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ABSTRACT

Chemotherapy involves the use of one or more cytotoxic drugs to kill rapidly dividing malignant cells. One of the most promising fields
of chemotherapy is the so-called targeted therapy, where a group of antibodies and small-molecule kinase inhibitors are designed to
target key proteins involved in growth and proliferation pathways. Today, targeted therapeutics, such as Imatinib mesylate (Gleevec),
have radically transformed the treatment of solid tumors and some blood malignancies. Unfortunately, emerging chemotherapy-asso-
ciated cardiotoxicity poses unexpected challenges that may limit effective use of these novel drugs. Drug-induced cardiotoxicity is asso-
ciated with cardiac cell death and cardiac dysfunction, which can lead to life threatening heart failure. The mechanisms underlying this
cardiotoxicity remain poorly understood. In this review we discuss the cardiotoxicity of some of the major anticancer chemotherapy
drugs, and summarize recent insights into the mechanisms implicated in cardiac cell death and survival.

RESUME

THE CANCER AND ANTICANCER TREATMENTS

Cancer is a malignant growth caused by the uncontrolled prolif-
eration of abnormal cells. Cancerous cells often have genomic
alterations at multiple sites producing mutations that, among
others, activate oncogenes and repress tumor suppressor genes.
Presently, more than a hundred different types of tumors target-
ing almost all body organs have been described [1,2]. Extensive
research into tumor etiologies and cancer progression has result-
ed in a plethora of anticancer drugs and regimens with varying
efficiency at eradicating the disease. At present, cancer therapies
can involve surgery, chemotherapy, radiation therapy, and cellu-
lar therapy or a combination thereof [3]. This review focuses on
chemotherapy and the associated cardiac toxicity often seen in
cancer survivors.

Chemotherapy involves a group of cytotoxic drugs that kill rapidly
dividing cells by interfering with cell division and DNA synthe-
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sis. The subsequent side effect of this approach is that chemo-
therapy also harms healthy, rapidly dividing cells, such as those
lining the gut and forming the hair follicle. Chemotherapy, which
is performed to either cure or control cancers, can be used alone
or combined with radiation therapy or surgery [3]. A promising
field of chemotherapy is the so-called ‘targeted therapy’, where
antibodies or small-molecule inhibitors are designed to target
key pro-tumorigenic growth inducing cell surface receptors and/
or components of their intracellular signaling pathways such as
protein tyrosine kinases. Currently, more than 10 FDA-approved
agents exist, with many more awaiting approval, offering hope to
patients with cancers that are unresponsive to other treatment
modalities. Interestingly, the high mutation rates affecting pro-
tein kinases in cancers, and their subsequent cancer-driving roles
has triggered the search for kinase-specific inhibitory molecules.
Today, targeted therapeutics such as Imatinib mesylate (Gleevec),
a small molecule targeting the BCR-ABL fusion protein kinase
that causes chronic myelogenous leukemia (CML), have drasti-
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cally transformed the treatment of this malignancy [4,5]. Other
pathways, such as the Phospho-Inositol 3 Kinase (PI3K) pathway
are also altered in cancer due to mutations or amplifications of
several key components, thus making them attractive targets to
drug development. Not surprisingly, the pharmaceutical indus-
try is pursuing agents that can inhibit either receptor tyrosine
kinases upstream of, or pro-growth kinases associated with the
PI3K pathway. There are several agents already in clinical trials,
such as the multikinase inhibitor Lenvatinib and the splenic tyro-
sine kinase inhibitor Fostamatinib [4]. Another aspect of cancer
is the dysregulation of cell cycle regulators. Therefore, targeting
these factors is currently a major focus in cancer research. In fact,
numerous cyclin-D kinases (CDKs) inhibitors, which target these
pro-proliferation kinases, are in development with many in clini-
cal trials [3,4,5].

CARDIOTOXICITY OF CHEMOTHERAPEUTIC AGENTS

Chemotherapy-induced cardiotoxicity is a serious clinical prob-
lem faced by both cardiologists and oncologists (Table 1). Con-
tractile heart cells, known as cardiomyocytes, are prone to
short-term or permanent injury upon exposure to toxic agents
such as recreational drugs and therapeutic agents. Unlike most
other cells, postnatal cardiomyocytes have limited regenerative
capacity. Thus, their loss can cause cardiac dysfunction, which
in turn can lead to heart failure, a disease with worse prognosis
than some cancers [6]. The realization that chemotherapy might
worsen an underlying cardiac problem or create a new one did
not become a concern for cardiologists and oncologists until the
seventies. The cardiac toxicity of anthracyclines, a class of bacte-
rial antibiotics widely used in chemotherapy, was the first to be
described [4-6]. This consequently spurred awareness and exten-
sive research into basic and clinical aspects of chemotherapy as-
sociated cardiotoxicity. Although much of the literature focuses
on causes and mechanisms implicated in anthracycline-induced
cardiomyopathy, other types of chemotherapy-related cardiac
toxicity are also common. For example, Cytarabine, an antimeta-
bolic agent, can negatively affect the cardiac vasculature and the
pericardium resulting in ischemia and changes in blood pressure,
as wellas animbalance in liquid equilibrium and pericardial thick-
ening, respectively [7]. Finally, anticancer drugs such as Imatinib
and anthracyclines can aggravate or induce cardiac arrhythmias
and other cardiac conditions in patients [4,8-10].

In anthracycline-induced cardiac myopathy, left ventricle (LV)
systolic dysfunction is dose-dependent and damage is irrevers-
ible, eventually leading to heart failure. Anthracyclines and other
drugs that cause irreversible cell destruction are known as type
| agents [6,8]. In contrast, many novel drugs that also cause car-
diomyopathies, like the monoclonal antibody trastuzumab used
mostly in breast cancer treatment, or the VEGF receptor anti-
body Bevacizumab, usually induce reversible cardiac damage and
are therefore referred to as type Il agents. Type Il agent-induced

toxicity is not dose dependent and in most cases reversible upon
drug withdrawal [8]. The cardiotoxicity of anthracyclines, and
various targeted chemotherapeutic drugs will be the focus of
the current review.

ANTHRACYCLINES-INDUCED CARDIOTOXICITY

Anthracyclines have been effectively used as anticancer agents
over the past fifty years. They are used in the treatment of leu-
kemias, lymphomas, breast cancer, and sarcomas. They induce
cell death through mechanisms that involve DNA intercalation,
topoisomerase Il inhibition, as well as replication and transcrip-
tion inhibition. At present, the use of anthracyclines is limited
due to their negative effects on the heart, often resulting in car-
diomyopathy [8].

Doxorubicin (DOX), the most commonly used anthracycline, has
been used since the late 1960s. Tumors treated include esopha-
geal and breast carcinomas, osteosarcoma, soft tissue sarcomas,
Kaposi’s sarcoma, and Hodgkin’s and non-Hodgkin’s lymphomas
[10]. Furthermore, in many breast cancer patients, DOX is used
in conjunction with trastuzumab, a monoclonal antibody against
the oncogenic human epidermal growth factor receptor 2 (HER-
2, ErbB-2) [11]. As mentioned earlier, the use of DOX has been
subdued by reports of fatal cardiotoxic events in cancer patients
[1,8,9]. Mechanistically, DOX is known to intercalate DNA and in-
hibit replication, as well as form a complex with iron, increasing
free radical production and inducing oxidative damage charac-
terized by membrane disruption and cellular dysfunction [8,9].
Such effects are especially detrimental to cardiomyocytes, which
are highly susceptible to oxidative damage. Other mechanisms
that contribute to cardiotoxicity include mitochondrial DNA
mutations, calcium handling alterations, and dysregulation of
important cardiac transcription factors, such as GATA4 [9]. DOX-
induced cardiac toxicity is dose-dependent and cellular damage
ranging from vacuolation and contractile elements disarray to
cell death, is irreversible [6,8].

Latent DOX associated cardiomyopathies usually occur within
one month to one year following treatment induction, but can
be observed months after the end of treatment. Known risk
factors for cardiotoxicity include older age, hypertension, dia-
betes, previous cardiac disease, and simultaneous treatment
with other anticancer drugs [10]. Various strategies have been
developed to diminish the risk of cardiac injury, like the use of
DOX analogues, liposomal delivery systems, and the co-admin-
istration of putative cardioprotective agents. These approaches
have had limited success with the most effective being dosage
limitation and alternative drug delivery methods [8]. Treatments
of the resulting cardiomyopathy include angiotensin-converting
enzyme (ACE) inhibitors, diuretics, beta-blockers, and digoxin.
DOX continues to be used in cancer therapy due to its efficacy in
the treatment of many tumors [8,10].
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Over the past decades, research on DOX associated cardiotoxicity
failed to elucidate its underlying mechanism(s). However, most
studies agree on the pivotal role played by DOX-induced oxida-
tive stress, given that DOX chemical structure possesses an inher-
ent tendency to generate free radicals and reactive oxygen spe-
cies (ROS) during its metabolism. Moreover, mitochondrial DNA
damage caused by DOX directly or by ROS was found to cause
respiratory chain failure and increased ROS production [12]. On
the other hand, DOX cardiotoxicity is enhanced by dysregulation
of several pathways including calcium handling, the adrenergic
system, and inhibition of critical cardiomyocyte-specific gene(s),
such as transcription factor GATA-4. GATA-4, a major regulator of
heart development and a postnatal myocytes’ survival factor, is
depleted rapidly in response to DOX treatment [6]. Interestingly,
GATA-4 downregulation was associated with concomitant de-
crease in both antiapoptotic BCL-XL and BCL-2 gene expression,
leading to increased apoptotic cell death. Conversely, enhancing
GATA-4 activity by the al adrenergic agonist phenylephrine or
the adenovirus-mediated overexpression of GATA-4, prevented
DOX-induced apoptosis in cardiomyocytes mainly via the tran-
scriptional activation of both BCL-XL and BCL-2 [6,13].

Most of the cellular events mentioned above trigger cardio-
myocyte death mainly via apoptosis and necrosis, but other cell
death forms, like autophagy, might also play an important role
[12,13]. DOX-induced oxidative stress and the subsequent effect
on cytosolic calcium homeostasis leads to mitochondrial calcium
overload, which in turn triggers mitochondrial permeability tran-
sition (MPT) [12]. MPT results in loss of membrane potential,
swelling, and outer membrane rupture, releasing cytochrome c
and initiating the intrinsic apoptosis pathway [12]. Other studies
found that cardiomyocyte death in DOX-induced cardiac dysfunc-
tion can be explained partly through a Fas-mediated extrinsic
apoptosis pathway [14]. Moreover, necrosis or the more recently
described programmed necrosis could play a major role in DOX-
induced cardiotoxicity. Mechanistically, ATP depletion caused
by mitochondrial uncoupling could favor necrotic rather than
apoptotic cell death [15]. Finally, DOX was also found to increase
autophagic fluxes in cardiomyocytes essentially contributing to
its cardiotoxicity. Once again, increased GATA-4, which controls
many genes involved in mitochondrial biogenesis and stress
response, inhibited DOX-induced autophagy and reduced cell
death, reinstating the central role of GATA-4 as a cardioprotec-
tive, prosurvival signal in adult cardiomyocytes [6].

MONOCLONAL ANTIBODIES AND ASSOCIATED
CARDIOTOXICITY

In the past decade, the use of monoclonal antibodies that can
specifically block the action of oncogenic proteins, mostly growth
receptors linked to tyrosine kinases, has significantly improved
overall survival of patients suffering from certain cancers (Table
1). For example, trastuzumab (Herceptin) and pertuzumab, are
monoclonal antibodies used to antagonize and block the on-

cogenic activity of HER2 (ErbB2). HER2, which is upregulated
in 25-30% of breast cancer patients (HER2+), is responsible for
the development and progression of several types of aggressive
breast cancers. The mutant, constitutively active HER2 receptor
activates growth (MAPK) and proliferation (PI3K-AKT) pathways
leading to the uncontrolled division of cancer cells. Trastuzumab
and pertuzumab can bind the hyperactive HER2 receptor, forcing
its internalization and degradation, and eventually causing can-
cer cell death [16]. These antibodies are thus potent and widely
used breast cancer targeted chemotherapeutic agents, and are
usually administered in conjunction with DOX for maximum anti-
cancer efficiency and better patient prognosis [17]. The reported
percentage of trastuzumab linked cardiotoxic events in patients
ranges between 1.7% and 20% [17,18]. The cardiotoxicity asso-
ciated with anti-HER2 therapy appears to be dose independent
and reversible, although there is present controversy regarding
the reversible nature of cardiac damage. Mechanistically, ErbB2
blockade can induce cardiomyocyte cell death through the acti-
vation of the mitochondrial apoptotic pathway [19]. Previous or
concomitant exposure to DOX increases the risk of cardiac events
in anti-HER2 treated patients. Some of the suggested mecha-
nisms include the downregulation of several prosurvival path-
ways (ERK and AKT pathways), increased accumulation of DOX in
cardiomyocytes, and impaired angiogenic and myogenic cardiac
programs [20].

Other monoclonal antibodies used as chemotherapeutic agents
include the anti-angiogenic Bevacizumab, which binds to vascu-
lar endothelial growth factor (VEGF) and Ramucirumab, which
binds to the type-2 receptor (VEGFR2). These antibodies po-
tently suppress the proangiogenic VEGF/VEGFR pathway and
thus limit angiogenesis in tumors. Unfortunately, the inhibition
of the VEGF/VEGFR pathway triggers pathologic alterations in the
cardiovascular system [21]. Clinically, around 10% of patients re-
ceiving bevacizumab or ramucirumab develop hypertension and
2-3% receiving bevacizumab suffer from heart failure [22,23].

KINASE INHIBITORS AND CARDIOTOXICITY

Kinase inhibitors (KIs) are small molecules that mostly com-
pete with ATP for binding to the kinase ATP pocket. The bind-
ing of these molecules blocks the phospho-transferase activity
of an oncogenic kinase preventing the phosphorylation of down-
stream substrates. KiIs bind the pocket with a very high affinity
at low cellular concentrations (nM to uM), given the abundance
of ATP in a cell (mM) [24]. Type | inhibitors, which target the ATP
pocket only, are less selective and often lead to off-target effects
and potential toxicity. This poor selectivity is addressed in type Il
inhibitors, like Imatinib mesylate, which usually recognize other
regions of the kinase in addition to the ATP pocket. Type Il inhibi-
tors are thus more selective and typically more potent because
they can bind and inhibit the kinase in both its active and inactive
conformations. Finally, type IIl inhibitors, target kinase-specific
non-conserved regions different than the ATP pocket, and there-
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fore, are excellent selective KlIs. Unfortunately, type Il inhibitors
represent a very small percentage of Kls due largely to design-
associated challenges. Interestingly, the superior effectiveness
of more selective inhibitors over non-selective ones has been
challenged in a variety of oncological and inflammatory diseases,
given that non-selective Kls can target other kinases that might
be essential for disease progression and would typically lead to
a better anticancer efficacy [24]. Finally, non-selective Kls can be
used in more cancers and may be more appealing for drug de-
velopment.

The human kenome is composed of 518 kinases, out of which
around 90 are tyrosine kinases (TKs) [25]. Tyrosine kinases can be
either receptor tyrosine kinases (RTKs) or non-receptor TKs. TKs
are usually heavily mutated or amplified in cancers and there-
fore the development of therapeutic TK inhibitors (TKls) has ex-
ploded recently. Imatinib mesylate (Gleevec, Novartis), was the
first TKI to reach market following FDA approval in 2001. Imatinib
approval as an anticancer drug paved the way for several tyro-
sine-kinase-targeted therapies [25]. Imatinib inhibits the tyro-
sine kinase activity of the BCR-ABL fusion protein resulting from
a chromosomal translocation, known as the Philadelphia chro-
mosome. The BCR-ABL fusion protein dimerization phosphory-
lates the ABL kinase domain leading to its constitutive activation.
This constitutively active kinase activates antiapoptotic pathways
(RAS-ERK, PI3K-AKT, JAK-STAT), ultimately enhancing cell division
and inhibiting DNA repair leading to chronic myelogenous leu-
kemia (CML) [Reviewed in 26]. During the pre-Imatinib era, CML
was treated by anthracyclines, interferons, and bone marrow
transplantation albeit with variable successes [reviewed in 27].
The discovery of Imatinib revolutionized the treatment of CML
patients, with over 70% cytogenic remission and initially report-
ed minimal side effects, which included peripheral edema and
dyspnea. In addition to its inhibition of BCR-ABL, Imatinib inhib-
its the receptor for stem cell factor (c-KIT), usually upregulated
in gastrointestinal stromal tumors (GISTs), and platelet derived
growth factor receptors (PDGFRs), which play important roles in
other cancers including GIST and glioblastoma [24]. Lately, Ima-
tinib use has been extended to the treatment of more than 10
solid cancers including gastrointestinal stromal tumors and pros-
tate cancer [Reviewed in 26].

Numerous reports on the effect of Imatinib therapy on the de-
velopment of congestive heart failure (CHF) emerged recently
[28-30]. These studies have been highly controversial given the
results of IRIS (International Randomized Study of Interferon
versus STI571, Imatinib), where the overall incidence of CHF was
about 1% in both the imatinib and the interferon arms [31-33].
The discrepancy could be attributed to the lack of accurate and
extensive cardiac function monitoring in most cancer clinical tri-
als, and/or to variables that can affect cardiovascular parameters
like age, sex, or obesity. When tested in vitro in cultured cardio-
myocytes and in vivo in mice, Imatinib was found to induce cell
death associated with early apoptotic features, and to lead to

compromised cardiac function, proving that it has the potential
to cause CHF. Our lab as well as others found that imatinib-in-
duced cardiomyocyte death was triggered or at least associated
with a dysregulated mitochondrial function [26,34], an anomaly
aggravated in aging hearts [35].

Mechanistically, Imatinib-induced cardiotoxicity was suggested
to be partly due to its direct inhibition of c-ABL in cardiomyo-
cytes. Furthermore, the endoplasmic reticulum stress response
was found to be activated in treated cardiac myocytes [34], a
situation known to ultimately provoke cell death. Although the
pathways implicated in Imatinib-induced cardiac toxicity are still
not fully understood, we recently reported that the upregulation
of Bcl-2, an antiapoptotic protein, protects against imatinib car-
diotoxicity. Remarkably, we also found that this cardiotoxicity is
age-dependent and more evident in old mice. Our results provid-
ed new insights into the mechanism of Imatinib negative effects
on the heart and offered a possible explanation for the current
controversy regarding imatinib-induced cardiotoxicity in cancer
patients [26]. Interestingly, a new study found that chronic ima-
tinib treatment induces intracellular calcium ion accumulation,
pathologic hypertrophy and remodeling, as well as cell death in
ex vivo and in vivo cardiac models [36].

Sunitinib, which is used against renal cell carcinoma and gastro
intestinal stromal tumors, and inhibits VEGFRs, PDGFR, and c-kit,
was another multitargeted TKI shown to induce cardiotoxicity in
cancer patients. Chu et al. reported that 28% of patients receiving
the approved dose had 10-15% reductions in the left ventricular
ejection fraction (LVEF). They also found that sunitinib induced
an increase in mean blood pressure and around 47% of patients
developed hypertension [37]. Sunitinib induced mitochondrial
injury and apoptosis in cultured rat cardiomyocytes and mice
[37]. Finally, in an in vitro toxicity assay, sunitinib triggered car-
diomyocyte death, metabolic abnormalities, and lipid accumula-
tion. In this same assay, other TKls were tested and each showed
a distinct toxicity profile reflecting the complex and multiple
mechanisms implicated in this drug-induced cardiotoxicity [38].
This lack of target specificity and multiple off target inhibition
hypothesis is believed to be the major contributor to cardiomyo-
cyte damage and the wide array of cardiovascular anomalies as-
sociated with small molecule kinase inhibitors. Table 1 lists vari-
ous kinase inhibitors, their target kinases, treated malignancies,
and associated cardiovascular events.

DISCUSSION

Cardiac toxicity associated with traditional and targeted che-
motherapy has led to the emergence of the new field of cardiac
oncology. Lately, many hospitals and health centres have estab-
lished on-site specialized cardiac oncology units, where oncolo-
gists and cardiologists jointly assess individual clinical cases in
order to pre-emptively develop carefully monitored treatment
protocols. Basic and translational research done on the increas-
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ing number of novel antineoplastic drugs has had a huge impact,
and scientific breakthroughs continue to shape cancer care pro-
tocols in Canada and the rest of the world. Unfortunately, poorly
understood roles of many kinases in the heart, as well as the
multi-target specificity of small molecule inhibitors are still ma-
jor limitations facing researchers and health practitioners. On
the bright side, with better awareness and development of early
biomarkers, such as plasma BNP, cardiotoxicity might become a
manageable clinical challenge, but its prevention requires fur-
ther insight into cardiomyocyte survival, and the development of
appropriate drugs targeting these pathways.

CONCLUSION

Understanding cardiac survival pathways would ultimately lead
to the development of heart-friendly chemotherapy regimens, or
at least cardioprotective designer molecules that would prevent/
counterbalance the adverse effects of anticancer drugs on the
heart. This important and complex undertaking requires inter-
disciplinary collaboration among medicinal chemists, biomedical
researchers, and clinical scientists from oncology and cardiology.
Eradicating chemotherapy induced cardiac toxicity is a formida-
ble challenge to translational medicine.
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Table 1. Targeted chemotherapeutic agents, targets, treated cancers, and associated cardiotoxicity.

Agent Class Targets Cancer Cardiotoxicity
CHE Asymptomatic
Trastuzumab mAb HER2 HER2+ breast cancer LVEF decline [16,17]
CHE Asymptomatic
Pertuzumab mAb HER2 HER2+ breast cancer LVEF dedline [38]
RCC, CRGC, glioblas- Asymptomatic LVEF
Bevacizumab mAb VEGF toma, NSCLC, decline, Hypertension
breast cancer [21,22]
CHE Asymptomatic
Imatinib TKI ABL, c-KIT, PDGFR (l:iljll;l’a(s}tlc)sr’rlfa LVEF decline
& [24,30,27-29,33]
Sunitinib TKI VEGER, GIST, RCC LVCI:;H; Als};lmplflomaﬁcn
I ¢-KIT, PDGFR ’ cane, - yperen
sion [36]

. HER2+ breast cancer, Asymptomatic LVEF
Lappaiiaily TKI BT, AT ovarian cancer, NSCLC decline [40]
Dasatinib TKI ABL, ¢-KIT, PDGR CML, ALL QT prolongation, Pericar-

dial effusion [4,41]
Nilotinib TKI ABL, c-KIT, PDGFR CML, ALL QT prolongation [41]
CHE Acute coronary
Sorafenib TKI VEGEFR, c-KIT RCC, HCC syndrome, Hypertension
[41]

mAb, monoclonal antibody; CHE congestive heart failure; LVEE, left ventricular ejection fraction; RCC, renal cell carcinoma; CRC, colorectal
cancer; NSCLC, non-small-cell lung cancer; TKI, tyrosine kinase inhibitor; CML, chronic myelogenous leukemia; GIST, gastrointestinal stromal
tumor; ALL, acute lymphocytic leukemia; HCC, hepatocellular carcinoma.
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