagues [43] assessed the
relative roles of the AKRs and CBRs in the two electron reduction
(hydroxylation) of DOX. Interestingly, the kidney, liver and gastro-
intestinal tract (which are collectively responsible for the clearance
of DOX from the body) express carbonyl reducing activity(ies) with
an apparent Km of 140 uM. Enzymes with Km values in this range
include carbonyl reductase 1 (CBR1) and AKR1C3. CBRI1 was
found to be expressed in the above three organs at higher levels
than AKRI1C3, while the latter exhibited a higher catalytic effi-
ciency. An inhibitor capable of discriminating between the CBR1
and AKR1C3 activities was able to equally block the carbonyl re-
ducing activity of CBR1 and human liver cytosol, but not AKR1C3.
This suggests that CBR1 plays the predominant role in the liver’s
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Fig. (2). Main pathways of intracellular doxorubicin (DOX) biotransformation in mammalian cells, including catalytic enzymes involved in its metabolism and
their inhibitors. The downstream effects of the metabolites are also listed. Similar pathways are involved in metabolism of other anthracyclines.

ability to hydroxylate DOX. As previously discussed, this is distinct
from the human heart, where AKRs play the predominant role in
the hydroxylation of DOX [29].

b) Aldo-Keto Reductases (AKR)

All members of the AKR superfamily of proteins reduce ketones
and aldehydes into secondary and primary alcohols in a NADPH-
dependent manner [44]. The superfamily contains more than 140
members, sub-categorized into 15 families. AKR families share a
minimum of 40% protein sequence identity, while their sub-families
share >60% sequence identity [44]. Individual AKRs are named be-
ginning with AKR, followed by: a number indicating the family of
AKRs, a letter denoting the sub-family, and finally a number desig-
nating the individual member. The AKR1 family is the largest of the
15 families, and is one of three families including the mammalian
AKRSs [44]. While the AKR superfamily is comprised of many mem-
bers, this review focuses primarily on family members that are known
to hydroxylate anthracyclines and/or whose expression changes upon
selection for anthracycline resistance.

¢) AKR1 Family

The AKRI1 family contains six sub-families, the largest of
which is the AKR1C subfamily. AKR1C members primarily func-

tion as steroid metabolizing enzymes, with AKR1C1 to 1C4 sharing
>86% sequence homology [44, 45]. AKRIC3, also known as 17f-
hydroxy-steroid-dehydrogenase type V (17B-HSD) or 3o-hydroxy-
steroid-dehydrogenase type I (3a-HSD), plays a role in the conver-
sion of androstenedione into testosterone and estrone (E1) into es-
tradiol (E2) [45-47]. In addition, AKRIA1, AKRIC1, AKRIC2,
and AKR1C3 have been shown to play a role in the metabolism and
detoxification of chemotherapy agents [48, 49], with AKR1A1l
being specifically identified as the likely AKR involved in the con-
version of the anthracycline DOX into DOXOL in cancer patients
[50]. A variety of AKR members (AKR1A1, AKR1B1, AKR1B10,
AKRIC1, AKR1C4 and AKR7A2) also play a role in the detoxifi-
cation of reactive aldehydes, some of which may be created by
anthracycline-generated ROS [44, 45, 51]. AKRs are differentially
expressed in various tissues throughout the body. AKR1A1 is most
highly expressed in kidneys, followed by the liver with the lowest
expression being in the lungs [44]. AKR1B1, AKRIB10 and the
AKRIC isoforms 1 through 4 have been shown to be primarily
expressed in the liver, with AKR1C4 being exclusively expressed
in this organ. While most studies focus on the AKR1 family of
enzymes and their ability to metabolize anthracyclines, it should be
noted that AKR7A2 has also been shown to have some metabolic
activity towards these substances in a wide variety of organs [52].
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While belonging to a different family of enzymes, this ability of
AKR7A2 demonstrates the potential that other AKR family mem-
bers may play yet undiscovered roles in anthracycline metabolism.
Due to their roles in xenobiotic detoxification and steroid synthesis,
AKRI1C isoforms 1 through 3 are also highly expressed in the intes-
tine, mammary glands, prostate, ovary and lungs [44, 53], with
AKRI1C3 the predominant AKR in mammary glands. The wide-
spread distribution of AKRs in tissues ensures that a substantial
amount of the anthracyclines administered to cancer patients is
rapidly hydroxylated.

d) Specific Roles of AKR1C2, AKR1C3 and AKR1B10 in An-
thracycline Metabolism and Resistance

While several AKRs have been studied for their role in anthra-
cycline metabolism, only a subset specifically affect the biochemi-
cal and cytotoxic properties of anthracyclines. Heibein et al.
showed recently that while exogenously added DOX localizes to
the nucleus of breast tumor cells, exogenous DOXOL accumulates
in lysosomes [54]. This suggests that the hydroxylation of this an-
thracycline prevents the drug from entering the nucleus, possibly
due to its poorer affinity for binding to proteasomes. In addition,
Heibein et al. observed that DOXOL [54] had significantly less
affinity for DNA compared to DOX, which may also account for
the former’s lack of localization to the nucleus. These investigators
also showed that selection of MCF-7 breast tumor cells for DOX
resistance resulted in increased transcription of the AKR1C2,
AKR1C3 and AKR1B10 genes [54, 55]. Interestingly, the AKR
inhibitor B-cholanic acid was able to restore localization of DOX
(but not DOXOL) to the nucleus in DOX-resistant cells [54], sug-
gesting that the inhibitor blocked DOX hydroxylation. Consistent
with this view, the intracellular DOX concentration in the DOX-
resistant cells increased in the presence of B-cholanic acid [54].

As stated previously, anthracyclines have been shown to be
potent inhibitors of DNA topoisomerase II [20] and to induce sub-
stantial DNA damage [23] in tumor cells. Interestingly, the hy-
droxylation of the C-13 carbonyl group in two anthracyclines (DOX
and IDA) was found to have little effect on their ability to inhibit
topoisomerase II [40]. Moreover, both of these anthacyclines and
their alcohol metabolites had a strong ability to induce DNA dam-
age. In fact, in isolated nuclei, the hydroxylated forms of the drugs
induced twice the DNA damage as their parental compounds [40].
Given that hydroxylation of most anthracyclines dramatically re-
duces their cytotoxic effects [39, 40], the above findings suggest
that their cytotoxicity (at least in vitro) is not dependent upon their
ability to inhibit topoisomerase or to induce DNA damage.

e) Host toxicity

The major toxic side effect of anthracyclines in cancer patients
relates to the high cardiotoxic properties of their hydroxylated me-
tabolites, particular for DOX. DOXOL appears to have a direct
effect on excitation/contraction coupling in ventricular myocytes
[56]. In humans, the hydroxylated anthracyclines induce delayed
onset cardiomyopathy, which can manifest itself during the course
of treatment or even weeks or months post-treatment [32]. In recent
years, studies on the host toxicity of anthracyclines have been
largely focussed on the role that carbonyl reductases play in this
phenomenon. In one study, mice exhibiting a CBR1 null allele were
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shown to exhibit substantially reduced cardiotoxicity compared to
wildtype mice, when both were administered DOX [57]. In another
study, the overexpression of human carbonyl reductase in trans-
genic mice advanced the development of DOX-induced cardiotox-
icity [58]. Mechanistically, it is generally believed that the anthra-
cyclines become metabolized within cardiomyocytes by carbonyl
reducing enzymes into their alcohol metabolites. These metabolites
are not easily expelled from the myocytes, where they increasingly
activate calcium release from calcium release channels [59]. This
leads to a general dysfunction in the cardiomyocyte which leads to
cell death and eventual cardiac myopathy. Interestingly, a subse-
quent study by Shadle et al. [60] demonstrated that the anthracy-
cline DNR opened calcium release channels in sarcoplasmic reticu-
lum preparations from rabbit atria at a potency 20 times that of the
quinone-deficient analogue, S-iminodaunorubicin. Moreover, nei-
ther anthracycline induced free-radical formation, suggesting that
DNR impairs the contraction of the myocardium by interference
with sarcoplasmic reticulum function via a mechanism not involv-
ing free radical formation.

The specific involvement of polymorphisms in CBR genes and
patient cardiotoxicity after anthracycline treatment remains contro-
versial. In one study, two polymorphisms in two carbonyl reductase
genes (CBR1 1096G>A; CBR3 V244M) were identified as genetic
biomarkers associated with susceptibility to cardiac damage from
anthracycline treatment in pediatric oncology patients [61]. In con-
trast, another study found no relationship between any polymor-
phisms in AKR or CBR genes and cardiotoxicity associated with
anthracycline treatment [62]. Despite this discrepancy as to the role
of CBR polymorphisms in the cardiotoxicity of anthracyclines, the
link between carbonyl reductases and cardiotoxicity resulting from
anthracycline treatment is supported by a number of additional
recent studies [63-65]. A convincing line of evidence supporting
this link is a very recent study showing that the compound 23-
hydroxybetulinic acid inhibits carbonyl reductase activity and was
able to reduce both the accumulation of DOXOL in mice hearts and
DOX-induced cardiotoxicity [66]. There is less support for the role
of AKRs in promoting the cardiotoxicity of anthracyclines. For
example, DOX is considered to have the greatest effect on car-
diotoxicity; however, it has the lowest affinity for AKR enzymes
[48], in particular for AKR7A2, which has been shown to have very
low specific activities towards DOX and DNR [52]. In contrast,
IDA, which has one of the lowest cardiotoxicities of the anthracy-
clines has one of the highest affinities for metabolism by AKR’s
[48].

C) ONE ELECTRON REDUCTION OF ANTHRACYCLINES
(SEMIQUINONE FORMATION)

Anthracycline semiquinone formation involves a one-electron
reduction of the quinone moiety. This reaction is thought to be cata-
lyzed by a variety of cellular NADH- and NADPH-dependent re-
ductases. The semiquinone metabolites of anthracyclines are gener-
ally agreed to be more cytotoxic than the parental molecules, both
in combating tumor growth and in their effects on host tissues. The
semiquinone anthracycline may elicit its cytotoxic effects by facili-
tating the alkylation of cellular macromolecules [67] or through the
generation of oxygen radicals [68, 69]. Enzymes that are likely to
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catalyze the one-electron reduction of the anthracycline include
NADPH-cytochrome P450 reductase [70], endothelial nitric oxide
synthase [71], and NADH dehydrogenase (ubiquinone) Fe-S [72].

a) Host toxicity via Anthracycline Semiquinone Metabolites

Along with their efficacy in treating a variety of human neo-
plasms, the anthracyclines are known to cause various hematologi-
cal toxicities, in particular neutropenia associated with DOX treat-
ment [73]. Along with myelosuppresion, DOX treatment can also
cause symptoms such as nausea, vomiting, and cardiac arrhythmias,
all of which are clinically manageable [74]. It is currently unclear
whether these effects are dependent on the reductive conversion of
anthracyclines to their semiquinone form; however, cardiotoxicity
is thought to be particularly dependent on the formation of the
semiquinone metabolite [71, 72].

At the subcellular level, anthracycline-induced cardiomyopathy
is thought to be associated with the drug’s ability to induce mito-
chondrial dysfunction [68, 69]. As with other muscle tissues, car-
diomyocytes rely on mitochondria for ~90% of their ATP produc-
tion [75]. In fact, mitochondria make up about 20-40% of the car-
diomyocyte volume, which is greater than that of skeletal muscle
[76]. The presence of particular reductive enzymes within heart
mitochondria may account for the ability of anthracycline-
containing regimens to induce cardiotoxicity in cancer patients.
Anthracyclines and their semiquinone metabolites have been well
studied for their often irreversible damage to the heart, which can
become apparent between four and twenty years after the comple-
tion of chemotherapy [77].

i) NADH dehydrogenase (Ubiquinone) Fe-S [NDUFS]

NADH dehydrogenase (ubiquinone) Fe-S is associated with
complex I of the respiratory chain within the inner mitochondrial
membrane. It typically catalyzes the transfer of electrons from
NADH to coenzyme Q10 [78]. This high molecular weight iron-
sulfur protein complex (~1000 kDa) consists of 45 subunits, seven
of which are encoded by mitochondrial DNA and the remainder by
the nuclear genome [79]. Anthracycline semiquinone formation is
particularly favorable in the membranes of heart mitochondria. A
study by Nohl et al. found that mitochondria from the heart easily
shuttle single electrons to DOX to promote semiquinone formation.
In contrast, they found that liver mitochondria are ineffective in
producing semiquinones from DOX [72]. Nohl et al. further sug-
gested that NADH dehydrogenase of complex I catalyzes DOX
semiquinone formation in heart mitochondrial membranes and that
this enzyme is absent in liver mitochondria. The semiquinone me-
tabolite can be reoxidized non-enzymatically to produce superoxide
radicals that can lead to DOX aglycone semiquinone formation.
The latter metabolite, due to its increased lipophilicity, can accumu-
late in the inner mitochondrial membrane where it disrupts other
electron carriers of the respiratory chain [72].

ii) Endothelial Nitric Oxide Synthase (eNOS)

Endothelial nitric oxide synthase (eNOS) is a membrane-bound
enzyme located in coronary endothelial cells [80]. Typically, this
enzyme oxidizes the amino acid L-arginine to produce L-citrulline
and the nitric oxide radical NO". This process involves the transfer
of electrons from NADPH, FAD, among other electron donors, as
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well as cofactors including Ca’" and the Ca’'-binding protein
calmodulin [81, 82]. The depletion of one or more of these sub-
strates or cofactors can impair NO™ synthesis [83]. eNOS accounts
for most of the NO™ production in the heart, and regulation of its
activity controls the amounts of nitric oxide produced [80]. In the
cardiovascular system, the basal release of NO' is necessary for
healthy vasodilatory tone [84]. Production of this vasodilator regu-
lates blood pressure and vascular ow to tissues, including the
brain, heart and lungs [84]. Supporting the role of eNOS in anthra-
cycline semiquinone formation, Vasquez-vivar et al. demonstrated
that DOX binding to the reductase domain of eNOS resulted in a
one-electron reduction of DOX to DOX semiquinone in a NADPH-
dependent manner [71]. They also showed that this metabolite was
able to reduce oxygen independently of the enzyme, producing
superoxide [O,7] [71].

Among its many effects on cells, DOX has the ability to induce
eNOS gene transcription and increases the activity of the enzyme in
bovine aortic endothelial cells [85]. Moreover, an antisense RNA
targeting eNOS gene transcripts was able to abrogate DOX-induced
apoptosis [85], suggesting that semiquinone formation was associ-
ated with DOX cytotoxicity. Similarly eNOS appears to play a role
in mediating the toxic side effects of DOX in the host, since Neilan
et al. have shown that eNOS gene knock-out in mice protected
against DOX-induced cardiac dysfunction, injury and mortality
[86]. These investigators further demonstrated that overexpression
of eNOS transcripts in cardiomyocytes of mice resulted in greater
increases in left ventricular dimensions and larger reductions in
systolic function after a single dose of DOX than in eNOS knock-
out or wild-type mice. DOX administration led to superoxide pro-
duction in the hearts of wild-type mice but not in eNOS-deficient
mice and DOX-induced superoxide production was even greater in
eNOS-overexpressing mice than in wild-type mice [86]. By meas-
uring apoptosis in cardiomyocytes using TUNEL assays, the group
further provided evidence that a lack of eNOS protects mice against
DOX-induced cardiac dysfunction, at least in part by preventing
cardiac cell death via apoptosis.

While the above evidence lends support for eNOS’s role in
anthracycline semiquinone-dependent cardiac damage, eNOS
[along with inducible nitric oxide synthase (iNOS) and neuronal
nitric oxide synthase (nNOS)] play important roles in the regulation
of vascular tone by producing nitric oxide [83]. This may be dis-
rupted if anthracyclines like DOX compete with L-arginine as sub-
strates for eNOS. Consistent with this view, as DOX concentrations
increase in cells, eNOS activity becomes devoted to semiquinone
and superoxide generation rather than nitric oxide production [68,
69]. This would result in vasoconstriction of blood vessels in the
heart, which may negatively affect heart health under stress. In
rabbits, the level of systemic nitric oxide decreases considerably
after the administration of DOX [87]. In humans, endothelial-
dependent and -independent vasodilation were found to decrease
considerably after DOX treatment (along with a significant de-
crease in serum nitrate levels [87]), consistent with inhibition of
eNOS-mediated oxidation of L-arginine. Redox cycling, a term
used when there is no net increase in the semiquinone because it is
continuously reoxidized by molecular oxygen, would exacerbate
the inhibition of L-arginine oxidation by eNOS in the presence of
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anthracyclines, since the spontaneous re-oxidation of the semiqui-
none would provide a continuous replenishment of the quinone
substrate. Moens et al. have argued that the uncoupling of eNOS is
known to be a major contributor in pressure-overload induced heart
failure [88].

The role of iNOS in DOX semiquinone production and DOX-
induced cardiotoxicity has been more controversial. It has been
suggested that iNOS may elicit cardioprotective effects due to the
production of nitric oxide [89], while death-promoting effects may
be caused by its facilitation of peroxynitrite formation. Peroxyni-
trite formation is the result of a reaction between nitric oxide and
superoxide radicals [68, 69], which can have DNA damaging ef-
fects [90]. The role of nNOS in DOX cellular toxicity is also un-
clear. One study reported no change in myocardial nNOS transcript
levels upon administration of DOX [91]. Nevertheless, it is sug-
gested that the enzyme catalyses the one-electron reduction of DOX
to the semiquinone form [92].

Other enzymes such as xanthine dehydrogenase (XDH) [93,
94], NADPH dehydrogenase (NQO1) [94], and NADPH oxidase
(NOX) [94] have been implicated in anthracycline-dependent oxy-
gen radical generation, but they may or may not directly catalyse
anthracycline semiquinone formation. For example, NQO1 is sug-
gested to contribute to oxygen radical formation during anthracy-
cline treatment [94] and is thus an important factor in treatment-
related cardiotoxicity; however, it is known to catalyse two-electron
reductions and is even suggested to inhibit one-electron reductions,
such as semiquinone formation [95]. The NOXs have also been
examined for their roles in DOX-related superoxide production and
cardiotoxicity. Gilleron et al. demonstrated that DOX-activated
NOXs contributed to superoxide formation and oxidative-stress
leading to apoptosis in rat cardiomyoblasts. Moreover, inhibition of
NOXs by diphenyliodonium and apocynin strongly reduced DOX-
induced oxygen radicals, as well as cell death [96]. Supporting this
view, experiments using a Nox2 knock-out model revealed that the
left ventricular ejection fraction (8 weeks after DOX treatment) was
considerably higher in Nox2-deficient mice compared to wild-type
mice [97]. Interestingly, the study also showed that the adverse
effects of DOX could be diminished by treatment with the vasodila-
tor losartan [97].

b) Tumor Toxicity via Anthracycline Semiquinone Metabolites

Generally, the semiquinone metabolite of anthracyclines is
thought to be more cytotoxic to tumors than the unmodified qui-
none. Although the ability of DOX to generate reactive oxygen
species in tumors has been well demonstrated, several studies sug-
gest that its ability to create covalent modifications or adducts in
cellular materials accounts for the enhanced effect of the semiqui-
none metabolite relative to the quinone [67, 98]. Cummings et al.
have suggested that within tumors, DOX metabolism is mostly
impacted by NADPH-cytochrome P450 reductase [99].

i) NADPH-Cytochrome P450 Reductase (CPR)

NADPH-cytochrome P450 reductase (CPR) is a membrane
bound enzyme localized to the endoplasmic reticulum [100]. It is an
essential reductase, as its ability to transfer electrons is required for
the functionality of most cytochrome P450 enzymes [101] and
heme oxygenases [102]. It is also an important component of xeno-
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biotic metabolism and plasma cholesterol homeostasis [102]. CPR
catalyses the conversion of DOX to its semiquinone form and it is
suggested that this transformation can occur in a variety of benzan-
throquinones, including DNR and DNROL [70]. Bartoszek ob-
served that MCF-7 cells treated with varying doses of DOX in the
presence of exogenous purified rat P450 reductase and NADPH
were considerably more sensitive (6-fold) to cell killing than cells
incubated with drug alone [67]. Additional experiments showed that
the potentiation of the drug was abrogated when the experiment
was performed by incubating the drug with P450 reductase and
NADPH for an hour at physiological temperatures prior to admini-
stration to tumor cells. This suggested that the semiquinone species
is short-lived, becoming reoxidized back to the quinone form even
in the absence of cells [103]. The enhanced biological effect in this
study was not associated with altered drug uptake, since the concen-
tration of isotopically labeled DOX in the cell was unaffected by
the presence of the reductase [67, 103]. It was also observed that
the one-electron reduction of DOX catalysed by P450 reductase
took place only under aerobic conditions [103] and involved exten-
sive NADPH consumption [67]. The oxygen requirement in the
one-electron reduction was explained using quantum calculations,
which showed that the quinone anthracycline (when in complexes
with singlet oxygen) is a better electron acceptor than the free qui-
none [104] [reviewed in 67].

The possible role of P450 reductase, oxygen radical formation,
and lipid peroxidation in tumor cell killing by anthracyclines was
recently assessed [67]. Malondialdehyde (MDA) levels, a measure
of lipid peroxidation in cells, were only slightly (but not signifi-
cantly) increased in the presence of both DOX and P450 reductase
relative to the drug alone. Moreover, the correlation between MDA
levels and drug cytotoxicity was quite weak [67]. A variety of radi-
cal scavenging agents have been previously shown to affect DOX-
induced oxygen radical production [105, 106], but Bartoczek et al.
observed that oxygen radical formation was not responsible for
tumor cell death in the presence of CPR [103]. These researchers
and others further showed that CPR caused a significant increase in
the amount of irreversible associations between radiolabeled DOX
and both cellular proteins and DNA and that the formation of these
adducts correlated with drug cytotoxicity [67, 103]. These findings
thus suggested that CPR’s ability to enhance DOX cytotoxicity
appeared to be related to the formation of alkylating metabolites
rather than augmented redox cycling.

Kostrzewa-Nowak et al. investigated the effects of human liver
CPR on reductive activation of DOX during the treatment of human
promyelocytic HL60 cells and multi-drug resistant derivatives of
these cells overexpressing either P-glycoprotein or MRP-1 [98].
The study involved the reductive activation of DOX by CPR and
NADPH extracellularly, followed by treatment of the cells, allow-
ing the metabolite to diffuse into the cells. Their findings indicated
that NADPH is a necessary cofactor for CPR-dependent reductive
conversion (semiquinone formation) and this formation does not
occur at NADPH concentrations below 500 uM. Only at high
NADPH concentrations was CPR effective at both reductive con-
version of DOX and achieving between a two and three-fold in-
crease in toxicity in both the DOX-sensitive and DOX-resistant
human leukemia cell lines [98]. The study was conducted at clini-
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cally relevant doses of DOX, since DOX levels can reach 1-2 uM
in the plasma of patients receiving treatment [14]. Interestingly,
since drug potentiation occurred in cells overexpressing drug trans-
porters capable of exporting DOX out of the cells, it was further
proposed by Kostrzewa-Nowak et al. that the reactive metabolite is
able to bind to cellular targets and escape MDR protein pumps [98].
These investigators also showed that the addition of superoxide
dismutase, an oxygen radical-scavenging enzyme, abrogated reduc-
tive conversion of DOX by CPR in the presence of sufficient
NADPH [98]. Given that superoxide dismutase is known to scav-
enge singlet oxygen [107], this is consistent with the proposal by
Tempczyk et al. that quinone anthracyclines interacting with singlet
oxygen are better electron acceptors than free quinones and that a
DOX-singlet oxygen complex may be required for semiquinone
formation [104].

As recognized by Kostrzewa-Nowak et al., there is some evi-
dence that contradicts CPR's potential role in DOX activation. Ni-
itsu et al. have also shown an inverse relationship between CPR
expression and DOX cytotoxicity [108]. However, Kostrzewa-
Nowak et al. address this discrepancy by arguing that the reductive
activation of DOX by CPR “could be influenced by many factors
such as bioavailability of NADPH, levels of other competing meta-
bolic enzymes, and tissue-specific antioxidant defence systems"
[98].

Another study supports the notion that reductive conversion of
DOX increases its cytotoxic effect in tumor cells [109]. In this
study, two acute lymphoblastic leukemia (ALL) cell lines were
characterized for their ability to reduce DOX to the semiquinone.
One cell line was sensitive to DOX (EU3-Sens) and the other was
resistant (EU1-Res). The levels of transcripts and activities for a
variety of enzymes and cofactors required for the reductive conver-
sion of DOX were monitored in the cell lines and it was found that
the DOX-sensitive cells exhibited lower intracellular quinone levels
and higher NADPH levels than DOX-resistant cells. This is consis-
tent with CPR-dependent reductive conversion of the drug to the
semiquinone form. It was also determined that the DOX-resistant
cells had higher levels of the superoxide-generating enzyme
NADPH oxidase 4 (NOX4) and lower glucose-6-phosphate dehy-
drogenase (G6PDH) expression. The latter enzyme is responsible
for regenerating cellular NADPH. The authors suggest that these
changes in NOX4 and G6PDH expression favour the redox cycling
and reduced cytotoxicity of DOX in DOX-resistant cells. Interest-
ingly, these investigators conducted similar experiments at lower
DOX concentrations (100 nM) and found increased quinone accu-
mulation in the drug-sensitive cell line relative to the drug-resistant
cell line [109].

Given all of the above investigations, there is strong evidence
for DOX semiquinone formation in both cardiac tissue and tumor
tissue and this is associated with its increased cytotoxicity. The
mechanism by which the semiquinone metabolite promotes cell
death appears to differ considerably between cardiac and tumor
tissue. Oxygen radical production resulting from DOX, the
semiquinone metabolite, and redox cycling between the two, occurs
in cardiomyocytes and is important in cardiotoxicity [105, 110]. In
contrast, redox cycling and oxygen radical formation does not ap-
pear to contribute to tumor toxicity. Rather, alkylation of cellular
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targets by the semiquinone metabolite appears to promote increased
DOX cytotoxicity [67, 103]. The enzymes responsible for anthracy-
cline semiquinone formation also appear to differ considerably
between tumor and host tissues, especially since malignant trans-
formation itself has been shown to be associated with increased
levels of CPR [111]. The differences between host and tumor tissue
with respect to the enzymes involved in semiquinone formation as
well as the mode of toxicity of the semiquinone metabolite may
highlight some inherent differences between healthy and malignant
tissue, the latter being considerably more genetically unstable. This
genetic instability may help to explain why reductive conversion
seems to be a requirement for killing tumor tissue but redox cycling
may be sufficient for damaging cardiac tissue, as tumor cells may
be more adaptable to increased oxygen radical production. Moreo-
ver, DOX-resistant tumor cells may have alterations in their cellular
physiology that favor redox cycling. These differences in anthracy-
cline metabolism between host and tumor tissue may present unique
opportunities to improve tumor killing by anthracyclines, while
sparing host toxicities.

D) REDUCTIVE DEGLYCOSIDATION OF ANTHRACY-
CLINES (DEOXYAGLYCONE FORMATION)

The third, and minor, route of anthracycline metabolism in-
volves the reductive deglycosidation of anthracyclines to 7-
deoxyaglycone metabolites. The 7-deoxyaglycone form of an an-
thracycline is essentially the drug with the sugar moiety removed.
The formation of 7-deoxyaglycone requires a two-electron reduc-
tion and absolutely requires an anaerobic environment and NADPH
[27]. It is generally believed that the formation of the 7-
deoxyaglycone metabolite inactivates the parent molecule. How-
ever, the 7-deoxyaglycone metabolite has been implicated in the
production of ROS by intercalating with the inner mitochondrial
membrane due to the increase in lipid solubility that accompanies
the loss of the sugar moiety [14, 112]. This intercalation into mem-
branes has also been thought to cause a form of benign acute toxic-
ity in the human myocardium via ROS production [32], although
the cardiotoxicity is not to the extent of that observed for the parent
molecule. For DOX, the 7-deoxyaglycone metabolite can be pro-
duced from both the parent DOX molecule and also from the me-
tabolite DOXOL. Considering that the four main anthracyclines
(DOX, EPI, DNR, and IDA) share very similar structures it can be
inferred that the formation of 7-deoxyaglycone would occur in
similar ways for all four anthracyclines. Formation of the 7-
deoxyaglycone metabolite occurs via three enzymes: NAD(P)H
Quinone Oxidoreductase 1 (NQOT1), Cytochrome P450 Reductase
(CPR), and Xanthine Dehydrogenase (XDH).

a) NQO1

NAD(P)H Quinone Oxidoreductase 1 (NQO1), also known as
DT-diaphorase, is an NADH- or NADPH-dependent enzyme [99].
The main role of NQOL is to detoxify quinones via a two-electron
reduction [27]. Other roles that NQO1 fulfills include the mainte-
nance of antioxidants [113], the stabilization of p53 [114, 115],
acting as a superoxide scavenger [116] and a 20S proteasome gate-
keeper [117]. However, NQO1’s ability to perform a two-electron
reduction of anthracyclines to form the deoxyaglycone metabolite
depends heavily upon the physiological environment at the tumor
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site [99], with the deoxyaglycone only forming under hypoxic con-
ditions [118]. In this way the harmful semiquinone metabolite is
bypassed in favour of the inactive deoxyaglycone metabolite.
NQOIL has also been implicated in the formation of semiquinone
radicals of anthracyclines in an aerobic environment [27, 94], not-
ing, however, that the deoxyaglycone metabolite is the predominant
metabolite under anaerobic conditions [99]. Interestingly, NQO1 is
predominantly found in the cytosol of cells [99], with the highest
levels of the enzyme found in cardiovascular tissues and the liver
[119].

NQOI1 expression is induced by many xenobiotics via the
Keap1/Nrf2/ARE pathway [120]. While Nrf2 is a critical transcrip-
tion factor involved in cellular protection from toxic xenobiotics, it
is kept at low levels under unstressed conditions by Keapl [121].
The promoter region of the NQO1 gene contains multiple antioxi-
dant response elements (AREs) and a xenobiotic response element
(XRE) [119, 120] that bind Nrf2 and regulate NQO1 expression.
Nrf2 has been implicated in chemotherapy drug resistance in vitro.
Increased Nrf2 expression and activity have been associated with
increased NQO/1 levels and DOX resistance in both A2780 ovarian
tumor cells and MCF-7 breast cancer cells [54, 122, 123]. While
inactivation of Nrf2 in these cell lines can restore DOX cytotoxicity
[124], it has been shown in rabbits that continuous treatment with
anthracyclines does not elevate Nrf2 levels, while NQO1 levels are
down-regulated [125].

Recently, a number of NQO1 polymorphisms have been identi-
fied and their relationship to patient survival after anthracycline
chemotherapy was assessed. One such NQO1 polymorphism
(C609T) results in a Prol87Ser substitution, which results in the
increased ubiquitination and degradation of the protein [126]. Due
to the degradation of NQOI1, there is an impairment in ROS detoxi-
fication and reduced survival after chemotherapy [127]. If a patient
is homozygous for the T allele (Ser substitution), the enzyme activ-
ity appears to be reduced to only 2% of the wild type enzyme (ho-
mozygous for the C allele) [126, 128, 129]. Although the T allele
has not been found to be significantly related to patient survival at
all common cancer sites [127, 130, 131], there is a clear trend to-
ward an increased overall cancer risk associated with this polymor-
phism [130]. Moreover, this lack of significance could be attributed
to the small sample size associated with the low frequency T allele
[130, 131]. Interestingly, inhibition of NQO1 by dicoumarol was
found to be associated with an increase in DOX-induced
cardiotoxicity, suggesting NQO1 may play a protective role against
DOX-induced cardiotoxicity [132].

b) CPR and XDH

Cytochrome P450 Reductase (CPR) is also dependent on
NADPH [99]. CPR can catalyze both redox cycling in an aerobic
environment and 7-deoxyaglycone formation in an anaerobic envi-
ronment [99]. It has been shown that DOX is stoichiometrically con-
verted to the inactive 7-deoxyaglycone metabolite by CPR, and, simi-
lar to NQO/1, this formation was completely abolished in an aerobic
environment [99]. CPR is found predominantly in the liver; however,
it can be found in other organs such as the lung or the kidney [133].
Interestingly, the anthracyclines DNR and DOX have been shown to
suppress the activity of CPR in rabbit hepatocytes in vitro [134].
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Xanthine Dehydrogenase (XDH) is less effective than both
NQOI1 and CPR at generating 7-deoxyaglycone metabolites of an-
thracyclines [99]. Consequently, its role in this process is less stud-
ied. XDH has also been implicated in the formation of the semiqui-
none radical [94].

E) STRATEGIES TO IMPROVE CLINICAL RESPONSE
AND/OR REDUCE CLINICAL TOXICITY TO ANTHRA-
CYCLINES

As mentioned previously, one of the most prevalent and serious
side effects that limits the use of anthracyclines is their cardiotoxic-
ity. This is particularly the case for breast cancer patients undergo-
ing anthracycline-based adjuvant or neoadjuvant chemotherapy
[135]. To reduce the incidence of cardiac toxicity, longer infusion
rates are employed to reduce peak plasma levels of anthracyclines.
Their cumulative doses are also closely monitored. Nevertheless,
these strategies do not completely eliminate the risk of cardiotoxic-
ity [136]. Reduced cardiotoxicity with anthracyclines using liposo-
mal formulations of DOX or DNR to selectively target tumor tissue
has shown some efficacy in a clinical setting [137]. Another method
for preventing anthracycline-induced cardiotoxicity involves the
use of pharmacological cardioprotective agents, such as dexra-
zoxane [138], ascorbic acid [139], and an engineered bivalent
neuregulin [140]. To date, the only agent in this class that has been
approved for use and has shown significant clinical efficacy is the
iron chelator dexrazoxane (DEX) [138, 141]. While other pharma-
cological cardioprotective agents have been tested in an in vitro
setting, their use clinically is uncertain at this time.

Two approaches have been used to improve the therapeutic
index of anthracyclines. One involves altering the metabolism of
the drugs in order to enhance their cytotoxic effects on tumors by
enhancing their therapeutic mechanism of action. This could in-
clude nucleic acid intercalation, topoisomerase Il inhibition, iron
mediated generation of ROS, and other processes that could lead to
improved killing of tumors in vivo [14]. A second approach is to
reduce the systemic toxicity of anthracyclines by further chemical
modification of anthracyclines or by selectively inhibiting off target
effects of the drug and its metabolites, such as cardiotoxicity. Ex-
amples of these approaches are illustrated below.

a) Modulators to enhance the tumor cytotoxicity of anthracy-
clines

i) AKR and CR Inhibitors

As mentioned previously, the 13-hydroxylation of anthracy-
clines by AKRs substantially reduces their tumor cytotoxicity [37,
39, 40]. Thus, blocking the formation of hydroxylated metabolites
could improve the efficacy of anthracyclines. Inhibiting AKRs with
agents such as 2-hydroxyflavanone [48] or beta-cholanic acid [54,
55] have been shown to increase anthracycline cytotoxicity in an-
thracycline-resistant cell lines overexpressing AKRs, but it is un-
clear whether a similar improvement in clinical response to anthra-
cyclines would be realized in patients with tumors that have intrin-
sic or acquired resistance to these agents. The semisynthetic fla-
vonoid 7-mono-O-(B-hydroxyethyl)-rutoside, commonly known as
monoHER, is known to effectively inhibit CBR1. However, unlike
the AKR inhibitors, MonoHER has been documented in a phase II
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clinical trial to protect metastatic cancer patients from DOX-
induced cardiotoxicity [142]. This may be through its ability to
reduce production of the cardiotoxic metabolite DOXOL. Mono-
HER has also been shown to potentiate the cytotoxicity of DOX in
human liposarcoma cells by reducing NF-xkB activation and pro-
moting DOX-induced apoptosis [143]. In vitro and in vivo experi-
ments have shown that monoHER does not interfere with the anti-
tumor effect of DOX. Interestingly, high doses of monoHER
(>1500 mg/m2) can augment DOX’s anti-tumor effect, while con-
siderably lower doses are required to achieve monoHER’s cardio-
protective effect [68].

b) Strategies to Reduce the Systemic Toxicity of Anthracyclines
i) Iron Chelators (Dexrazoxane)

Iron is known to potentiate the toxicity of anthracyclines by
transforming relatively safe species like O2 *— and H,0, into much
more reactive and toxic hydroxyl radical (OHe) or iron-peroxide
complexes that have the capacity to damage DNA, proteins, and
lipids [8, 144]. It has also been proposed that the redox cycling of
the quinone moiety would allow anthracyclines to increase cellular
levels of iron by mobilizing ferritin, a ubiquitous intracellular pro-
tein that stores and releases iron [145]. In addition, doxorubicin
treatment has been shown to result in the preferential accumulation
of iron inside the mitochondria of cardiomyocytes [146]. This re-
sults in amplification of iron-mediated oxidative stress [147, 148].
Moreover, doxorubicin-induced DNA strand breaks and changes in
gene expression that lead to defective mitochondrial biogenesis and
ROS formation (and subsequently cardiotoxicity) appear to be re-
duced in mice having cardiomyoctyes possessing Top2b deletion
mutations, suggesting that cardiotoxicity by doxorubicin involves
the action of topoisomerase 11 [149]. Perhaps one of the best pieces
of evidence that iron plays a pivotal role in the ROS-mediated tox-
icity of DOX comes from numerous studies showing that the iron
chelator dexrazoxane (DEX) can effectively block anthracycline
cardiotoxicity [138]. It has been repeatedly shown to mitigate an-
thracycline toxicity, and is approved for clinical use [150-152].
Marty et al have shown in a randomized phase III study of 164
breast cancer patients that in comparison to patients receiving an
anthracycline alone, patients treated with both an anthracycline and
DEX experienced significantly fewer and less severe episodes of
congestive heart failure, without affecting the tumor response rate
[116]. Other antioxidants have also been shown to reduce both the
ROS generation and toxicity of anthracyclines, but their current use
remains limited [138].

ii) Statins, Beta Blockers, ACE inhibitors, and COX inhibitors

Recent studies have shown that several statins such as lovas-
tatin [153], beta blockers such as Nebivolol [154], ACE inhibitors
(e.g Enalapril) [155, 156] and COX inhibitors demonstrate notable
cardioprotective effects, when used in conjunction with DOX [157].
Interestingly, in a recent review of randomized trials and observa-
tional studies, where a prophylactic intervention was compared with
a control arm in patients with a normal ejection fraction and no past
history of heart failure, the authors demonstrated that prophylactic
treatment with DEX, a beta-blocker, a statin, or angiotensin antago-
nists all can reduce cardiotoxicity [157]. Statins have been sug-
gested as an alternative cardioprotective strategy for anthracycline
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treatments [158]. In mice, DOX increases the cardiac mRNA levels
of B-type natriuretic peptide, interleukin-6 and connective tissue
growth factor, while lovastatin appeared to counteract these anthra-
cycline-induced cardiac stress responses [159]. Zofenopril, an ACE
inhibitor, inhibits cardiotoxicity in rats; however, it is unclear
whether the mechanism is direct ACE inhibition or another off
target cardioprotective effect [160]. The same can be said for stat-
ins, beta blockers and cyclooxygenase-2 inhibitors. The mecha-
nisms by which these agents prevent cardiotoxicity are not well
understood, limiting their use and study as agents to combat anthra-
cycline cardiotoxicity [154]. Moreover, no randomized studies have
been published comparing the cardioprotective efficacy of statins,
beta blockers, ACE inhibitors, or COX inhibitors relative to DEX.

iii) B-glucuronidase-Mediated Release of Anthracycline Prodrugs

Another mechanism for reducing the systemic toxicity of an-
thracyclines, including cardiotoxicity, is to restrict drug action to
tumor sites. For example, a series of glucuronide prodrugs have
been synthesized that render DOX nontoxic to host tissues, since
the hydrophilic glucuronide group added to DOX prevents entry
across hydrophobic cellular membranes. However, the high levels
of B-glucuronidase in tumors then permits the release of cytotoxic
DOX and tumor-specific cell killing [161-163]. While such pro-
drugs have shown promise in pre-clinical models [164, 165], none,
to our knowledge, have yet to enter clinical trials in humans. This
may be due to wide variations in B-glucuronidase levels amongst
patient tumors, necessitating screening of patient tumors for high -
glucuronidase expression [166].

iv) Fullerenol

The chemical modification of fullerenes (specifically, the poly-
hydroxylation of C60 nanoparticles) results in C60(OH)x structures
with differing degrees of antioxidant activity in an aqueous envi-
ronment [167]. One particular fullerene (fullerenol) was able to
protect rat hearts from DOX-induced cardiotoxicity [168]. It has
been proposed that fullerenol protects cardiomyocytes by acting as
a ROS scavenger and/or by removing free iron through the forma-
tion of a fullerenol-iron complex [168]. Previous studies have
shown that application of DOX to Wistar rats causes damage to the
heart and baroreceptors, which results in diastolic dysfunction char-
acterized by increased left ventricle end-diastolic pressure [169].
Fullerenol attenuated these DOX-induced heart disturbances [168].
Fullerenol was also able to successfully treat DOX-induced nephro-
toxicity [170], pulmotoxicity [171], and hepatotoxicity [172] in rats.

v) Synthesis of Non-Cardiotoxic Anthracyclines

An alternate strategy for combating anthracycline-induced car-
diotoxicity is to synthesize anthracyclines with reduced capacity for
cardiotoxicity. For example, a prodrug of DOX (aldoxorubicin) can
be administered at significantly higher concentrations in patients,
without acute cardiotoxicity. Moreover, recent findings further
suggest that aldoxorubicin exhibits stable levels in blood without
accumulation in body compartments such as the heart. This may
explain why the drug is significantly less cardiotoxic than DOX
[173]. The DOX analog GPX-150, modified at two sites to reduce
the formation of cardiotoxic metabolites or ROS, has shown prom-
ise in a recent phase I trial, where it was administered safely to
patients with acceptable toxicity and no cardiotoxocity [174]. An-
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other anthracycline with protein kinase C-activating properties (AD
198) has also shown significant anti-tumor activity. However, un-
like DOX, little ventricular damage was observed in mice adminis-
tered the agent [175].

CONCLUDING REMARKS

In the case of anthracyclines, a knowledge of the metabolism of
these drugs has provided significant insight into how they exert
their anti-tumor effects and their toxic side effects on the host.
Some anthracycline metabolites facilitate the ability of these drugs
to combat the growth of tumor cells, while others suppress cytotox-
icity. The hydroxylation of anthracyclines is of particular interest,
since the hydroxylated metabolites have considerably reduced anti-
tumor activity, but substantially increased cardiotoxicity. By identi-
fying the precise enzymes that play a role in anthracycline metabo-
lism, it has been possible to identify novel chemical agents that can
augment the anti-tumor effects of anthracyclines and/or prevent
negative side effects within the host, including cardiotoxicity, neph-
rotoxicity, and hepatotoxicity. While successful new strategies to
improve the therapeutic index of anthracyclines have recently been
identified, it will only be through future clinical trials in multiple,
independent cohorts of patients that the true efficacy of these
strategies will be known. For one such agent (dexrazoxane), its
incorporation into standard clinical practice clearly appears to be on
the horizon.
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