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Abstract: Certain success has been achieved in the treatment of cancer due to the development of various effective chemotherapeutic 
drugs. However, an increase in their effectiveness (aggressiveness) was associated with a growth of undesirable effects on the entire 
human body, in particular, on the cardiovascular system. The damage to the cardiovascular system from chemotherapy in many cases is 
more significant than from the underlying disease. In recent years, a new direction of medicine has been formed - cardio-oncology. The 
major groups of cardiotoxic chemotherapeutic agents are anthracyclines, inhibitors of epidermal growth factor receptor type 2 (anti-HER2), 
antimetabolites, microtubule inhibitors, proteasome inhibitors, platinum-based chemotherapeutic drugs, and angiogenesis inhibitors 
(inhibitors of vascular endothelial growth factor). This review discusses principal pathophysiological mechanisms of the cardiotoxicity of 
these chemotherapeutic drugs.  
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Introduction  

Cardiotoxicity of medical preparations, as one of their side 
effects, has been known for a long time. The first description of 
cardiotoxic properties of pharmaceutical drugs in the literature 
dates back to 1967, when children, taking doxorubicin for 
leukemia, subsequently developed heart failure, which could lead 
to death even after successfully completing a course of 
chemotherapy. This finding prompted further study of the 
pathophysiological mechanisms underlying the cardiotoxic effect. 
Subsequent publications revealed some of those. High level of 
growth in morbidity and mortality from oncological diseases, as 
well as an increase in the resistance of a number of tumors to 
anticancer medications, created the need for the development 
and improvement of chemotherapeutic drugs, introduction of 
more aggressive treatment regimens, due to which it was possible 
to somewhat reduce the unfavorable trend. However, increasing 
the effectiveness of the anticancer treatment continues to go hand 
in hand with the progression of both short-term and long-term 
adverse cardiovascular effects [1]. This circumstance requires 
researchers to constantly study the pathophysiological 
mechanisms, understanding of which would improve diagnostic 
and cardioprotective measures [2]. 

Cardiotoxicity can be detected using functional and laboratory 
diagnostic methods, each of which has a number of advantages 
and disadvantages. Most of the main provisions (official 
guidelines) and clinical studies, conducted to determine 
cardiotoxicity, focus mainly on changes in functional diagnostics, 

and, specifically, on indicators of systolic myocardial function at 
rest, such as left ventricular ejection fraction (LVEF) and 
development of heart failure symptoms [2]. However, 
chemotherapy, besides a strong impact on LVEF at rest, has a very 
wide range of effects on the cardiovascular system, many of which 
occurs at the molecular and cellular levels and cannot be detected 
at early stages by functional diagnostic methods, due to their 
insufficient sensitivity. Although LVEF changes remain the 
keystone criterium for detecting cardiotoxicity of chemotherapy, 
there is a need to revise the definition and diagnostic criteria to 
include direct effects on the structure of the heart (for example, 
apoptosis and fibrosis), its diastolic function, cardiac conduction 
and arrhythmias, systemic hemodynamics, hemostatic processes, 
along with a heart reaction to trauma and stress [2]. At the same 
time, the pathophysiological mechanisms of these effects of 
chemotherapeutic agents are still poorly understood. 

The main advantages of functional diagnostic methods, such as 
electrocardiography (ECG) and echocardiography (EchoCG), are 
wide availability and low cost. At the same time, low sensitivity is 
considered an apparent drawback of these functional diagnostic 
methods, which are characterized by late establishment of the fact 
of cardiotoxicity (irreversible damage and death of 
cardiomyocytes). Laboratory biomarkers of myocardial alteration, 
e.g., cardiac troponins T and I, as well as natriuretic peptides (BNP, 
NT-proBNP), are highly specific and more sensitive than 
conventional EchoCG and ECG parameters. With development of 
novel technologies on enhancing the detecting ability, troponin 
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immunoassays have acquired the capability to determine lower 
troponin concentrations and thereby register even the smallest 
damage to the myocardium [3-5]. Thus, it has become possible to 
identify damage to cardiomyocytes at the earliest stages (at which 
these cells still retained high viability). This finding is certainly 
important, since early stages are reversible, that is, the timely use 
of cardioprotective measures would probably be able to reverse 
the development of pathophysiological changes. 

Investigating cardiotoxicity of anticancer drugs is a relatively 
new, relevant field of study, as evidenced by the rapid growth in 
the numbers of publications over the past few years. However, 
existing review articles considered an issue of cardiotoxicity of 
anthracyclines (doxorubicin) and epidermal growth factor receptor 
type 2 inhibitors (trastuzumab) in sufficient detail, while 
insufficient attention was paid to other groups of anticancer 
pharmaceutical drugs [3]. In contrast to earlier publications, we 
have tried to comprehensively discuss the pathophysiological 
mechanisms underlying cardiotoxicity of major groups of 
anticancer medications, including those recently approved for 
clinical practice. 

At present, the array of anticarcinogenic agents is very 
significant. Major classes (groups) and a list of chemotherapeutic 
preparations with significant cardiotoxicity are presented in Table 
1. The chemical nature of cardiotoxic medications is very diverse 
and includes both high-molecular-weight protein molecules 
(monoclonal antibodies, for example, trastuzumab, pertuzumab, 
etc.) and low-molecular-weight compounds (smaller molecules, 
such as lapatinib, imatinib, and others) with variable 
pathophysiological effects. 

It should also be noted that cardiotoxicity is inherent in a 
number of other compounds that are not anticarcinogenic, such as 
β2-adrenomimetics (fenoterol, salbutamol, terbutaline), narcotic 
substances (cocaine, methamphetamine), etc. In addition, recent 
data indicate possible cardiotoxicity of statins, which, among other 
things, can increase against the background of physical activity and 
psychological and emotional overstrain [6]. This may be of clinical 
importance, since the combination of additional adverse effects on 
the myocardium is highly undesirable in such conditions. The 
simultaneous use of several pharmaceutical drugs with cardiotoxic 
effects should be avoided, and the adverse factors, contributing to 
cardiotoxicity should be eliminated, or at least reduced as much as 
possible. 

 

Table 1. Major classes of cardiotoxic chemotherapeutic agents 

Class of pharmaceutical drugs Most common medications 

Anthracyclines 
 

Doxorubicin, epirubicin, 
daunorubicin, mitoxantrone 

Epidermal growth factor receptor 
type 2 inhibitors (anti-HER2 

medications) 

Trastuzumab, pertuzumab, ado-
trastuzumab emtansine, lapatinib, 

imatinib 

Antimetabolites 
5-Fluorouracil, capecitabine, 

cytarabine, gemcitabine, 
methotrexate, hydroxyurea 

Microtubule inhibitors Paclitaxel, docetaxel 
Proteasome inhibitors 

 
Bortezomib, ixazomib, carlfilzomib, 
marizonib, oprozomib, delanzomib 

Platinum-based chemotherapeutic 
drugs 

Cisplatin, oxaliplatin 

Angiogenesis inhibitors (vascular 
endothelial growth factor inhibitors) 

Bevacizumab, ramucirumab 
 

 

The main efforts of scientists are aimed at studying the 
pathophysiological mechanisms of cardiotoxicity and searching for 
optimal methods of its detection and prevention at early stages. 
Establishment of molecular mechanisms would allow the 
development of cardioprotective medications to eliminate and 
reduce the harmful effects of chemotherapeutic drugs, while early 
detection of cardiotoxicity would permit to use cardioprotective 
measures at those early stages that may affect the further 
outcome. Since the discovery of cardiotoxicity as one of the types 
of side effects in chemotherapeutic drugs (1967) up to the 
present, a fairly large number of studies have been conducted to 
reveal the major pathophysiological mechanisms of cardiotoxicity. 
Our review is devoted to discussing the pathophysiological 
mechanisms of cardiotoxicity, inherent in each specific class of 
pharmaceutical drugs. 

 

Anthracyclines 

Anthracyclines are considered among the most effective 
anticancer pharmaceutical drugs currently in use. Anthracyclines 
are a class of antibiotics, produced by Streptomyces bacteria and 
discovered about 60 years ago. They are used to treat many 
different forms of cancer: lymphoma, leukemia, sarcoma, breast 
cancer, etc. [7]. The most commonly used anthracycline drugs in 
routine practice are doxorubicin, epirubicin, daunorubicin, and 
mitoxantrone [8]. 

Anthracyclines exhibit antitumor properties via four main 
mechanisms: 1) disruption of the nucleic acid synthesis (DNA and 
RNA) by intercalation between pairs of nitrogenous bases; 2) 
inhibition of topoisomerase II (which leads to DNA breaks and 
prevents its repair by ligation); 3)  modification of histone proteins, 
weakening DNA recovery; 4) increase in formation of free radicals 
(reactive oxygen species), mediated by iron, which leads to 
damage to nucleic acids and intracellular protein-lipid structures 
[7, 9, 10].  

Although anthracyclines, due to their high antitumor efficacy, 
remain the most effective and widely used therapy, their use is 
limited by a number of factors. One of the limiting factors in the 
general use of anthracyclines is their ultimate cardiotoxicity. Heart 
failure and left ventricular (LV) dysfunction are the most 
dangerous short-term and long-term complications of 
anthracyclines, occurring in 5-23% of patients, causing a decrease 
in their physical performance (i.e. disability) and an increase in 
mortality [11].  

The risk of early and late cardiotoxicity of anthracyclines is 
highly dependent on the cumulative effects of anthracycline. At a 
cumulative dose of 400 mg/m2, there is a 5% risk of developing 
heart failure, which increases to 25% at 700 mg/m2 [12]. In 
patients with additional risk factors, such as age (under 18 and 
over 65), previous or underlying cardiovascular disease 
(hypertension, left ventricular hypertrophy, coronary artery 
disease, diabetes mellitus, prior or concomitant radiation therapy, 
to reduce the risk in the development of left ventricular 
dysfunction, it is recommended to decrease the total cumulative 
dose to 450 mg/m2. Even at low cumulative doses, e.g., such as the 
standard course of breast cancer therapy, approximately 20% of 
patients have a decrease in LV systolic function during the first 6 
months of treatment [7]. The suppression of LV systolic function 
was explained by experimental studies on animals, demonstrating 
that anthracycline drugs cause atrophy of cardiomyocytes and a 
decrease in the LV mass. According to Ferreira de Souza T. et al. 
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(2018), immediately after anthracycline therapy, the LV mass 
decreased, which indicated cardiomyocyte atrophy. Loss of LV 
mass was associated with the degree of damage to 
cardiomyocytes, assessed by peak troponin T levels [13]. Thus, 
every exposure to anthracycline, even minimal/recommended, still 
contained some risk of cardiac dysfunction. In such conditions, the 
exclusion of other adverse effects on the myocardium could 
become an important circumstance. 

The mechanisms of anthracycline-induced cardiotoxicity 
studied to date are multiple and include the following 
pathogenetic links: oxidative stress, inhibition of topoisomerase II, 
inflammatory processes, and autophagy. 

One of the earliest discovered and thoroughly studied 
mechanisms of alteration is the damaging effect of reactive oxygen 
species. It was found that anthracyclines cause multiple forms of 
cellular damage to cardiac myocytes and endothelial cells due to 
excess production of free radicals induced by the quinone group of 
these compounds [14]. Myocardial tissue is more susceptible to 
the damaging effect of free radicals, since cardiomyocytes are rich 
in mitochondria and have a relatively lower activity of the most 
important antioxidant defense enzymes (superoxide dismutase 
and catalase). In addition, another enzyme that protects 
cardiomyocytes from free radicals, glutathione peroxidase, is 
inhibited by doxorubicin. The accumulation of the toxic metabolite 
of doxorubicin, doxorubicinol, is an important link in the 
pathophysiological action of anthracyclines. Doxorubicin is about 
50-500 times more potent than doxorubicin in reducing the 
systolic function of the heart; it also inhibits the calcium and 
sodium ion exchange pumps in mitochondria, sarcoplasmic 
reticulum and sarcolemma, which contributes to increased 
formation of free oxygen radicals [1]. 

Dexrazoxane, a derivative of ethylenediaminetetraacetate, 
chelates iron (i.e., forms complexes with iron ions), and as a result, 
reduces the number of metal ions that can bind to anthracycline, 
resulting in a decrease in the formation of iron-containing free 
radicals, which largely mediate the cardiotoxic effect of 
anthracyclines. Dexrazoxane was formulated to provide cardiac 
protection against anthracycline cardiotoxicity by reducing the 
formation of superoxide radicals. Dexrazoxane has been found to 
provide cardiac protection against anthracyclines in women with 
advanced breast cancer [15]. Also, some data indicate an 
alternative mechanism, in which the binding of dexrazoxane to 
topoisomerase 2β leads to the degradation of this enzyme [16].  
However, dexrazoxane has not gained widespread use in the 
prevention of anthracycline cardiotoxicity, in part because of 
concerns about a decrease in the antitumor activity (effects) of 
anthracyclines, a role in the development of secondary 
malignancy, and also because of its teratogenic and embryotoxic 
properties. Perhaps a new understanding of the effect of 
dexrazoxane on topoisomerase 2β, as a mechanism for the 
prevention of anthracycline-induced cardiotoxicity, would lead to 
revision of its clinical utility. 

Among the pathophysiological mechanisms of anthracycline 
cardiotoxicity, an important role is played by the effect of 
anthracyclines on topoisomerase II. Recently, the attention of 
researchers has been drawn to the contribution to anthracycline-
induced cardiotoxicity rather than solely to the role of 
topoisomerase II as a molecular target responsible for the 
antitumor properties of anthracyclines. Topoisomerases are 
essential enzymes required for DNA transcription, replication 

and/or recombination. In humans, two topoisomerase II 
isoenzymes are expressed: topoisomerase IIɑ and topoisomerase 
IIβ. Significant expression of topoisomerase IIɑ is noted in rapidly 
proliferating cells, while topoisomerase IIβ is expressed in slowly 
dividing or non-dividing cells, such as cardiomyocytes in the 
postnatal period [17]. Mice, lacking topoisomerase IIβ, are 
protected from DNA damage, caused by anthracycline and 
cardiomyocyte death [8]. A recent genome-wide association study 
identified the retinoic acid receptor gamma (RAR-γ) as a 
susceptibility gene for anthracycline-induced cardiotoxicity, where 
genetic variants of RAR-γ alter the effects of retinoic acid on 
topoisomerase IIβ expression in vitro. These results have led to 
several new avenues of research regarding, whether changes in 
topoisomerase IIβ could provide greater cardiac protection in the 
course of anthracycline treatment [18]. In theory, if an 
anthracycline chemotherapy is designed to selectively target 
topoisomerase IIɑ, but not topoisomerase IIβ, then the cardiotoxic 
effects of such anthracycline preparations could be weakened. In 
addition, by studying/determining the expression of 
topoisomerase IIβ, the risk of anthracycline-induced cardiotoxicity 
can be better predicted/prognosticated. Hence, identifying the 
pathophysiological mechanisms of the effect of anthracyclines on 
topoisomerase II opened a novel direction of research for the 
development of cardiac protection. 

There is some evidence that inflammatory processes play a 
role in the pathogenesis of doxorubicin-induced cardiotoxicity. 
Doxorubicin causes the release of inflammatory mediators, such as 
histamine, tumor necrosis factor alpha and pro-inflammatory 
interleukins from monocytes and macrophages. These cytokines 
have functional receptors in the myocardium, which can lead to 
the development of dilated cardiomyopathy. Jadapalli J.K. et al. 
(2018), in their experimental study of mice, found that doxorubicin 
causes spleen contraction and irreversible dysregulation of 
cyclooxygenase and lectin-like oxidized low-density lipoprotein 
receptor-1, which was accompanied by increased myocardial 
inflammation [19]. 

It has also been reported that autophagy may play an 
important role in the pathogenesis of doxorubicin cardiotoxicity. 
However, due to the inconsistency of studies, investigating the 
effect of doxorubicin on cardiac autophagy and its significance for 
cardiotoxicity, more research is needed [20]. 

Very pronounced arrhythmogenic effect of doxorubicin is 
another important issue. It has been proven that doxorubicin 
affects the action potential of cardiomyocytes, channels, and the 
dynamics of intracellular calcium concentration [21-23]. 
Microscopic changes that may be responsible for the 
arrhythmogenic effects of doxorubicin include: destruction of the 
sarcolemma of cardiomyocytes in the region of the intercalated 
disc, myofibrillary disorder, dissociation of cardiomyocytes in 
muscle fibers, potentially leading to a slowdown in speed and 
conduction disturbances, and a decrease in the expression and 
function of connexin 43. The latter is the main molecular 
component of gap junctions, which are responsible for rapid 
electrical synchronization throughout the myocardium [23, 24]. 

Another important factor contributing to anthracycline-
induced cardiotoxicity is the function of membrane transport 
systems, which modulate the concentration of anthracyclines 
inside cells, including cardiomyocytes, and, as a consequence, the 
strength of the effect of these medications. Efflux, i.e. the outflow 
(release) of anthracyclines from the cell, is partially regulated by 



 

ISSN 2304-3415, Russian Open Medical Journal 4 of 9 

2020. Volume 9. Issue 3 (September). Article CID e0305 
DOI: 10.15275/rusomj.2020.0305 

Cardiology 

 

[ 

© 2020, LLC Science and Innovations, Saratov, Russia www.romj.org 
 

the expression of membrane transporters of the adenosine 
triphosphate-binding cassette (ABC) family, including proteins with 
multidrug resistance (MDR), also known as P-glycoprotein. The 
role of MDR proteins in the development of cardiotoxicity in 
humans has been demonstrated by candidate gene studies, as well 
as genome-wide studies that have identified an interaction 
between MDR1 polymorphisms and cardiotoxicity [25, 26]. A 
recent study confirmed that breast cancer patients, who 
developed cardiotoxicity, had half the expression levels of the 
ABCB1 messenger RNA (adenosine triphosphate-binding cassette 
B1), encoding the MDR1 protein. This finding has a direct clinical 
importance in cancer patients receiving other drugs that are 
substrates of MDR, such as calcium channel blockers (e.g., 
verapamil, diltiazem), which could raise the intracellular level of 
cardiotoxic chemotherapeutic drugs, potentially increasing the risk 
of cardiotoxicity [25]. 

Besides, anthracycline has recently been shown to decrease 
the number of cardiac mesenchymal progenitor cells and the 
circulating progenitor cell population, and, accordingly, reduce the 
heart’s ability to cardiac repair, especially when it is stressed [27, 
28]. In children, the number of mesenchymal progenitor cells is 
higher than in adults, which may explain the delayed development 
of heart failure in them in response to anthracycline therapy. 

Thus, despite the fact that anthracyclines have been an 
effective therapeutic agent for over 50 years, further study of 
molecular pathways is necessary to develop innovative strategies 
to treat and mitigate anthracycline-induced toxicity. Highly 
sensitive methods for measuring troponins have shown that the 
myocardium is a very sensitive tissue to many adverse effects 
(stress, exercise, statins, etc.) [3-5]. A combination of these factors 
with cardiotoxic properties of anthracyclines is highly undesirable. 
Therefore, among the measures to mitigate cardiotoxicity, taking 
into account the data discussed above, we can recommend the 
following: reducing stress and physical exertion, reducing the dose 
of statin or switching to alternative lipid-lowering drugs, reducing 
the intake of calcium channel blockers, as well as using the 
cardioprotective medicine dexrazoxane. 

 

Anti-HER2 drugs 

HER2-targeted agents are a class of pharmaceutical drugs that 
specifically inhibit human epidermal growth factor receptors 2 
(also known as ErbB2), which are members of the epidermal 
growth factor family of receptor tyrosine kinases. Prior to the 
development of HER2-targeted therapy, HER2-positive (HER2+) 
breast cancer patients, characterized by overexpression of HER2 
receptors, had a poor prognosis due to the aggressive nature and 
rapid tumor growth. Trastuzumab was the first HER2-targeted 
chemotherapeutic drug approved by the US Food and Drug 
Administration in 1998 for the treatment of advanced metastatic 
cancer, and then its indications were expanded in 2007 to treat 
early stage HER2+ breast cancer [29, 30]. Chemically, trastuzumab 
is a humanized monoclonal antibody that specifically targets the 
HER2 receptor (ErbB2), located on the cell membrane of an 
atypical cell. Inhibition of HER2 receptors impairs phosphorylation 
(activation) of intracellular tyrosine kinases, which are critical 
regulators of cell growth and survival. Clinical studies have shown 
that trastuzumab improves overall survival in advanced 
(metastatic) breast cancer from 20 to 25 months [31]. For early 
stages of breast cancer, trastuzumab therapy reduces the absolute 
risk of cancer recurrence after surgery by 9.5%, and the absolute 

mortality risk by 3%. Exposure to trastuzumab, besides positive 
antitumor effects, led to some negative consequences in the form 
of minor cardiac dysfunction. The absolute risk of decreased LV 
function was 2.1%, and it usually declined after discontinuation of 
the therapy [32]. 

 HER2-targeted agents can cause asymptomatic cardiac 
dysfunction in some patients and, less commonly, overt congestive 
heart failure. Although the clinical significance of asymptomatic LV 
dysfunction caused by trastuzumab remains unknown, clinicians 
should take this fact into account. The cardiac dysfunction Caused 
by HER2 chemotherapy is ex0lained by impaired signaling between 
the HER2 receptor and its ligand, a growth factor called 
neuregulin.  The ligand-receptor (neuregulin-HER2) signaling 
pathway is critical for the normal growth of cardiomyocytes, as 
well as for survival and maintenance of homeostasis [33]. Thus, 
presumably, HER2-targeted agents can cause a decrease in 
ejection fraction due to the effect on myocytic neuregulin-HER2 
signaling, required for normal cardiac recovery and myocyte 
homeostasis. 

In addition, neuregulin-HER2 signaling regulates other 
functions in the cardiovascular system, including vasomotor tone 
and the sympathetic nervous system. Breast cancer patients 
treated with an anti-HER2 medication have elevated 
norepinephrine levels along with increased blood pressure and 
heart rate [34]. In preclinical models, the expression and activity of 
β-adrenergic receptors is associated with the expression of HER2, 
while HER2 activation is a critical modulator of the toxicity of 
chronic exposure to β-adrenoceptor agonists. Consequently, an 
additional mechanism of HER2-targeted therapy that alters cardiac 
function may be associated with a chronic increase in sympathetic 
tone [35, 36]. Further research is needed to evaluate the effect of 
HER2-targeted therapy on sympathetic tone, and to investigate 
the potential role of β-blockers in alleviating cardiac dysfunction 
associated with HER2 inhibitors. 

 Histological changes after exposure to trastuzumab differ 
from those after the use of anthracyclines. Researchers from 
Michigan State University (USA) studied early histopathological 
changes in the myocardium of rabbits after subcutaneous 
administration of trastuzumab. Rabbit myocardium was largely 
infiltrated with lymphocytes and macrophages. Transmission 
microscopy showed edema with separation of myofibril bundles 
and rupture of sarcomeres. Changes in the mitochondria of 
cardiomyocytes included slight disorganization of the cristae. 
Rabbits treated with sodium selenite prior to trastuzumab 
administration had less pronounced changes, which may be 
indicative of the preventive cardioprotective properties of 
selenium [37]. 

In the past few years, new low-molecular-weight HER2-
targeted agents have emerged. Among these, lapatinib is an oral 
HER2-targeted small molecule that inhibits both the HER2/neu 
receptor and the HER2/neu receptor tyrosine kinase, which, in its 
turn, triggers an intracellular cascade of responses. 

Pertuzumab is a recombinant monoclonal antibody against 
HER2 designed to overcome resistance to trastuzumab [30, 38]. 
Ado-trastuzumab emtansine is one of the newest anti-HER2 drugs 
approved by the US Food and Drug Administration for the 
treatment of metastatic breast cancer that is resistant to 
trastuzumab [39]. Ado-trastuzumab emtansine acts as an 
antibody-drug conjugate with a monoclonal antibody to the HER2 
receptor. This antibody-drug conjugate provides a preferential 
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intracellular delivery of a chemotherapeutic drug mainly to HER2+ 
tumor cells, thereby reducing toxic effects on other tissues and 
cells, in particular on cardiovascular system, while maintaining a 
high antitumor efficacy. 

At present, routine monitoring of cardiac function during 
treatment with HER2-targeted therapy is considered necessary. It 
is recommended to assess LVEF every 3 months during HER2-
targeted therapy and to start treatment for heart failure if LVEF 
falls below 40%. Consideration should also be given to this therapy 
if a patient has a drop in LVEF>10 points below baseline with an 
initial LVEF ≥50% [40]. 

HER-targeted therapy has significantly improved outcomes in 
breast cancer patients, and its applicability is expanding for the 
treatment of advanced gastric cancer that overexpresses HER2+ 
receptors [41]. With continued use of HER-targeted therapy, 
potential cardiovascular side effects are expected due to the 
coincidence of biological effects, mediated by the activation of 
HER receptors (ErbB) among the cells of various tumors and 
cardiovascular system. 

 

Antimetabolites 

Antimetabolites are a class of medicines that interfere with the 
biosynthesis of nucleic acids by replacing normal DNA/RNA 
nucleotides and thereby damage proliferating cells during the 
synthetic phase (S phase) of mitosis. The most common and well-
known antimetabolites include 5-fluorouracil, capecitabine, 
cytarabine, gemcitabine, methotrexate, and hydroxyurea, which 
are commonly used to treat leukemia, as well as ovarian, breast, 
gastrointestinal, and other solid tumors. 5-Fluorouracil is the most 
widely used antimetabolite with cardiotoxicity rates ranging from 
1% to 7.6% [42]. The most commonly reported cardiac effects, 
associated with 5-fluorouracil, are myocardial ischemia, angina 
pectoris, chest pain, and ECG changes (ST segment changes and T 
wave abnormalities). The incidence of ischemia associated with 5-
fluorouracil is higher in patients with pre-existing coronary artery 
disease (4.5%) compared with patients who did not have it (1.1%). 
Reuse of 5-fluorouracil usually reproduces the ischemic syndrome 
and symptoms. Cardiotoxicity usually occurs early (during the first 
to third dose) and is more common after higher doses and 
continuous infusions of the medication [43]. The effectiveness of 
preventive measures is currently controversial. Thus, in standard 
guidelines, prophylactic regimens with antiplatelet agents, 
nitroglycerin, or calcium channel blockers are not recommended 
due to lack of their effectiveness. However, there are two smaller 
studies, in which the prophylactic use of calcium channel blockers 
or nitrates under the conditions of anticancer treatment with 5-
fluorouracil or capecitabine resulted in improvement of anginal 
symptoms [44, 45]. 

The pathophysiology of the cardiotoxicity of 5-fluorouracil and 
capecitabine appears to be multifactorial. Recent studies have 
shown that the toxicity of antimetabolites leads to endothelial 
damage with subsequent development of thrombosis; increased 
metabolism, resulting in  depletion of energy and development of 
ischemia;  oxidative stress, causing cell damage; spasm of the 
coronary arteries, leading to myocardial ischemia; as well as a 
decrease in the ability of erythrocytes to carry and give oxygen to 
tissues (due to an increase in the oxygen affinity of hemoglobin), 
causing myocardial ischemia [46]. 

 

Microtubule inhibitors 

Microtubule inhibitors, also known as taxanes (alkaloids of 
Pacific yew, Taxus brevifolia Nutt.), include two major 
preparations: paclitaxel and docetaxel. Taxanes have antitumor 
effects by disrupting microtubule function. Microtubules are 
protein structures that are part of the cytoskeleton and are 
necessary for cell division, while taxanes stabilize guanosine 
diphosphate-bound tubulin in microtubules, thereby inhibiting the 
process of cell division (mitosis). Taxanes are used in the 
treatment of many solid tumors, including breast and ovarian 
cancers [47, 48]. After the introduction of paclitaxel into clinical 
practice, its cardiotoxic effects were immediately discovered, 
especially the development of cardiac arrhythmias. Bradycardia 
was common, as well as heart block (atrioventricular, bundle 
branch), on the basis of which it was suggested that microtubules 
play a role in the regulation of intracellular calcium levels. The 
researchers found that paclitaxel exposure significantly affected 
the dynamics of intracellular calcium levels in different phases of 
cardiac activity. In the experimental model on isolated 
cardiomyocytes, a decrease in time from the state of maximum 
contraction to relaxation was noted, which predisposed heart to 
various arrhythmias [49].  

As a rule, bradyarrhythmias are asymptomatic, they quickly 
stop by themselves after the end of the taxane-taking course. 
Supraventricular arrhythmias, including atrial fibrillation, atrial 
flutter, and atrial tachycardia, also occur as side-effects of taking 
taxanes. Although their pathogenesis can be multifactorial, one of 
the provoking factors might be polyethoxylated castor oil – the 
paclitaxel delivery vehicle, which induces histamine release [50]. 
Data from a number of clinical studies imply that paclitaxel is 
capable of contributing to the development of LV dysfunction [51]. 
A preclinical study examining the effects of paclitaxel per se, as 
well as in combination with trastuzumab, showed that 
simultaneous inhibition of the HER2 (ErbB2) receptors and 
treatment with paclitaxel had an additive deteriorating effect on 
adult cardiomyocytes, manifested mainly in myofibrillar structure 
and function changes, but not causing death of myocytes [52]. 
Cardiac dysfunction developed in 20% of patients who received 
paclitaxel and doxorubicin simultaneously, against the background 
of much lower cumulative doses than with doxorubicin alone [53]. 
Hence, the combination of trastuzumab and doxorubicin with 
taxanes may be accompanied by a higher incidence of cardiac 
dysfunction, emphasizing the need for further prospective studies, 
investigating the cardiovascular effects of several 
chemotherapeutic drugs used simultaneously, in order to clarify 
synergistic and additive effects on the cardiovascular system. 

 

Proteasome inhibitors 

The ubiquitin-proteasome system regulates protein 
metabolism and activation of intracellular signaling pathways, 
including tumor growth, and promotes cell survival by regulating 
apoptosis. Chemotherapeutic drugs targeting proteasomes have 
found widespread use and have shown high efficiency in the 
treatment of oncological diseases. However, these pharmaceutical 
drugs are also associated with the development of heart failure, 
since the proteasome plays a fundamental role in maintaining the 
structure of heart cells and, accordingly, their functioning [54]. 
Bortezomib was the first proteasome inhibitor used in clinical 
practice to suppress the proliferation of plasma cells in multiple 
myeloma. There are relatively few reports of the onset of heart 
failure in the course of treatment with bortezomib [55, 56]. Due to 
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relatively low incidence of heart failure, many researchers 
consider it relatively safe. However, new proteasome inhibitors 
are currently being developed, including carfilzomib, marizonib, 
oprozomib, irreversible and more aggressive proteasome 
inhibitors. Carfilzomib is currently approved as a second line 
treatment for recurrent multiple myeloma. Although this therapy 
appears to be more effective in cases of resistant myeloma than 
previous chemotherapeutic drugs, there may be a greater 
likelihood of cardiovascular events, including heart failure, sudden 
cardiac death, and acute coronary syndrome [57]. Further studies 
will clarify the cardiovascular safety of carfilzomib and other 
proteasome inhibitors. 

 

Platinum-based chemotherapeutic drugs 

One of the most undesirable effects of platinum-based 
chemotherapeutic drugs, used to treat many solid tumors 
(genitourinary, gastrointestinal, lung, head and neck tumors), is 
vascular toxicity. A common and effective platinum-based 
chemotherapeutic drug is cisplatin, with a cure rate approaching 
90% in patients with testicular cancer. However, with such high 
cure rate value, there is a very high risk of cardiovascular 
complications [58, 59]. 

Platinum-based antineoplastic medications induce intrastrand 
crosslinking of DNA, thereby interfering with vital cellular 
processes such as replication and transcription. Ultimately, these 
crosslinks inhibit DNA repair and synthesis in cancer cells, leading 
to cellular apoptosis. Platinum-based anticancer agents are 
sometimes referred to as alkylating agents by their mechanism of 
action, but they do not have an alkyl group in their composition 
[60]. 

The most studied consequences of late vascular toxicity of 
chemotherapy with platinum-based drugs include hypertension, 
dyslipidemia, early atherosclerosis, ischemic heart disease, and 
Raynaud’s phenomenon [61, 62]. Cancer survivors have an 
increased risk of developing both adverse cardiovascular risk 
factors (obesity, hypertension, hyperlipidemia, diabetes mellitus) 
and cardiovascular diseases [62]. 

Elimination of cisplatin from the body is extremely slow: 
platinum concentrations have been measured in blood serum over 
several years. It is assumed that circulating platinum, continuously 
acting on the endothelium, leads to its damage and dysfunction, 
which adversely affects the cardiovascular system. Research shows 
that endothelial dysfunction develops in patients treated with 
cisplatin for testicular cancer. This is supported by the data, 
according to which, in patients taking cisplatin, the levels of 
endothelial damage biomarkers, such as von Willebrand factor, 
tissue plasminogen activator and type 1 plasminogen activator 
inhibitor, were significantly higher than in the control group. 
Coronary artery disease often develops in patients who survived 
platinum-based chemotherapy. In addition, cisplatin treatment 
induces thickening of the intima-media in the carotid artery wall 
[63]. Taking into account these mechanisms of action and 
observation, it can be assumed that platinum-based 
chemotherapeutic drugs increase the risk of atherosclerosis, which 
needs further confirmation. Unlike anthracyclines, platinum-based 
anticancer agents do not induce systolic dysfunction [64]. 

 

Angiogenesis inhibitors (vascular endothelial growth factor 
inhibitors) 

Vascular endothelial growth factors (VEGFs) are important for 
angiogenesis, and participate in tumor growth as well. Vital 
processes, regulated by VEGF, include angiogenesis, endothelial 
cell survival (via blocking their apoptosis), blood pressure control 
by means of vasodilation, and influence on the contractile function 
of the heart [65]. Given such physiological role of VEGF, serious 
effects of VEGF-inhibiting anticancer medications are somewhat 
expected. 

Arterial hypertension is among the most common adverse 
effects reported for VEGF inhibitors. The hypertensive effect of 
VEGF blockers is dose related, as hypertension is more common in 
individuals receiving higher dosages [66]. In the pathogenesis of 
hypertension caused by VEGF inhibitors, the following 
pathogenetic links are distinguished: an increase in the total 
peripheral vascular resistance, a weakening of vasorelaxation, and 
a dysfunction of the renal glomeruli. For example, VEGFs activate 
endothelial nitric oxide synthase (eNOS), due to which 
vasorelaxation occurs, while VEGF inhibitors, on the contrary, 
suppress this mechanism of vascular relaxation [67, 68]. In mice 
with VEGF deficiency, pathological changes in the renal glomeruli 
were noted in the form of damage to the basement membrane 
and loss of podocytes, which are important elements of the renal 
filter. This mechanism explains the proteinuria observed in 
patients taking VEGF inhibitors [69, 70]. 

 Besides, the use of VEGF inhibitors is associated with an 
increased risk of arterial thromboembolic complications. According 
to F.A. Scappaticci et al., in patients taking bevacizumab 
(monoclonal antibody against VEGF), the risk of arterial 
thromboembolic events (stroke, transient ischemic attacks, 
myocardial infarction) undergoes a threefold increase. This can be 
explained by the fact that activation of platelets results in the 
release of VEGF, which regulates the survival and regeneration of 
endothelial cells, along with a restoration of vascular 
microcirculation, thereby providing antiplatelet role [71]. In 
conditions of VEGF inhibition by anticancer medications, the 
balance between these pro-thrombotic and antiplatelet 
mechanisms is violated, which leads to thrombosis. 

In some patients, receiving VEGF inhibitors, the development 
of hypertrophy and systolic dysfunction was observed. Apparently, 
VEGFs, regulating the growth of the myocardial microvasculature, 
provide adaptation of the heart to arterial pressure overload [72]. 
However, in conditions of VEGF deficiency, the development of the 
microvasculature lags behind the growth of cardiomyocytes, which 
leads to cardiac remodeling and more rapid development of heart 
failure decompensation. 

  

Conclusion  

The presented review shows that cardiotoxicity is a very 
common adverse consequence of using nearly all major currently 
existing anti-cancer drugs: anthracyclines, inhibitors of the 
epidermal growth factor receptor type 2 (anti-HER2), 
antimetabolites, microtubule inhibitors, proteasome inhibitors, 
platinum-based chemotherapeutic drugs, inhibitors of 
angiogenesis (inhibitors of vascular endothelial growth factor). The 
pathophysiological mechanisms underlying the undesirable effects 
on the cardiovascular system are very abundant and include: 
increased oxidative stress, autophagy, apoptosis and inflammatory 
processes, the effect on hemostasis and systemic hemodynamics, 
as well as suppression of cardiac contractile function. A detailed 
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study of the cardiotoxicity mechanisms of each specific drug would 
help developing necessary cardioprotective measures. 
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