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Abstract

Therapy with angiogenesis inhibitors is undoubtedly an advancement in cancer treatment; however, it is associated with a risk of developing cardiotoxicity, which most often manifests in myocardial
contractile dysfunction or an increased risk of thromboembolic events. Heart failure is observed in
2–4% of patients treated with bevacizumab and in 3–8% of patients on antiangiogenic tyrosine kinase
inhibitors.
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The proposed pathomechanisms underlying the impairment in systolic function during antiangiogenic drug treatment include mitochondrial dysfunction, a secondary reduction in cardiomyocyte
ATP production and redox imbalance, which may contribute to pathological states known as “free
radical diseases”. Additionally, therapy with angiogenesis inhibitors may also cause cardiac oxidative
stress.
The risk factors for cardiac complications include arterial hypertension, which is a known “class effect”
of this class of drugs, as well as a number of other factors such as age, comorbidities, prior radiotherapy and baseline left ventricular ejection fraction.
The cardiovascular diseases are still the first cause of death in the world. The more effective oncological treatment becomes, the more often comorbidities occur. This fact seems to demand interdisciplinary approach from investigators and practitioners.
This article presents the current state of knowledge on the molecular mechanisms of cardiotoxicity of
antiangiogenic drugs used in routine clinical practice.
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cacy, these drugs also cause a wide range of cardiovascular complications. These are mainly arterial hypertension, left ventricular

cally significant complications of cancer therapy. The term “cardi-

systolic dysfunction and the risk of thromboembolic complica-

otoxicity” is generally used to describe all cardiac adverse effects

tions. Cardiac arrhythmias and acute coronary events, including

caused by oncological treatment or by specific cardiovascular

sudden cardiac death, are observed much less frequently.

ly

Introduction
Cardiac toxicity is a broad term that encompasses the most clini-

disorders, such as hypertension or hypotension, left ventricular
systolic dysfunction, myocardial infarction, rhythm and conducof radiotherapy, coronary artery disease, valve defects and peri-

Molecular mechanisms underlying the
cardiotoxicity of antiangiogenic therapies

on

tion disturbances, myocarditis and pericarditis, and in the case

The practice guidelines of the Task Force of the European Society

Arterial hypertension

of Cardiology under the heading cardiovascular complications in

us
e

cardial complications, which may occur during such therapy [1].

cancer treatment also include issues related to the risk of lipid
disorders, stroke and pulmonary hypertension, as well as thromboembolic events [2].

Blood pressure may rise in the first days of antiangiogenic therapy. In the case of sorafenib, it has been estimated that this effect may occur even before therapeutic drug levels are achieved.
From this, it can be concluded that the primary mechanism for
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the increase in blood pressure is blocking the production of en-

In addition to regular electrocardiographic evaluation, the “gold

dothelial vasodilators such as nitric oxide (NO), and perhaps oth-

standard” for cardiotoxicity assessment is echocardiographic

ers like haem oxidase, endothelin 1 or adrenomedullin [6].

evaluation of left ventricular ejection fraction (LVEF). Modern
diagnostic methods make it possible to assess the direct effect

When explaining the pathomechanism for this phenomenon,

of anticancer treatment on the structure of the heart (e.g., fi-

the role of hypoxia should first of all be emphasised. Under phys-

brosis), rhythm and conduction disturbances, diastolic func-

iological conditions, VEGF synthesis can be triggered, among

tion, function of systemic and pulmonary blood vessels, hae-

other factors, by tissue hypoxia. When the cell becomes deplet-

modynamics, haemostasis and the heart’s response to stress

ed of oxygen, the expression of hypoxia-induced factor (HIF),

factors. Changes in myocardial strain (ε) and the strain rate (SR)

a potent transcription factor for VEGF, is increased. This, in turn,

observed in colour-coded tissue Doppler images during cancer

stimulates the mitosis of endothelial cells and their migration to

treatment, as well as specific cardiovascular biomarkers (e.g.,

vascular regions of the hypoxic area. Furthermore, by stimulating

natriuretic peptide type B and cardiac troponins), may illustrate

endothelial nitric oxide synthetase, it also stimulates endothelial

subtle disturbances in the cardiovascular system, appearing at

cells to produce NO [6].

a very early stage of heart damage, much earlier than the decrease in LVEF [3].

Direct VEGF administration may induce vasodilation and severe
hypotension in patients. This is due to the fact that increased ex-

Most cancerous tumours cannot grow beyond 2–3 mm3 without

pression of endothelial nitric oxide synthase through the phos-

forming their own network of blood vessels (angiogenesis). This

phoinositide 3-kinase/AKT (PI3K/AKT) and mitogen-activated

is due to the need to provide oxygen to the growing cancerous

protein kinase (MAPK) – dependent pathways leads to increase

tissue. Discovery of the tumour’s ability to create and develop its

NO production and, consequently, vasodilation. Most of the

own vascularity, and attempts to inhibit it, have become the ba-

increases in blood pressure are observed in the first week of

sis for the development of new cancer therapy strategies [4]. The

sorafenib therapy and normalise soon after treatment is stopped,

most efficient molecules with antiangiogenic potential are those

which may explain the hypothesis that endothelial-mediated va-

that directly block the activity of vascular endothelial growth fac-

soconstriction is the cause of most of the observed increases in

tor type A (VEGF-A) and its VEGFR-1 and VEGFR-2 receptors. The

blood pressure [7].

above receptors can be inactivated by specific antibodies and by
small molecule tyrosine kinase inhibitors (TKIs). The first group

Preclinical studies and observations in patients have shown that

of antibodies that directly neutralise VEGF include bevacizumab,

endothelial cell apoptosis, which leads to a reduction in blood

ramucirumab and aflibercept. Those that work via a mechanism

vessel density and an increase in afterload, may also play an im-

of blocking VEGFR-1 and VEGFR-2 receptors include sunitinib,

portant role in the pathogenesis of arterial hypertension. It needs

sorafenib, pazopanib, axitinib, regorafenib, nintedanib and cabo-

to be highlighted that VEGF is a factor that strongly stimulates

zantinib [5]. In addition to their unquestionable antitumour effi-

the proliferation of endothelial cells. In an animal model (mouse
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be noted that VEGF plays a key role in both angiogenesis and vas-

in endothelial cells in the tumour vessels was observed as ear-

culogenesis. Research suggests that VEGF is an essential factor

ly as on the third day of treatment with a VEGF inhibitor. VEGF

for maintaining myocardial capillary density, and a reduction in

inhibitors induce apoptosis of endothelial cells and a decrease

the vascular bed (which is a negative effect of anti-VEGF therapy)

in capillary density. These changes were seen in vessels in skin

is associated with the development of compensatory myocardial

biopsies of patients treated with sorafenib. Moreover, necrosis of

hypertrophy leading to heart failure [12].

ly

xenografts with implanted kidney cancer tumours), a reduction

on

the basal membrane of capillaries could also be observed, indicating that endothelial cell apoptosis under anti-VEGF therapy is

When the VEGF-VEGFR pathway is blocked, the density of capil-

not selective for tumour vascularisation [8].

laries in the heart muscle is reduced, contractility is impaired and
fibrosis develops, but these processes only occur under pressure

The pathomechanisms underlying the deterioration in left systolic ventricular systolic function are the subject of intensive
research. There are reports of cardiomyocyte hypertrophy and
changes in the structure of mitochondria (without signs of in-

blocking of the platelet-derived growth factor receptor (PDGFR),
which determines the survival of cardiomyocytes subjected to
haemodynamic stress (a study in a mouse model showed an increase in PDGFR-β expression in myocardial cells in response to
cardiac overload) [13].
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flammation and fibrosis) that are visible under electron micros-

overload conditions. Another important potential mechanism is
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Left ventricular systolic dysfunction

copy of myocardial biopsies of patients treated with sunitinib [9].

However, when analysing the above reports, it should be taken

Another experimental study in an animal model found no mark-

into account that these patients had previously been exposed

ers of apoptosis or fibrosis in the cardiomyocytes of mice that

to the cardiotoxic effects of other drugs, which could potentially

were not subjected to pharmacological induction of hyperten-

generate visible structural changes in cardiomyocytes.

sion after sunitinib administration. The observed phenomenon
may support the hypothesis that the cardiotoxicity of angiogen-

Among the proposed pathomechanisms of impaired left ven-

esis inhibitors may be dependent on the coexistence of iatrogen-

tricular systolic function, the most likely is mitochondrial dys-

ic arterial hypertension, which is a typical complication of this

function with a secondary reduction in cardiomyocyte ATP

class of drugs [14].

production. Analysis of an animal model (mitochondria isolated
from rat myocardium cells) showed negative changes in mito-

During the evaluation of mechanisms underlying the negative

chondrial function after the administration of dasatinib, imatinib,

consequences of sunitinib use, it was shown that mitochondrial

sunitinib and sorafenib, with the greatest toxicity observed with

proapoptotic pathways, activated by the release of cytochrome

sorafenib [10]. Sunitinib may cause heart failure, cardiomyopathy

C into the cytosol and the activation of caspase 9, play an impor-

and left ventricular dysfunction, which may be attributed to its

tant role. Blocking the KIT gene pathway is another postulated

initiation of mitochondrial dysfunction. Mitochondrial dysfunc-

mechanism for the cardiotoxicity of sunitinib. The membrane KIT

tion and redox imbalance may contribute to pathological states

receptor, the ligand of which is stem cell factor (SCF), is blocked

known as “free radical diseases”. In an animal model, sunitinib

by sunitinib and sorafenib, as well as by imatinib, nilotinib and

significantly decreased glutathione and glutathione reductase

dasatinib. The KIT receptor is present on haemangioblasts, which

activity and increased malondialdehyde, an indicator of lipid

are precursors to hematopoietic stem cells and endothelial pro-

peroxidation in cardiac tissues [11].

genitor cells (EPCs). The normal function of the KIT receptor appears to be essential for the mobilisation of EPCs in lesions such

Blockade of RAF1 and BRAF kinases appears to be the lead-

as ischemic foci. Blocking this pathway could therefore lead to

ing pathomechanism underlying the cardiac complications of

the dysfunction of endothelial cells and impair their repair mech-

sorafenib treatment. In experimental studies in animal models,

anisms. Electron microscopy of myocardial cells from laboratory

blocking RAF1 has been demonstrated to cause heart wall hy-

animals treated with sunitinib revealed mitochondrial oedema,

pokinesis and lead to heart dilatation, with greatly increased

changes in cytoplasm density and vacuolisation, as well as ad-

apoptosis and cardiomyocyte fibrosis. These disorders were

verse changes in mitochondrial membrane potentials [15] . Dam-

significantly more pronounced with the coexistence of cardiac

age to the mitochondrial reticulum has been reported in animals

pressure overload. It can therefore be concluded that the effect

receiving sorafenib, which was not seen with pazopanib. In the

of iatrogenic arterial hypertension induction may play a role in

cardiomyocytes of animals receiving sunitinib or sorafenib, sig-

the pathogenesis of cardiac complications of sorafenib. It must

nificant reductions in ATP stocks were observed, which was not
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seen with pazopanib. These studies have shown that this adverse

Bevacizumab is a recombinant humanised monoclonal IgG anti-

effect on the heart muscle is not a common effect of antiangio-

body. By specifically binding to VEGF, it inhibits the process of ne-

genic drugs, but that it is dependent on the extent of tyrosine

oangiogenesis by blocking the binding of VEGF to a membrane

kinases blocked by individual preparations [16].

receptor. Among the unfavourable effects of this drug, a reduc-

ly

tion in the anti-inflammatory effect of VEGF has been reported,
leading to increased inflammation and instability of atheroscle-

giogenesis inhibitor-induced cardiac dysfunction; either deny-

rotic plaques, resulting in damage to the plaque and formation

ing its reversibility [17, 18] or confirming the existence of such

of a clot. The increased risk of thromboembolic events is corre-

a possibility [19, 20]. Oncologists observe in patients not only

lated to the degree of endothelial damage, as evidenced by an

a decrease in LVEF correlating with systolic dysfunction of the

increase in von Willebrand factor, E-selectin and tissue factor

left ventricle but also increases in myocardial necrosis markers.

levels [22]. As previously mentioned, VEGF is an important fac-

a decrease in LVEF correlating with systolic dysfunction of the left
ventricle. There are increases in myocardial necrosis markers such
as cardiac troponins, non-specific changes in electrocardiogram

tor in promoting and repairing endothelial cells. Thus, anti-VEGF
therapy can reduce the regenerative capacity of endothelial cells
in response to damage and expose the subendothelial collagen.
In addition, VEGF is indirectly involved in the secretion of prostaglandin (PGI2) and NO by the endothelium [15]. Anti-VEGF thera-

F
co or
m n
m on
er ci
al

(ECG) and increases in N-terminal prohormone of brain natriuret-
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Among cancer patients clinical practicioners observe not only

on

There are conflicting published data on the reversibility of an-

ic peptide (NT-proBNP) levels. Reports have confirmed that the

py reduces the amount of NO and prostacyclins and also increas-

introduction of optimal cardiac treatment leads to the normali-

es blood viscosity by overproducing erythropoietin, leading to

sation of these parameters [21]. Some researchers postulate that

an increased risk of thromboembolic events [23].

cardiomyocyte necrosis does not occur through the mechanism
of apoptosis, but is a consequence of unfavourable energy metabolism and an overload of cardiomyocytes with lipids [16].

Other cardiac complications

Each of the above side effects is also a significant risk factor for
one of the most serious events, potentially fatal acute coronary

Mechanism of toxic action related to the risk
of thromboembolism

syndrome (ACS). This complication is most often associated

A model example of an antiangiogenic drug proven to have the

molecular mechanisms (tab. 1). Symptoms of ACSs (including

greatest impact on the risk of venous thromboembolism (VTE) is

myocardial infarction) appear significantly more frequently in

bevacizumab. The possible cardiac side effects of treatment with

patients treated with sorafenib compared to a placebo group,

this drug also include arterial hypertension and bleeding com-

observed in 2.9% and 0.4% of patients, respectively [24]. The

plications.

risks of infarction or cardiac ischemia associated with other angi-

with TKI therapy and is a consequence of the above-mentioned

Table 1.

Frequency of the most common cardiotoxicities of antiangiogenic drugs.
Drug

Main molecular targets

sunitinib

VEGFR, PDGFR, KIT, Flt3, CSF-1R, RET

pazopanib

VEGFR, PDGFR, c-KIT

vandetanib

EGFR, VEGFR, RET

bevacizumab

VEGF-A

ramucirumab
lenvatinib
aksytynib

VEGFR, MET, AXL, KIT, ROS1, RET,
TIE2,Flt3
VEGFR2
VEGFR, FGFR, PDGFR, Kit, RET
VEGFR, PDGFR, c-KIT

nintedanib

FGFR, PDGFR, VEGFR

cabozantinib

www.oncoreview.pl

The most common cardiovascular
toxicities
Hypertension
LVEF decrease
Venous thrombosis
Thromboembolic events
Hypertension
QT interval prolongation over
500 ms
Hypertension
Hypertension
Arterial thrombosis

Frequency (%)
36%
4%
3%
4%
40%
13%
24%
42%
3,8%

References
Ravaud, 2016 [25]
Justice, 2018 [26]
Grande, 2013 [27]
Bonaldo, 2020 [28]

Hypertension grade 3

28%

Choueiri, 2018 [29]

Hypertension grade 3
Hypertension
Hypertension
Chest pain (docetaxel plus
nintedanib)

14%
42%
40%

Wilke, 2014 [30]
Kudo, 2018 [31]
Rini, 2011 [32]

8%

Reck, 2014 [33]
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ogenesis inhibitors are very low (1.5% for bevacizumab, < 1% for

did not correlate with the peak drug concentration, which would

sunitinib) [34]. However, reports suggest that following success-

suggest a delayed QT prolongation. There are no data in the lit-

ful interventional treatment of such incidents, patients can safely

erature on the correlation between the length of drug exposure

continue TKI therapy [35]. In an evaluative meta-analysis of the

and the effect on QT prolongation [38].

ly

frequency of myocardial ischemia (MI) in patients treated with
The postulated mechanism for drug-induced QT prolongation

of every 85 patients treated with VEGF inhibitors, but these data

involves the direct influence of the three-dimensional molecular

were based on an analysis of only eight studies. Importantly, the

structure of the drug reacting with the hERG K+ myocardial po-

risk of fatal cardiac events is low, amounting to 0.25%, meaning

tassium channels, resulting in impaired depolarisation wave flow

that one out of every 1259 treated patients will experience a fatal

and delayed impulse conduction [39]. Preclinical studies with su-

event [36].

nitinib and vandetanib have shown that these drugs react with

us
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TKIs, the authors found that MI can potentially develop in 1 out

hERG potassium channels. Another hypothesised mechanism for

Based on reports on the occurrence of ventricular arrhythmias
and sudden cardiac death events during therapy with TKIs, a hypothesis was made about the possible effect of these drugs on

ed with potassium channels. Interference in the process of leaving the endoplasmic reticulum by the chaperones of hERG channels leads to a reduction in flow through the potassium channels.
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prolongation of the QT interval in ECG as a cause of fatal cardiac

QTc prolongation is inhibition of the sorting of proteins associat-

complications. Ventricular arrhythmias, particularly torsades de

This is potentially the result of misfolding of proteins due to the

pointes (TdP), correlate with QTc prolongation above 500 ms.

action of specific drugs or from modification of interactions of

A meta-analysis involving 18 clinical trials with a total of 6548 pa-

chaperones with other proteins (fig. 1) [40, 41].

tients treated with kinase inhibitors showed a significant increase

in the risk of QTc prolongation of each grade in anti-VEGFR-treat-

Baseline cardiovascular health and electrolyte disturbances also

ed patients compared to patients not treated with TKIs, which

contribute to drug-induced QT prolongation. Treatment accom-

was 8.66 times higher (95% CI [4.92–15.2]; p < 0.001). The risk of

panying anticancer therapy with the potential for QT prolonga-

QTc prolongation above 500 ms was also significantly increased

tion may have an additive negative impact on the risk of con-

in anti-VEGFR-treated patients (RR = 2.69; 95% CI [1.33–5.44];

duction disturbances. Additionally, the influence of supportive

p = 0.006). Longer term therapy did not increase the relative risk

treatment commonly used in oncology, such as ondansetron,

of this complication. It can therefore be concluded that the risk

palonosetron, granisetron, prochlorperazine and olanzapine, as

is constant over time and that early detection plays a key role

well as painkillers (e.g., methadone) and antidepressants (e.g.,

in preventing fatal events. A study by Bello et al. [37] assessed

citalopram, escitalopram, venlafaxine, sertraline and mirtazap-

the pharmacokinetics of sunitinib in terms of QT prolongation.

ine), are particularly important as they can make these disorders

It was shown that the time to record the greatest QTc increase

worse [38].

Figure 1.
Mechanisms of QT interval prolongation.
direct mechanism
K+
anty-VEGFR

hERG potassium
channel

anty-VEGFR

K+

potassium
channel flow
blocked

anty-VEGFR

hERG channel
protein
indirect mechanism
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endoplasmic
reticulum leaving
blocked

delayed
impulse
conduction
QT interval
prologation
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with comorbidities than the general population. Despite the
constant advancements in cardiological diagnostic methods

tential has prolonged the overall survival and improved disease

and their widespread availability, recognition of the predictors

control of some cancers. However, the use of antiangiogenic

of cardiotoxicity of VEGF inhibitors and the possibility of their

therapies is associated with an increased risk of cardiotoxicity.

detection and possible early elimination remains in the research

When analysing the results of clinical trials, it can be assumed

phase and requires further in-depth observations, especially pro-

that the number of cardiac complications is underestimated.

spective trials.
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