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Abstract
The therapeutic options available to treat a wide range of malignancies are
rapidly increasing. At the same time, the population being treated is aging with
more cardiovascular risk factors, comorbid conditions, and associated poor
cardiac reserve. Both traditional chemotherapeutic agents (for example,
anthracyclines) and newer therapies (for example, targeted tyrosine kinase
inhibitors and immune checkpoint inhibitors) have demonstrated profound
cardiovascular toxicities. It is important to understand the mechanisms of these
toxicities to establish strategies for the prevention and management of
complications—arrhythmias, heart failure, and even death. In the first of this
two-part review series, we focus on what is known and hypothesized about the
mechanisms of cardiovascular toxicity from anthracyclines, HER2/ErbB2
inhibitors, immune checkpoint inhibitors, and vascular endothelial growth factor
inhibitors.
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Introduction
Cardiovascular disease and cancer remain leading causes of  
mortality in the United States. Given the rapid expansion in 
the number of therapeutic options for cancer, the development 
of cardiovascular disease in these patients presents a growing  
challenge for both oncologists and cardiologists. Overlapping  
risk factors for cancer and cardiovascular disease, especially 
tobacco use and advanced age, play a significant role in this  
association1. Additionally, improved survival has helped to  
highlight the cardiac toxicity that results from antineoplastic 
therapy as patients are living long enough to experience adverse  
effects from these complications. This has been especially true in 
pediatric cancer survivors who have demonstrated increased rates 
of cardiovascular disease several decades after therapy2–4.

Antineoplastic agents from multiple classes affect cardiac tissue 
and result in myocardial cellular damage, ultimately leading  
to a range of clinically important effects, including electro-
physiological abnormalities, symptomatic heart failure (HF), and 
even death. The rate of dangerous ventricular arrhythmias may  
increase by 10-fold in patients with cancer, and chemotherapy-
induced cardiomyopathy has been reported in 1–5% of cancer 
survivors and is substantially higher in certain populations5–7.  
These toxicities represent a limiting factor in the therapy of  
several otherwise-treatable neoplasms, and an aging popula-
tion with impaired cardiac reserve may be even more susceptible  
to these effects8,9. In this review, we explore both established 
and theoretical mechanisms of cardiac toxicity contributing to  
cardiovascular disease from several important classes of  
antineoplastic therapy.

Anthracyclines
Anthracycline-induced cardiomyopathy was the earliest-described  
form of cardiotoxicity from chemotherapy. Accordingly, the  
mechanism has been the most thoroughly investigated and  
represents the broad effects and toxicities of traditional  
chemotherapeutic agents. This type of cardiotoxicity causes  
cardiomyocyte death and traditionally has been referred to as  
type I10,11. Anthracyclines are highly effective agents, but this 
toxicity, which is dose-dependent, limits their use. Cumulative 
anthracycline dose is capped at less than 500 mg/m2 on the basis 
of evidence that is largely from retrospective analyses from  
clinical trials in adults and that suggests the rates of incidence  
of HF due to doxorubicin are 1.7% with a cumulative dose of  
300 mg/m2 and 4.7% with a cumulative dose of 400 mg/m2  
and increase rapidly to 15.7% at 500 mg/m2 and 48% at  
650 mg/m212. Cumulative doses in patients with pre-existing  
cardiac dysfunction can be more challenging to determine.

Anthracycline toxicity can be categorized as acute, early- 
onset chronic progressive, or late-onset chronic progressive13. 
Acute toxicity is rare and occurs within hours or days of  
infusion and is generally reversible. This type of cardiotoxic-
ity is not predictive of future HF and represents a small minority 
(1%) of cases. Early-onset chronic progressive toxicity represents 
the majority of cases of anthracycline cardiotoxicity and occurs  
within one year of therapy, whereas late onset is uncommon and 
occurs after one year of therapy14. Although these manifestations 

may not occur for several years after completion of therapy,  
evidence from biopsy studies suggests that the initial insult occurs 
from the onset of therapy15. Accordingly, several techniques in 
imaging and electrocardiographic monitoring are under investi-
gation in order to make an early determination of which patients  
are experiencing cardiac toxicity16,17.

The therapeutic mechanism of action of anthracyclines involves 
the interruption of replicating cells through intercalation 
with DNA as well as the inhibition of topoisomerase II. The  
mechanisms of cardiac toxicity have not been conclusively  
established but are widely accepted to relate to multiple pathways 
of oxidative stress through the formation of reactive oxygen  
species. Interaction occurs both with topoisomerase IIα, which 
is overexpressed in malignant cells and is one of the therapeutic 
targets, and with topoisomerase IIβ, which is expressed in  
cardiomyocytes. Several mechanisms of the effect on topoi-
somerase II have been proposed, including interactions with the  
GTPase Rac1 and peroxisome proliferator-activated receptor  
γ coactivator-1α18–20. Furthermore, it seems that anthracyclines 
may directly impair the proliferation of cardiac progenitor cells, 
which impair recovery from physiologic and pathologic stres-
sors and inhibit pro-survival signaling pathways of ErbB and 
NRG-121–24. Based on these proposed mechanisms of toxicity, 
many therapies—both novel and those with existing use in the  
treatment of cardiovascular conditions—have been considered 
to prevent or reverse anthracycline-induced cardiotoxicity. These 
agents include common cardiac medications such as 3-hydroxy-
3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors 
(or statins), β-blockers, or angiotensin-converting enzyme  
(ACE) inhibitors and novel agents such as dexrazoxane. Their 
use and the evidence behind them will be discussed in the second  
part of this review series.

HER2/ErbB2 inhibitors
Although anthracyclines dominated the literature and clinical 
concern for cardiac toxicity of antineoplastic therapy for many 
years, the now-widespread use of trastuzumab—a monoclonal 
antibody directed against HER2/ErbB2 receptors—for the treat-
ment of breast cancers that overexpressed HER2/ErbB2 revealed 
an overlapping but distinct phenotype of cardiac toxicity25. 
Trastuzumab fits into a category of targeted antineoplastic 
therapy that, as opposed to traditional chemotherapeutic  
agents (including anthracyclines), has a generally more favo-
rable safety profile. Nevertheless, trastuzumab causes reduced  
cardiac function (specifically reduction in left ventricular systolic  
function) that is clinically similar to that caused by anthra-
cyclines. The mechanism, however, is unique and appears to 
result in non-dose-dependent cardiomyocyte dysfunction rather 
than the cell death caused by anthracyclines26. Supporting this  
distinction, endomyocardial biopsies from patients with trastu-
zumab cardiac toxicity do not demonstrate the anthracycline- 
related structural changes that have been well established27,28.  
When trastuzumab is combined with anthracycline therapy, the 
cardiotoxicity has been shown to be profound and noted in over 
25% of the patients treated with both agents29,30. When used  
without anthracyclines, trastuzumab is associated with HF in  
about 2–4% of patients26,31.
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The mechanism of cardiac toxicity from trastuzumab is related to 
selective targeting of tyrosine kinases that have both “on-target” 
and “off target” effects on the heart. Inhibition of ErbB2/HER2 
and subsequently reduced ErbB signaling in cancer cells results in  
cell-mediated cytotoxicity, the major proposed mechanism of  
trastuzumab’s therapeutic effect for breast cancers with over-
expression of this pro-survival pathway. However, ErbB is 
one of the aforementioned pro-survival signaling pathways in  
cardiomyocytes that are possibly affected by anthracyclines and 
this “on-target” inhibition is speculated to be the major mechanism 
of cardiac toxicity. Supporting this theory, mutation or deletion 
of HER2 is known to be associated with dilated cardiomyopa-
thy in mice with exaggerated sensitivity to pressure overload32,33.  
The more favorable cardiac safety profiles of two other HER2 
inhibitors—lapatinib and pertuzumab—have raised questions of 
additional “off-target” effects of trastuzumab-mediated toxicity, 
although the mechanisms are less well characterized34–38.

Although the cardiac toxicity of trastuzumab is generally  
considered to be reversible with discontinuation of therapy, the 
role for guideline-directed medical therapy for left ventricular  
dysfunction such as β-blockers or ACE inhibitors is less well 
established. The use of these agents and other preventative  
strategies, such as exercise, will be discussed in the second part  
of this review series.

Immune checkpoint inhibitors
Remarkable progress has been made in the management of  
several malignancies, including advanced melanoma, with the 
use of agents that inhibit immune checkpoint mediators. The 
first two agents in this class—ipilimumab and nivolumab—have  
dramatically altered the landscape of antineoplastic therapy but 
have also been associated with autoimmune adverse reactions39,40. 
By allowing the immune system to increase its activity against  
malignant cells, checkpoint inhibitors cause patients to become 
more vulnerable to attacks on healthy tissue, causing autoim-
mune complications such as hepatitis, pneumonitis, and adrenal  
insufficiency41,42. Recently, cardiotoxicity in the form of poten-
tially fatal myocarditis has been reported, especially with ipilimu-
mab and nivolumab combination therapy43. At least 15 cases of  
cardiotoxicity related to immune checkpoint inhibitors have been 
reported with manifestations including myocarditis and complete 
heart block, although these numbers likely underestimate the true 
incidence44,45.

Based on biopsies from tumor as well as heart and skeletal  
muscle in two patients who experienced fulminant myocarditis, 
Johnson et al. suggested that activated T cells may be targeting 
an antigen shared by the tumor and myocytes in skeletal and  
cardiac muscle. This “on-target” effect ultimately results in  
autoimmune myocarditis and myositis43. In the inflammatory 
state, it also appears that PD-L1, which was expressed on the 
injured myocytes, is protective and its inhibition by these agents  
contributes to cardiomyocyte vulnerability to injury46. Although 
few guidelines exist on the management of these complications, 
the second part of this review series will discuss considerations  
for prevention, monitoring, and treatment of immunotherapy-
related cardiotoxicity.

Vascular endothelial growth factor inhibitors
Inhibitors of the vascular endothelial growth factor (VEGF)  
pathway such as sunitinib and sorafenib are used to treat a variety 
of malignancies, including renal cell carcinoma and hepatocellu-
lar carcinoma. Similar to the other agents discussed above, they  
are highly effective but often limited by their cardiovascular  
toxicity, especially hypertension and left ventricular dysfunc-
tion. Hypertension has been reported in nearly half of the patients  
receiving VEGF inhibitors, which can be of varying clinical  
significance depending on the baseline blood pressure and  
comorbid conditions47–49. Asymptomatic decline in left ventricular 
function is noted in approximately a quarter of patients, whereas 
symptomatic HF is seen in 4–8%47,50.

VEGF promotes the growth and development of blood vessels 
by stimulating tyrosine kinase receptors on the cell surface, a  
process essential to the growth of various malignancies. The  
therapeutic mechanism of action of VEGF inhibitors is to 
bind and inhibit the ATP binding site of these specific kinases,  
thereby inhibiting the angiogenesis. These agents have been  
shown in vitro to inhibit doses of kinases, and cardiovascular  
toxicities from these agents occur through inhibition of both  
“on-target” and “off-target” kinases51.

A variety of mechanisms have been proposed for the hyper-
tension seen with VEGF inhibitors. Endothelin-1, which is a 
potent vasoconstrictor, is increased with VEGF inhibition, and 
endothelin antagonism appears to limit the development of 
hypertension, although the mechanism by which VEGF inhibi-
tors activate endothelin-1 has not been clearly established52,53.  
Increasing evidence suggests that VEGF activates the production 
and release of nitric oxide, a potent vasodilator, although  
experimental evidence has not conclusively shown decreased  
nitric oxide bioavailability with VEGF inhibition54–56. The  
inhibition of angiogenesis in the target malignancy causes some 
degree of microcapillary rarefaction to occur and with this 
the peripheral vascular resistance and subsequently the blood  
pressure would be expected to rise. The clinical significance 
of this mechanism is very unclear both because of the degree of  
reduction in capillary density that would be necessary to 
achieve a significant increase in blood pressure and because the  
hypertension from VEGF inhibitors has been shown to occur  
rapidly, usually within hours, whereas microcapillary rarefaction 
appears to take days to weeks to occur52,57–59.

It is likely that the consistent and often marked hypertension 
that occurs contributes to cardiac dysfunction through increased  
afterload on the left ventricle18. Additionally, inhibition of  
several kinases has been proposed to contribute to left ventricular  
dysfunction, although the evidence relies largely on non-human 
models of unclear clinical significance. Alterations in the activity 
of AMPK, a kinase which is critical in regulating myocardial 
energetics and mitochondrial function, are inhibited especially 
by sunitinib, although the significance of this in humans has not  
been established60,61. ERK, another kinase that is inhibited by  
sorafenib, is important for cardioprotection with increased  
stress, which may be especially important in the setting of  
increased afterload from drug-related systemic hypertension62,63. 
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Pressure overload in the setting of ERK inhibition may promote 
apoptosis of cardiomyocytes64,65. Some degree of inhibition of 
many other kinases has been hypothesized to play a role in the  
development of cardiotoxicity, although the clinical significance 
of these has not been established. Management of the hyperten-
sion and left ventricular dysfunction will be discussed in the  
second part of this review series.

Conclusions
Both traditional chemotherapeutic agents and newer therapies  
have important effects on myocardial tissues resulting in  
arrhythmias, HF, and death. The mechanism of these toxicities  
consistently relates to “on-target” therapeutic mechanisms of 
the antineoplastic agents, suggesting a possibly inescapable 
link between these life-saving medications and cardiovascular  
toxicity. As new therapies are developed and especially as they  
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are used in aging populations with diminished cardiac reserve, it 
is essential that oncologists collaborate closely with cardiologists 
to monitor for and manage these complications. It is also essen-
tial to recognize the multifactorial processes that lead to the  
development of cardiovascular disease in patients treated for  
malignancies. In the next installment of this review series, we 
will discuss the management of cardiac toxicity and how these  
strategies relate to the proposed mechanisms discussed here.
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