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INTRODUCTION

Tyrosine kinase inhibitor (TKI) therapy has improved the survival of several cancers in the 

United States, including metastatic renal cell carcinoma (mRCC), hepatocellular carcinoma, 

thyroid cancer, colorectal cancer, and chronic myeloid leukemia (CML).1–5 Although TKIs 

have remained effective treatment options, frequent cardiac adverse effects (AEs) have been 

recognized (Fig. 1). Hypertension (HTN), QT prolongation, arrhythmias, left ventricular 

systolic dysfunction (LVSD), and heart failure (HF) are among the most common cardiac 

AEs reported.2,4,6 The incidence of cancer increases with age, and the cardiotoxicity of TKIs 

is especially relevant among patients with cancer who have preexisting cardiac dysfunction, 

risk factors, and/or previous treatment with cardiotoxic chemotherapy.6,7 Clinical trials often 

exclude patients with poor cardiac function, and a cancer clinical trial population may 

not accurately reflect patient comorbidities. Therefore, to decrease cardiac morbidity while 

increasing quality of life in cancer survivors, cardiologists and oncologists must be familiar 

with the cardiotoxicity profiles of these emerging cancer therapies and the mechanisms that 

mediate their effects.
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TKI-induced cardiotoxicity is mediated through the inhibition of target receptors such 

as vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), 

and stem cell factor (c-KIT) receptors on nontarget cells.4,8 Inhibition of these highly 

expressed receptors on cancer cells is effective in reducing cancer growth and progression. 

However, the inhibition of these receptors on cell types in the cardiovascular system, 

from cardiomyocytes to fibroblasts, and endothelial cells (ECs) promotes cardiovascular 

injury.2 It has been hypothesized that VEGF/VEGF receptor (VEGFR) inhibition along 

with subsequent changes in the balance of endothelin-1 (ET-1) and nitric oxide (NO) 

is responsible for HTN, the most common cardiac AE associated with TKI use and 

can lead to dose reductions of therapy.2,4,9 Furthermore, current evidence suggests that 

the “off”-target effects of TKIs on cardiomyocyte receptors leads to dysregulation of 

ion channel function and turnover, contributing to increased incidence of arrhythmias in 

treatment recipients.4,6,10,11 Concurrent or sequential use of TKIs in patients with previous 

or concurrent exposure to other cancer drugs (eg, anthracyclines, 5-fluorouracil) may 

exacerbate cardiac injury, accelerating morbidity and the development of HF (Table 1).4,12

The emerging cardiovascular side effects associated with TKIs warrant an increase in 

patient risk factor surveillance, further research into the mechanisms of these oncologic 

cardiovascular insults, and strategies to reduce TKI-induced cardiac-related morbidity. To 

date, concurrent treatment with clinically available drugs such as β-blockers, angiotensin-

converting enzyme inhibitors (ACEIs), and angiotensin receptor blockers (ARBs) has been 

shown to reduce TKI-induced morbidity.2,13,14 In addition, it is hypothesized that drugs 

such as statins, which possess systemic pleiotropic effects, can be used with TKIs to 

reduce cardiotoxicity.15–18 In this review, we further assess tyrosine kinase signaling in 

cancer and discuss recent understandings of TKI-induced cardiotoxicity along with the 

intracellular signaling pathways by which these drugs disrupt cardiomyocyte function. We 

also broadly discuss current and possible strategies to treat and prevent cardiovascular 

dysfunction associated with the use of these cancer therapies.

TYROSINE KINASE INHIBITORS AND MECHANISM OF ACTION

Tyrosine kinases are crucial for extracellular signal transduction in a variety of cellular 

processes that regulate signaling pathways impacting cell growth, differentiation, migration, 

motility, and death (Fig. 2).2,19,20 The 2 major classes of tyrosine kinases are receptor 

tyrosine kinases (RTKs) and non-receptor tyrosine kinases (NRTKs). Tyrosine kinases 

are normally quiescent until activated by extracellular stimuli, growth factors ligands (eg, 

VEGF, PDGF, and c-KIT), or intracellular stimuli such as oxidative stress. Binding of 

tyrosine kinase receptors lead to the activation of tyrosine kinase in the cytoplasmic tail 

of the receptor, which transfers phosphate residues from adenosine triphosphate (ATP) 

to tyrosine residues on target protein substrates.2,21,22 Some of these protein substrates 

are responsible for activating the canonical Ras/Raf/Mek/Erk signaling cascade, along 

with possible concurrent signaling via the phosphoinositide 3-kinase (PI3K)/protein kinase 

B (Akt) and adenosine 5′-monophosphate-activated protein kinase-mammalian target 

of rapamycin (AMPK-mTOR) pathways (see Fig. 2).22–24 Under normal physiologic 

conditions, a balance between the activity of tyrosine kinases and dephosphorylation of 

tyrosine residues by tyrosine phosphatases is necessary to control the timing and duration 
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of cell signaling.19,20 As such, tight regulation of tyrosine kinase activity is critical for 

preserving normal cellular communication, growth, and maintenance of homeostasis.

Tyrosine kinase signaling is also required for tumorigenesis, tumor growth, angiogenesis, 

and metastasis.19,22 In several cancers, dysregulation of tyrosine kinase signaling is 

responsible for the development and production of abnormal blood vessels essential 

to maintaining tumor growth.19,20 Notably, about 60% of human cancers overexpress 

VEGF, promoting tumor progression and metastasis.19 Cancer cells also express additional 

proangiogenic factors such as placental growth factor (PLGF), fibroblast growth factor 

(FGF), and PDGF, ligands of RTKs.19 As tyrosine kinase receptor signaling is a 

fundamental converging point for angiogenesis and tumor growth, TKIs have emerged as 

a pharmacologic approach to interrupt cancer growth and metastases.

Tyrosine kinases receptors can be inhibited by small molecule inhibitors that predominantly 

target and block the evolutionary conserved ATP-binding pocket of both RTKs and 

NRTKs.2,19,20 RTK inhibitors block the activity of the intracellular kinase domain, 

preventing trans-autophosphorylation and activation of the intracellular kinase receptor 

domains following ligand binding. This inhibits receptor dimerization, phosphorylation, 

and recruitment of downstream signaling proteins, terminating the signaling cascade.19,20 

Similarly, TKIs block NRTK signaling by gaining entry to the cell and targeting intracellular 

kinases, blocking signal transduction. Some TKIs target multiple receptors given the 

conserved residues for signaling, thus inhibiting growth factors or receptors involved 

in angiogenesis, as well as kinases involved in tumor cell proliferation. Examples of 

these multitargeted receptor TKIs include axitinib, cabozantinib, pazopanib, sunitinib, and 

vandetanib. Targeted inhibition of VEGFR/PDGFR/c-KIT receptor signaling by TKIs is 

not locally restricted to the tumor environment.22,25 Owing to their lack of selectivity, 

TKIs also act systemically where they mediate their AEs. In this review, we focus on 

how dysregulation of VEGF, PDGF, and c-KIT receptor signaling by TKIs mediates 

cardiovascular toxicity.

RECEPTOR SIGNALING PATHWAYS AND CARDIOMYOPATHY

Several receptors targeted by TKIs, including VEGFR, PDGFR, and c-KIT, have been 

shown to mediate normal cardiac physiology and warrant investigation. In the following 

sections, we discuss the physiologic roles of these receptors and how the inhibition of these 

receptor signaling pathways contributes to the observed cardiac disturbances seen in patients 

receiving TKI therapy.

Vascular Endothelial Growth Factor/Vascular Endothelial Growth Factor Receptor 
Signaling

The main regulator of angiogenesis requires VEGF ligand activation of its cognate tyrosine 

kinase receptors, VEGFR-1, −2, and −3.19 ECs express all 3 VEGFRs, whereas VEGFR-1 

and −2 are predominantly expressed within the vasculature and are activated by VEGF-A 

and -B. Cardiomyocytes only express VEGFR-1 and −2.4 The Ras/Raf/Mek/Erk pathway 

and PI3K/Akt pathway are the 2 main signaling cascade pathways activated by VEGF/

VEGFR interaction (see Fig. 2).26 The activation of these signaling pathways via VEGFR-2 
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on ECs triggers increased vascular permeability, cell migration, proliferation, and survival.4 

VEGF also plays an important role in the development, maintenance, and survival of 

myocardial ECs and cardiomyocytes.4 In the context of cardiovascular disease, an increase 

in VEGF secretion and upregulation of VEGF signaling within cardiomyocytes is essential 

for responding to myocardial stress and injury.4,19 In vitro and in vivo studies support this, 

showing that cardiomyocytes upregulate the expression of VEGFR-1 and −2, in response 

to hypoxia.27 In transgenic mice lacking VEGFR-1 on ECs, an increase in angiogenesis 

was reported along with the development of cardiomyocyte hypertrophy, suggesting a role 

for paracrine signaling or cross talk between ECs and cardiomyocytes.28 VEGF’s role in 

myocardial remodeling occurs through balanced activation of VEGFR-1, which prevents 

cardiomyocyte hypertrophy, and activation of VEGFR-2, which has prohypertrophic 

effects.29,30 Regardless of the mechanism, there are strong data suggesting that VEGF/

VEGFR signaling is important for maintaining normal and adaptive function of ECs, 

vasculature, and cardiomyocytes.19

Platelet-Derived Growth Factor/Platelet-Derived Growth Factor Receptor Signaling

PDGF receptors (PDGFR-α/β) are ubiquitously expressed on the cell membranes of 

human and mouse cardiomyocytes and ECs, where they also play a role in angiogenesis 

and response to mechanically induced pressure overload.4,19 Overexpression of PDGFRs 

is found in CML and gastrointestinal stromal tumors (GIST). It is hypothesized that 

nonspecific effects of TKIs including the inhibition of PDGFR are responsible for the 

cardiac effects of these drugs. In cultured tumor cells, pazopanib is a potent inhibitor of 

PDGFR-β signaling,19,31 and sunitinib inhibits PDGFR-β phosphorylation in rodent tumor 

models (see Fig. 2).4,32–34 PDGFR-β is also upregulated in mouse models of left ventricular 

pressure overload via transverse aortic constriction (TAC). Although PDGFR-β is not 

required for normal cardiac development or function in murine models, cardiac-specific 

PDGFR-β knockout is associated with dysregulated left ventricular function and reduced 

angiogenesis following TAC when compared with TAC wild-type mice.35 In rat models, the 

administration of PDGF improved cardiac function following myocardial infarction (MI).36 

Together, the TAC data suggest that direct cardiotoxic effects by TKIs via PGDFR signaling 

in the myocardium may be inconsequential and may instead be potentiated and/or unmasked 

by concurrent systemic disease (eg, HTN).

c-KIT Signaling

The pathogenesis of several cancers including acute myeloid leukemia, GIST, and small 

cell lung cancer are mediated by mutations, overexpression, or deletions of portions of 

the tyrosine kinase c-KIT.19,37 Although not expressed on the cardiomyocyte, a role for 

c-KIT in maintaining normal cardiac function was demonstrated in studies using the c-

KITW/W-v transgenic model, in which one c-KIT allele is deleted and the other encodes 

a protein with reduced kinase activity.19,38,39 A reduction in the amount of functional 

c-KIT in the model led to impaired honing of bone marrow-derived proangiogenic stem/

progenitor cells to regions of infarction. This impaired honing led to impaired cardiac 

recovery following MI and a decline in cardiac function with aging.38,39 LV structural 

remodeling, including chamber dilatation and hypertrophy, and LV functional deficits such 

as reduced left ventricular ejection fraction (LVEF) have been demonstrated in aging c-KIT 
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mutant mice.40 Last, constitutive activation of c-KIT receptors in mice is associated with 

an increased cardiac myogenic and vasculogenic reparative potential after injury, with a 

significant improvement of survival.41 Given the totality of these findings, we postulate that 

the reduction of cardiomyocyte c-KIT activity may disrupt the normal cardiac response to 

stress or injury within human myocardium leading to increased remodeling.

Several TKIs target c-KIT in vivo8 and in vitro.42–45 Dasatinib and pazopanib are potent 

c-KIT inhibitors, which markedly disrupted hematopoietic progenitor cells in vivo and 

in vitro. On the other hand, imatinib, sunitinib, and sorafenib have shown moderate and 

negligible activity against c-KIT.8,42–45 However, the development of an imatinib variant 

lacking ABL, but retaining c-KIT inhibitor activity, did not result in cardiac dysfunction in 

a mouse model.19,46 The reduced potential for cardiac toxicity was attributed to a loss of 

ABL kinase inhibition4 and raises some questions about the role of c-KIT inhibition in the 

development of TKI-induced cardiotoxicity.

TYROSINE KINASE INHIBITOR-INDUCED CARDIOVASCULAR 

DYSFUNCTION

Hypertension

Hypertension has emerged as an important side effect common to all VEGF/VEGFR 

inhibitors with an incidence ranging from 16% to 80%, leading to dose reductions of 

therapy in clinical trials depending on the TKIs assessed.4,26 A recent network meta-analysis 

study assessing the cardiotoxicity risks of VEGFR-TKIs revealed that vandetanib-treated 

patients have the highest risk for cardiotoxicity, followed by pazopanib, axitinib, sorafenib, 

and sunitinib.47 In patients receiving sunitinib and axitinib, several studies suggest that 

HTN may serve as a predictive factor for more favorable patient response to TKIs 

and outcomes48,49; however, this has yet to be proved for other TKIs.2 Most of the 

literature has associated TKI-induced HTN with increased endothelial and cardiomyocyte 

dysfunction.2,50–52 One of the main mechanisms hypothesized to mediate TKI-induced 

HTN involves cross talk and/or paracrine signaling between ECs and cardiomyocytes.28 

Presumably, this mechanism may stem from the disruption of basal VEGFR-2 signaling 

necessary to maintain the balance of the vasodilator, NO, and vasoconstrictor, ET-1, through 

the PI3K/Akt pathway.4,53 For example, pazopanib, cabozantinib, and vandetanib inhibit 

VEGFR-2 signaling, which normally suppresses production of ET-1, thus resulting in an 

increased concentration of ET-1 in blood plasma.53 ET-1 is a potent vasoconstrictor, and 

increased plasma levels promote sustained vasoconstriction and HTN. The PI3K pathway 

also plays an important role in cell survival and vasodilation from downstream NO.53 

Inhibition of VEGFR-2 by pazopanib further diminishes production of NO, leading to 

impaired cardiomyocyte contractility.54 Recently, Ren and colleagues55 also showed that 

sunitinib-induced HTN is also mediated via regulation of AMPK-mTOR signaling (see Fig. 

2) and warrants further investigation.

Last, it is suggested that HTN seen in patients treated with TKIs is mediated by renal 

impairment, which involves the activation of the renin-angiotensin-aldosterone system. 

Because VEGF signaling is vital to the proliferation of renal glomerular ECs, it is thought 
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that inhibition of VEGF/VEGFR signaling could contribute to capillary rarefaction in renal 

glomeruli, with an increased secretion of renin from the juxtaglomerular apparatus; this 

leads to downstream production of angiotensin II and sustained systemic vasoconstriction. 

However, there is currently no experimental evidence to support this hypothesis because 

plasma renin levels were decreased with administration of sunitinib.2,4,28 This inconsistency 

calls for further research into the mechanisms behind increased concentrations of ET-1 and 

decreased levels of NO.

Arrhythmias

The presence of arrhythmias is a primary cause of permanent discontinuation of 

TKIs. Patients taking TKIs that primarily inhibit VEGF/VEGFR signaling can result in 

QT prolongation and arrhythmias including atrial fibrillation (AF), bradycardia,56 and 

supraventricular tachycardia (see Fig. 1). QT prolongation is a major concern because this 

could lead to other serious heart effects such as torsades de pointes and sudden cardiac 

death.13 In clinical trials, the incidence of QT prolongation and arrhythmias is small 

compared to HTN.26 The incidence of QT prolongation and arrhythmias is most common 

with first and second generation TKIs such as sorafenib, sunitinib, and imatinib, in addition 

to vandetanib and nilotinib. Risk of death/serious impairment associated with arrhythmia 

increases greatly among patients with cancer due to older age, underlying cardiovascular 

disease, and use of concomitant medications.57,58 For example, in a study of 39 patients 

with advanced hepatocellular cancer treated with sorafenib, the incidence of AF was 5.1% 

when used in conjunction with chemotherapy such as 5-fluorouracil.4,12 For patients taking 

vandetanib, incidence of QT interval prolongation was between 8% and 11% versus 1.2% 

in controls59 with an increased incidence in patients taking vandetanib plus chemotherapy 

(QT-related events; 22%).59 Previous cardiac injury can also preclude and potentiate TKI-

mediated QT prolongation and arrhythmia where underlying myocardial injury, such as LV 

contractile dysfunction, or HTN may provide an arrhythmogenic substrate (see Fig. 1).4 

In addition, patients treated with TKIs may also experience treatment-associated hepatic 

dysfunction that impedes drug clearance and metabolism.2,5,60,61 Diarrhea, commonly seen 

in patients taking pazopanib, can contribute to electrolyte imbalances/derangements that 

promote QT interval prolongation.13,22,62,63

The reported incidence of AF in patients taking TKIs or other VEGF inhibitors (VEGFI) is 

limited to case reports, making it difficult to ascribe causation, which could be multifactorial 

in nature.64,65 Although the PI3K/Akt pathway has been reported as a primary mechanism 

for HTN, it is also a potential mechanism for AF in patients taking TKIs or other 

VEGFI.59,66 As previously outlined, VEGFR-2 signaling and activation of the PI3K-Akt 

pathway results in increased cell survival and migration. However, inhibition of PI3K-Akt 

signaling has been implicated in the development of AF in mouse models.4,67–70 In another 

preclinical study, reduced PI3K activity led to the development of AF, whereas increasing 

PI3K activity led to reduced atrial fibrosis and improved conduction.4,70 In support of 

this mechanism, reduced PI3K activation has been shown to increase the susceptibility of 

AF.70 Activity of PI3K in human atrial appendages isolated from patients with AF is lower 

than in appendages from patients in sinus rhythm.70 In another preclinical study, Lu and 

colleagues67 demonstrated that TKI-mediated QT interval prolongation may be mediated 
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through a reduction in PI3K signaling and alteration of multiple ion currents. In the study, 

suppression of PI3K signaling in canine cardiac myocytes by TKIs and mouse hearts lacking 

the PI3K p110α catalytic subunit resulted in prolonged action potentials and QT intervals.67

Tyrosine kinase inhibitor-mediated potassium ion channel dysfunction

Another possible mechanism for TKI-induced arrhythmias includes changes in the electrical 

activity of the heart. Specifically, the dysregulation of potassium (K+) ion channels can 

cause preventricular contractions resulting in arrhythmias. TKI-induced arrhythmia is 

predominantly associated with direct ion channel inhibition of KCNH2 (Kv11.1) or the 

human ether-à-go-go (hERG) channel (see Fig. 2).34 The hERG channel regulates K+ efflux 

out of the cardiomyocyte during repolarization and comprises the “rapid” delayed rectifier 

K+ current (IKr) in intact heart myofibers. The inhibition of hERG channels may promote 

the QT interval prolongation-associated increase in the risk of arrhythmias, including the 

life-threatening torsades de pointes.34,71 Many of the marketed TKIs are potent direct 

inhibitors of the hERG channel, including dasatinib, sunitinib, and nilotinib.34,71,72 Another 

mechanism of QT interval prolongation in patients occurs due to cytoplasmic inhibition of 

the cardioprotective enzymes B-RAF and C-RAF by TKIs like vemurafenib.2,73 It has been 

proposed that B-RAF inhibition can lead to an increase in cyclic adenosine monophosphate 

(cAMP), which overactivates protein kinase A (PKA) (see Fig. 2). PKA then phosphorylates 

hERG channels and reduces their ability to open during action potentials, therefore 

decreasing IKr.2,71,73 This hyperphosphorylation of the hERG channels can also block 

repolarization and contribute to QT prolongation. Pazopanib and sorafenib have been 

reported to inhibit the hERG channel through inhibition of B-RAF signaling.2,71,73,74 This 

inhibition is believed to contribute to the QT prolongation reported in patients treated with 

these TKIs.

Tyrosine kinase inhibitor dysregulation of calcium-mediated signaling

Current research has demonstrated that TKI treatment results in dysregulation of calcium 

(Ca2+) through the activity of Ca2+/calmodulin-dependent protein kinase II (CaMKII). 

CaMKII is a multifunctional protein found in a wide array of locations throughout the body 

and plays an essential role in the heart (predominantly, CaMKII isoforms δ and γ). CaMKII 

contributes to multiple functions in the heart such as apoptosis, inflammation, and scar tissue 

formation.67,75,76 In disease states, overexpression of CaMKII is involved with pathologic 

hypertrophy,76 which promotes HF. CaMKII is vital for proper handling of Ca2+ levels 

and excitation-contraction coupling, and cardiomyocyte activation of CaMKII activation 

promotes Ca2+ waves and delayed afterdepolarizations77 primarily through phosphorylation 

mechanisms. Furthermore, the phosphorylation of L-type Ca2+ channels (LTCC) and 

ryanodine receptor (RyR2) by CaMKII facilitates Ca2+ influx, sarcoplasmic reticulum (SR) 

Ca2+ release in cardiomyocytes,78 and subsequent contraction.79 Increased expression of 

CaMKII can cause hyperphosphorylation of the LTCC, which induces Ca2+ influx,66,80 

and activates RyR2 at serine 2814 to spark SR Ca2+ release events linked with HF and 

arrhythmias.81 Increased CaMKII expression leads to the hyperphosphorylation of RyR2, 

causing Ca2+ leakage from the SR and leading to arrhythmias.
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CaMKII is significantly expressed in response to TKIs such as imatinib, sunitinib, and 

sorafenib. Ma and colleagues10 showed that rat ventricular cardiomyocytes treated with 

sorafenib caused a significant increase of CaMKII expression, particularly phosphorylated 

and oxidized CaMKII, leading to preventricular contractions and dysregulation in Ca2+ 

homeostasis. Fibroblasts treated with sunitinib and imatinib also showed increased 

expression of CaMKII.82,83 It is suggested that TKI-induced upregulation in CaMKII 

expression and activity is mediated by increased reactive oxygen species (ROS) production. 

It is proposed that ROS can oxidize and activate CaMKII at the M281/282 (methionine) 

position analogous to autophosphorylation. Further research demonstrated that cardiac 

fibroblasts treated with imatinib and sunitinib showed increased mitochondrial superoxide 

production, supporting a role for ROS in CaMKII activation.84 In cardiomyocytes, 

sorafenib treatment also caused a significant increase in cytosolic and mitochondrial ROS 

production,10 suggesting that CaMKII and ROS could be potential targets for modulating 

TKI-induced cardiotoxicity.

TYROSINE KINASE INHIBITORSAND HEART FAILURE

Congestive heart failure (CHF) defined as a LVEF decrease of more than 10% or to 

less than 50% in clinical trials is among the most important heart-related functional 

changes that occur in response to TKI therapy (see Fig. 1).13 Among the TKIs, sunitinib, 

axitinib, sorafenib, and vandetanib have been associated with a reduction in LVEF and 

symptomatic HF.13,85 In a meta-analysis 1103 of a total of 10,647 patients from 16 

randomized phase III and 5 phase II trials, the risk of CHF associated with all US Food 

and Drug Administration (FDA) approved VEGFR2 TKIs was evaluated.86 Ghatalia and 

colleagues86 observed a significant 2.69-fold increase in the risk of all grades of CHF with 

TKIs that target VEGFR compared with control. Given that patients with severe cardiac 

comorbidities are excluded from therapeutic trials, the prevalence of CHF may be higher 

in real-world populations. Surprisingly, third generation VEGFR2-selective TKIs such as 

axitinib conferred similar relative risks for CHF compared with nonspecific multitargeted 

TKIs (eg, sunitinib, sorafenib, and pazopanib).13,86 In a study exploring early subclinical 

cardiac chamber dysfunction in mRCC patients treated with TKIs, the right ventricle 

appeared more vulnerable to TKI therapy in the absence of pulmonary HTN, compared 

to the left ventricle. This observed right ventricle vulnerability is ascribed to its thinner 

myocardial wall.87 However, these data are inconclusive because the incidence of right-sided 

HF is often underreported in clinical trials.88

Systolic dysfunction and subsequent HF are hypothesized to occur because the pathways 

that induce the pathologic survival and abnormal proliferation of cancer cells may also 

regulate the survival of normal cells, including cardiomyocytes. In rat and zebrafish 

cardiomyocytes, sorafenib induced cardiomyocyte apoptosis through direct inhibition of 

the Raf/Mek/Erk signaling.89,90 VEGFR-2 signaling blockade and downstream inhibition 

of the PI3K/Akt pathway is also implicated in cardiomyocyte apoptosis.2,91 In mouse 

models, Akt activation at baseline is cardioprotective and prevents cardiomyocyte cell death 

through Akt-mediated inhibition of BCL-2 antagonist of cell death (BAD), a proapoptotic 

protein.2,91–93 In a rat model of cardiac ischemia-reperfusion injury, constitutive activation 

of Akt reduced cardiomyocyte apoptosis and improved cardiac function postinjury.94 
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In another study, the administration of exogenous VEGF prevented cardiomyocyte 

apoptosis and preserved cardiac function92 possibly through improved VEGF/VEGFR2/

PI3K/Akt-mediated inhibition of proapoptotic proteins.2 Although it is unknown whether 

inhibition of the PI3K/Akt pathway by TKI-induced VEGFR-2 blockade contributes to 

cardiomyocyte apoptosis and HF in patients treated with TKIs, this potential pathway 

warrants investigation.2,19 PI3K/Akt signaling in the heart is also modulated by several 

other receptor pathways not affected by TKIs. Thus, further research should be conducted to 

determine the exact mechanism by which TKIs induce cardiomyocyte apoptosis.

Recently, it was demonstrated that the AMPK-mTOR signaling pathway may also promote 

TKI-mediated LVSD and cardiomyocyte death. Reduced in vivo and in vitro AMPK 

phosphorylation in sunitinib treated cells and mice promote cardiomyocyte cytotoxicity95 

and cardiomyocyte autophagy along with impaired LVEF and LVSD in vivo.55 A selective 

sodium-glucose cotransporter-2 (SGLT2) inhibitor empagliflozin ameliorated this sunitinib-

induced cardiac dysfunction.55 TKIs can also contribute to HF development through 

activation of the endoplasmic reticulum (ER) stress response96,100, and oxidative stress 

pathways (ie, increased caspase-3, p53),97 as well as mitochondrial dysfunction, increased 

ROS, and proapototic BCL-XS to BCL-XL proteins26; this may lead to ATP depletion, 

reduced cardiac contractility, and cardiac cell death.98–100

Cross talk between ECs and cardiomyocytes is crucial to maintain cardiac homeostasis 

and angiogenesis. Excessive angiogenesis may also result in cardiomyocyte hypertrophy 

and remodeling, which is mediated by VEGF-B and PLGF.101 VEGF binding affinity 

to VEGFR-2 is increased when VEGF-B and PLGF bind to VEGFR-1. Inhibition of 

VEGFR-2 on cardiac ECs initiates a cascade of downstream signaling changes that result 

in cardiomyocyte apoptosis, hypertrophy, and HTN, which can lead to cardiomyopathy and 

end-stage HF. In addition to VEGF signaling inhibition, the effect of TKIs on systolic 

function may also be caused by inhibition of FGF receptor (FGFR)-1 and −2. In the 

heart, normal FGFR signaling is vital for cell proliferation, differentiation, survival, and 

angiogenesis.2,102–104 In mice lacking FGFR-2, thrombocytosis, poor vascular function, 

and impaired cardiac response to ischemia102 has been reported. In a separate study, loss 

of FGFR-2 resulted in impaired hypertrophic response to pressure overload.105 Acute 

expression of FGFR-1 has also been shown to increase contractility of cardiomyocytes, 

whereas chronic expression leads to hypertrophy and preservation of systolic function.106 

In addition, inhibition of receptors such as PDGFR and c-KIT can also disrupt coronary 

microvasculature through disruption of stress-induced coronary angiogenesis leading to 

HF.35

CURRENT AND PROPOSED TREATMENTS FOR TYROSINE KINASE 

INHIBITOR -INDUCED TOXICITY

Current management strategies for TKI cardiotoxicity have focused on minimizing 

HTN with antihypertensives, TKI dose reduction, and/or drug discontinuation.22 Among 

treatment options for systemic HTN are the classic agents such as ACEIs, ARBs, and 

non-dihydropyridine calcium channel blockers, whereas β-blockers such as carvedilol and 
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nebivolol may be the preferred agents to reduce the risk of cardiotoxicity leading to 

LV dysfunction.2,13,85 Patients cotreated with metoprolol or diltiazem prevented pazopanib-

mediated QT interval prolongation.2,107 As detailed earlier, there is evidence to suggest that 

TKI-induced HTN is mediated by reduction in VEGFR-induced NO production, disrupting 

ET-1 and NO balance. Exogenous NO-producing drugs such as isosorbide dinitrate or 

isosorbide mononitrate and ET-1 receptor blockers may have potential uses.22,108 Kruzliak 

and colleagues109 showed promising clinical efficacy; however, the effects of nitrates in 

preventing TKI-induced HTN still needs to be evaluated in larger clinical trials.22 Therefore, 

it is suggested that blood pressure should be normalized before treatment and monitored 

throughout treatment.

A growing body of evidence has demonstrated that statins and SGLT2 inhibitors also 

exert cardioprotective effects in several cardiovascular diseases55,110,111 and can protect the 

heart from chemotherapy-induced cardiac injury.85 Namely, although the mechanisms of 

cardiotoxicity may be different from TKIs, it was demonstrated that statins reduced HF in 

patients receiving anthracycline chemotherapy,112 and preserved LVEF in patients taking 

trastuzumab,113 suggesting a role for statins in treating drug-related cardiotoxicity.15,85 

In cultured H9c2 cardiomyocytes, treatment with atorvastatin and dasatinib significantly 

enhanced cell survival through reduction in cell death and restoration of cardiomyocyte 

homeostasis.18 Hung and colleagues15 demonstrated that statins improve overall survival in 

patients treated with TKIs. However, a specific role for statins in reducing cardiovascular 

AEs was not reported and warrants further investigation.15 SGLT2 inhibitor empagliflozin 

was recently shown to ameliorate sunitinib-induced cardiac dysfunction both in terms of 

systolic blood pressure and LVEF in vivo and cardiomyocyte death and cell viability 

in vitro.55 These data suggest that SGLT2 inhibitor therapy could be a potential 

cardioprotective approach for cardiovascular complications mediated by sunitinib, but 

requires validation in clinical trials.55

Arrhythmias are common AEs reported in patients using TKIs (see Table 1), which are 

mediated by inhibition of hERG channels, leading to changes in K+ balance, dysregulation 

of Ca2+ and Na + homeostasis, and diarrhea. To help minimize risk of arrhythmias, patient 

electrolytes should be optimized and monitored before and during treatment in conjunction 

with monthly electrocardiography.2 Even further, diuretics and other electrolyte-depleting 

drugs should be avoided or used judiciously in these patients.13,17,22 In some studies, 

administration of β-blockers in conjunction with hydralazine was used to manage TKI-

induced HTN, especially for patients with left ventricular dysfunction or arrhythmia.114,115 

It is also important to address the drug interactions between antihypertensives and TKIs. For 

example, axitinib, cabozantinib, and pazopanib are metabolized by the CYP3A4 enzyme; 

hence antihypertensive drugs that inhibit CYP3A4 should be avoided to maintain the 

therapeutic doses and plasma clearance.2,22

Echocardiographic monitoring is an effective tool for detecting early signs of HF in patients 

taking TKIs.2 In a retrospective study following 23 patients with mRCC treated with 

TKIs, echocardiograms demonstrated early changes in left ventricular strain, which may 

be a precursor of TKI-induced systolic dysfunction.116,117 Moustafa and colleagues87 used 

velocity vector imaging to identify early subclinical cardiac chamber dysfunction secondary 
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to TKIs in patients with mRCC. Therefore, we recommend close echocardiographic 

surveillance of all patients receiving TKIs starting at baseline, and at interval durations 

during TKI therapy, and that any observed abnormalities should result in a dose reduction 

or termination of treatment.2 In addition, an LVEF cutoff for TKI dose adjustment or 

discontinuation must be established.

Another important area of research should be the optimization of TKI drug delivery 

to minimize systemic AEs. The development of nanoscale drug delivery vehicles such 

as liposome and photoactivatable multi-inhibitor nanoliposome—which has already been 

developed for cabozantinib—may reduce “off”-target cardiac effects.22,118 In a pancreatic 

cancer model, this construct successfully reduced tumor size and metastasis following 

injection and near-infrared irradiation of the tumor.118 However, clinical trials are required 

to establish whether these delivery methods reduce cardiac adverse events.

SUMMARY AND FUTURE DIRECTIONS

The prevalence of TKI-mediated cardiovascular complications remains high and can lead 

to increased comorbidity with HTN as well as life-threatening cardiac effects including 

arrhythmias and HF. The intracellular signaling cascades that are associated with TKI 

cardiotoxicity are currently not well understood. Many TKIs systemically inhibit multiple 

signaling pathways, which makes the investigation of the pathophysiological mechanisms 

underlying their cardiotoxicity challenging. Furthermore, there are no proven strategies or 

biomarkers that predict TKI-induced cardiac dysfunction. A multipronged approach may be 

required to address this issue. First, a standardized mechanism of cardiac surveillance should 

be established for patients on TKI therapy, which may be possible through interdisciplinary 

partnerships between cardiologists and oncologists. Second, an understanding of the 

mechanisms that promote adverse cardiac effects of TKIs is necessary for the development 

of cardioprotective strategies. Clinical trials must also explore the utility of administering 

cardioprotective drugs concurrently with TKIs or include patients with cardiovascular 

comorbidities to better reflect a real-world population. In addition, the investigation of TKI-

mediated disruption of cardiac ion channel function can provide insight into the mechanisms 

of arrhythmias and HF. Collectively, the data summarized in this review suggests that 

further research into the general role of tyrosine kinases in cardiac biology is essential for 

combating TKI-induced cardiotoxicity.
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KEY POINTS

• Tyrosine kinase inhibitor (TKI) therapy has markedly improved survivorship 

of patients with cancer; however, these novel therapies also target specific 

signaling pathways integral to normal cardiovascular physiology, promoting 

cardiotoxicity.

• The pathophysiology of TKI-induced cardiovascular complications involves 

a complex interplay of changes in the balance of endothelin-1 (ET-1) 

and nitric oxide (NO), inhibition of vascular endothelial growth factor 

receptor (VEGFR) and phosphoinositide 3-kinase (PI3K)/protein kinase B 

(Akt) signaling, dysregulation of cardiac ion channels, and cardiomyocyte 

apoptosis, all of which contribute to the development of systolic dysfunction 

and heart failure (HF).

• TKI-induced cardiotoxicity is potentially treatable with angiotensin-

converting enzyme inhibitors (ACEIs), non-dihydropyridine calcium channel 

blockers, and beta (β)-blockers. Notably, the β-blocker nebivolol increases 

NO signaling and may be of particular interest. However, clinical trials are 

required to assess the efficacy of these cardioprotective agents against TKI-

mediated hypertension (HTN), arrhythmias, and HF.

• Deeper insight into the signaling pathways underlying TKI-associated 

cardiotoxic sequelae may lead to recognition of new kinase pathways integral 

to cardiovascular biology, development of novel therapies, and effective 

cardioprotective treatments.

CLINICS CARE POINTS

For the pathophysiologic mechanism that promotes TKI-mediated cardiotoxicity, 

remember:

• To evaluate and manage coexisting comorbidities, risk factors, and previous 

patient exposure to other chemotherapies that promote cardiac injury because 

their underlying pathophysiology may promote or exacerbate TKI-mediated 

cardiac disease.

• More preclinical studies are warranted to illuminate other novel kinase 

pathways that are critical to cardiac physiology and the development of 

arrhythmia and HF.

• Although rodent and cultured cardiomyocyte models have provided insights 

into TKI-associated cardiovascular dysfunction, human translational studies 

will be critical to elucidate underlying mechanisms.
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Fig. 1. 
Consequences and mechanisms of direct and indirect tyrosine kinase inhibitor (TKI)-

induced cardiotoxicity. ER, endoplasmic reticulum; IHD, ischemic heart disease; LV/RV, left 

ventricle/right ventricle; LVSD, left ventricular systolic dysfunction; ROS, reactive oxygen 

species; SVT, supraventricular tachycardia. (Created with BioRender.com.)
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Fig. 2. 
Intracellular signaling pathways mediating tyrosine kinase inhibitor cardiotoxicity. TKI-

mediated inhibition of VEGFR-2 results in the downregulation of PLC-γ, which alters 

IP3 and Ras/Raf/Mek/Erk signal transduction cascades. Reduced IP3 contributes LVSD 

and reduced myocardial contractility, which results from impaired calcium cycling and 

increased ER stress and ROS. Increased ROS is proposed to activate and increase CaMKII 

phosphorylation and further dysregulation in Ca2+ homeostasis. Reduced Ras/Raf/Mek/Erk 

signaling is also directly affected by PDGFR-β inhibition resulting in decreased 

cardiomyocyte survival, increased apoptosis, and LVSD. Inhibition of PDGFR-β reduces 

PI3K/Akt signaling and upregulates the proapoptotic proteins, BAD and BAX, leading to 

mitochondrial dysfunction, release of Cyt C, activation of caspase 3 and 9, ATP depletion, 

and cell death. AMPK inhibition by sunitinib also depletes ATP due to increased energy sink 

from mTOR and ACC-mediated protein and fatty acid synthesis, respectively. Loss of ATP 

contributes to cardiomyocyte injury and death. TKIs also directly inhibit myocyte Kv11.1/

hERG channels disrupting K+ currents. Inhibition of cytoplasmic C-RAF/B-RAF enzymes 

increases cAMP promoting PKA phosphorylation and inhibition of hERG channels, 

leading to QT prolongation and the development of arrhythmias. ACC, acetyl-coenzyme A 

carboxylase; Akt, protein kinase B; AMPK, adenosine 5′-monophosphate-activated protein 

kinase; BAD, BCL2-antagonist of cell death; BAX, BCL2-associated X protein; CaMKII, 
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Ca2+/calmodulin-dependent protein kinase II; cAMP, cyclic adenosine monophosphate; 

Cyt C, cytochrome c; hERG, human ether-à-go-go; IP3, inositol-trisphosphate-3 kinase; 

LVSD, left ventricular systolic dysfunction; mTOR, mammalian target of rapamycin; 

PI3K, phosphatidyl inositol-3 kinase; PLC- γ, phospholipase C gamma; PKA/C, protein 

kinase A/C; PDGFR-β, platelet-derived growth factor receptor; Raf-1, rapidly accelerated 

fibrosarcoma-1; ROS, reactive oxygen species. (Created with BioRender.com.)
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