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Abstract

Purpose of Review—While vascular endothelial growth factor receptor inhibitors (VEGFRis) 

have dramatically improved cancer survival, these drugs cause hypertension in a majority of 

patients. This side effect is often dose limiting and increases cardiovascular mortality in cancer 

survivors. This review summarizes recent advances in our understanding of the molecular 

mechanisms and clinical findings that impact management of VEGFRi-induced hypertension.

Recent Findings—Recent studies define new connections between endothelial dysfunction 

and VEGFRi-induced hypertension, including the balance between nitric oxide, oxidative stress, 

endothelin signaling, and prostaglandins and the potential role of microparticles, vascular 

smooth muscle cells, vascular stiffness, and microvessel rarefaction. Data implicating genetic 

polymorphisms that might identify patients at risk for VEGFRi-induced hypertension and the 

growing body of literature associating VEGFRi-induced hypertension with antitumor efficacy are 

reviewed.

Summary—These recent advances have implications for the future of cardio-oncology clinics 

and the management of VEGFRi-induced hypertension.
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Introduction and Background

Overview

Inhibition of vascular endothelial growth factor receptor (VEGFR)-mediated tumor blood 

vessel growth is a major advance in the management of patients with solid organ 

malignancies [1]. While it was hoped that therapies targeted to tumor-specific mechanisms 

would avoid side effects, many targeted agents induce cardiovascular (CV) toxicity that 

can limit cancer treatment and overall survival [2, 3, 4, 5, 6, 7, 8]. A recent meta-analysis 

demonstrated that VEGFR inhibitor (VEGFRi) treatment significantly increased the risk of 

cardiac dysfunction with an odds ratio (OR) of 1.35 and arterial thromboembolism (OR 

1.52), but by far the most common side effect of VEGFRi is hypertension (OR 5.28), which 

is the focus of this review. Increased blood pressure (BP) is noted in almost all VEGFRi-

treated patients, resulting in new or worsening hypertension in up to 70%, a side effect 

that often requires treatment dose adjustment or discontinuation with a negative impact 

on cancer outcomes [9•]. In addition to the negative impact of dose adjustment on cancer 

outcome, age adjusted mortality from hypertension has increased over the past 2 decades 

and CV mortality has overtaken cancer mortality for some long-term cancer survivors [10, 

11]. While data is not available for long-term cardiovascular outcomes in VEGFRi-treated 

cancer patients, women exposed to preeclampsia during pregnancy, a disorder frequently 

associated with overexpression of a soluble VEGF trap, have a significant increase risk of 

early cardiovascular adverse events [12]. Finally, the rising use of combination therapies, 

each with distinct CV toxicities that are often synergistic, further enhances the CV risk 

of state-of-the-art cancer treatment regimens [13]. Thus, there has been a recent focus 

on understanding the mechanisms driving VEGFRi-induced hypertension to improve both 

cancer and cardiovascular outcomes by predicting those at greatest risk for side effects and 

identifying the best therapies to lower BP.

Role of VEGF in Normal Vascular Function and Cancer Progression

The VEGFs are a family of secreted proteins that are necessary for normal blood vessel 

growth and health. Blood vessels are composed of 3 layers. The innermost endothelium 

is a single layer of endothelial cells (ECs) that lines the lumen and hence is in contact 

with blood and all systemically circulating drugs. The medial layer is made up of vascular 

smooth muscle cells (SMCs) that constrict or relax to regulate lumen diameter, blood flow, 

and peripheral vascular resistance and hence contribute to BP control. The outer adventitia 

provides structure and support to the inner layers. VEGFs signal through VEGFRs, tyrosine 

kinase receptors which are predominantly expressed on the surface of ECs (although they 

are also be expressed on injured SMC) [14]. The healthy endothelium is anti-inflammatory, 

anti-thrombotic and releases vasodilatory factors that relax SMC to regulate vessel diameter. 

Factors released by ECs to control vessel tone include the vasodilators nitric oxide (NO) and 

prostacyclin (also known as prostaglandin I2 (PGI2)), as well as vasoconstrictors, including 

endothelin-1 (ET-1), which promotes vasoconstriction by interacting with SMC endothelin 

A receptors (ETAs) to phosphorylate myosin light chain leading to vasoconstriction (see 

Fig. 1). In addition to triggering ECs to release vasodilatory factors, activation of VEGFR 

signaling promotes proliferation and survival of ECs, enhances vascular permeability, and 

drives angiogenesis [15, 16]. Tumor growth is critically dependent on a sufficient blood 
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supply [17]. As solid tumors grow, the core becomes hypoxic triggering the release of 

pro-angiogenic factors which induce neo-angiogenesis (the growth of new blood vessels 

from existing ones), a process that is dependent on VEGF signaling [15, 16]. VEGFR 

activation also enhances EC permeability which may contribute to cancer cell metastasis 

[18].

Impact of VEGFRi on Cancer Outcomes and Blood Pressure in Human and Canine Cancer 
Patients

Over the last 15 years, multiple classes of anti-angiogenic therapies have been developed 

that inhibit VEGF signaling to treat cancer. The earliest drugs were monoclonal antibodies 

(bevacizumab) and decoy receptors (aflibercept) which act by sequestering VEGFs to 

prevent binding to their receptors. Newer agents are small molecule tyrosine kinase 

inhibitors (TKIs) (sunitinib, sorafenib, axitinib, and many others) that directly inhibit 

VEGFR signaling as well as other non-VEGFR tyrosine kinases (Fig. 1, top). By targeting 

the cancer vasculature (rather than the tumor itself), VEGFR inhibitors block tumor 

angiogenesis to decrease tumor size and decrease vascular permeability which may prevent 

metastasis [19, 20]. By these mechanisms, VEGFR inhibition improves cancer outcomes, 

more than doubling progression free survival in patients with hepatocellular or renal cell 

carcinoma among other cancer types [21].

Consistent with the known function of VEGFR signaling in maintaining EC health, 

VEGFRis induce endothelial dysfunction and hypertension in a variety of settings [9•, 16, 

20, 21]. In women with preeclampsia, a syndrome of hypertension and renal protein loss 

in pregnancy, release of soluble VEGFR1 (also known as sFlt1) from the ischemic placenta 

acts like the decoy receptors to sequester circulating VEGFs, leading to hypertension and 

endothelial dysfunction (reviewed in [22]). In human cancer patients, VEGFRi treatment 

increases BP in most patients, with a number needed to harm of 6 for hypertension and 

17 for severe hypertension [9•]. This mechanism is highly conserved as hypertension is 

also a common complication of VEGFRi cancer therapy in veterinary oncology practice. 

The VEGFR TKI toceranib was FDA approved for canines in 2009, and several others 

are used off-label based on human experience [23]. VEGFRi has benefits in a variety 

of canine cancers including mast cell tumor, several carcinomas, neuroendocrine cancers, 

and multiple myeloma [24, 25, 26, 27]. Clinical toxicides in canines include both protein 

losing nephropathy and hypertension, similar to VEGFRi side effects seen in humans [23, 

28]. In one study of dogs undergoing toceranib treatment for cancer, 67% developed an 

increase of 10 mmHg in systolic BP, and 37% had increases greater than 20 mmHg 

[28]. Additionally, 37% of these dogs had a systolic BP ≥ 160 mmHg. Interestingly, 

the hypertension was not readily managed by angiotensin-converting enzyme inhibitor 

(ACEi) monotherapy, and it was especially challenging for those already hypertensive 

prior to toceranib administration [28]. Thus, enhanced understanding of the etiology and 

evidence-based treatment of VEGFRi-induced hypertension has potential to benefit canine 

as well as human cancer patients, and veterinary practice may allow for more rapid 

translation of advances in this field. Moreover, understanding whether the mechanisms 

driving hypertension are independent or overlapping with the mechanisms for the cancer 
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efficacy of VEGFRi is critical to safely treating hypertension and improving cancer and CV 

outcomes in these patients.

Thus, this review will summarize recent advances in the following: (1) molecular 

mechanisms driving VEGFRi-induced hypertension, (2) genetic predictors of the 

hypertensive response to VEGFRi treatment, (3) the relationship between cancer efficacy 

and BP response, and (4) available evidence supporting strategies to treat or prevent 

VEGFRi-induced hypertension.

Advances in Understanding Molecular Mechanisms of VEGFRi-Induced Hypertension

While the mechanisms underlying the hypertensive effects of VEGFRi remain to be fully 

elucidated, preclinical data support several molecular mechanisms. As this area has recently 

been reviewed (see [2]), this section summarizes our current understanding of mechanisms 

driving VEGFRi-induced hypertension with a focus on new findings in the past 3 years. 

This section reviews advances in the role of the endothelium summarizing the impact on 

the following: (1) nitric oxide (NO) and redox balance, (2) endothelin (ET-1) signaling, (3) 

prostacyclin production, and (4) the role of endothelial microparticles; the impact of blood 

vessel remodeling includes the following: (1) capillary rarefaction, (2) vascular stiffening, 

and (3) a potential direct impact on vascular smooth muscle cells. Finally, we describe the 

role of the kidney with a comparison to preeclampsia-like physiology (Fig. 1).

Advances in Understanding Endothelial Mechanisms for VEGFRi-Induced Hypertension

1. Nitric Oxide and Redox Balance: Nitric oxide (NO) is a potent vasodilator 

produced by ECs via the endothelial nitric oxide synthase (eNOS) enzyme. 

VEGF binding to type 1 (VEGFR1) or type 2 (VEGFR2) VEGF receptors 

activates the intracellular receptor tyrosine kinase leading to stimulation of the 

PI3K/Akt signaling pathway, which enhances eNOS phosphorylation and results 

in NO release [29]. As such, ample data in preclinical animal models and in 

cultured ECs confirms that VEGFRi decreases NO availability (reviewed in [2]). 

In a rat model of sunitinib-induced hypertension, sunitinib treatment decreased 

urinary NO metabolites and impaired endothelium-dependent vasorelaxation in 

mesenteric arteries [21, 28]. Decreased bioavailable NO may be due to decreased 

production of NO by eNOS or by increased oxidative stress, as reactive oxygen 

species (ROS) inactivate NO. A recent study showed that treatment of human 

aortic ECs with the VEGFRi vatalanib both decreased NO production, by 

decreasing phosphorylation of Ser1177 on eNOS, and increased superoxide 

production, by increasing NADPH oxidase (Nox)1 and Nox4 and decreasing 

anti-oxidant gene expression [30•] (Fig. 1). These findings are consistent with 

human data in which bevacizumab infusion impaired endothelial-dependent 

vasodilation to acetylcholine [31]. As such, polymorphisms in the eNOS gene 

that are associated with decreased eNOS activity and decreased plasma NO 

levels are also associated with the development of high-grade hypertension 

during sunitinib therapy [32].

2. Endothelin 1 Signaling: Endothelin 1 (ET-1) is a peptide secreted by ECs that 

regulates vasoconstriction by interacting with the G-protein-coupled membrane-
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bound ETA and ETB receptors on vascular SMC. The ETB receptor is 

also expressed on ECs where its activation induces eNOS-mediated NO and 

prostacyclin synthesis and mediates ET-1 clearance; hence, ETB receptor 

activation on ECs is vasodilatory. However, the predominant impact of ET-1 

is that it is released from ECs and acts as a paracrine peptide via binding to 

SMC ETA receptors to induce vasoconstriction. VEGFRi treatment has been 

associated with an increase in circulating ET-1 levels in rats and humans which 

correlates with the degree of VEGFRi-induced hypertension [27, 29, 31, 32, 

33•]. Furthermore, ET-1 enhances NADPH oxidases activity thereby increasing 

ROS production and thus may also contribute to hypertension by further 

decreasing available NO [34]. Therefore, it is difficult to completely disentangle 

the role of ET-1 from NO-ROS balance (Fig. 1). Kappers et al. explored this 

complex relationship in a swine model of sunitinib-induced hypertension. In 

swine treated with sunitinib for 1 week, BP and systemic vascular resistance 

increased without a change in coronary or pulmonary blood flow, suggesting 

that VEGFRi may have distinct impact on different vascular beds [35]. In the 

swine model, treatment with an eNOS inhibitor resulted in a greater increase in 

BP after sunitinib treatment, supporting a more nuanced role for eNOS in the 

BP response to sunitinib. However, treatment with the nonselective endothelin 

receptor antagonist tezosentan completely rescued the BP effect of sunitinib, 

more effectively than ROS scavenging with Tempol and N-acetylcysteine [35]. 

Similar findings in a rat model showed that endothelin receptor inhibition 

was more effective than ROS scavenging with Tempol at reducing sunitinib-

induced hypertension [36]. More recently, using selective endothelin receptor 

antagonists, Colafella et al. further clarified that sunitinib-induced hypertension 

and albuminuria are mediated by ETA, not ETB, receptors, consistent with the 

known role of ETA in mediating SMC constriction [33•]. Mesenteric artery 

ROS generation was also attenuated by ETA receptor antagonism suggesting 

that ET-1/ETA receptor signaling may potentiate vascular ROS generation during 

VEGFRi treatment [29, 31]. Overall, substantial preclinical data support the 

concept that ETA inhibition improves both endothelin-induced vasoconstriction 

and ROS-NO balance, supporting the potential of endothelin antagonists as 

effective therapies to ameliorate VEGFRi-induced hypertension. However, 

whether ETA activation also contributes to the cancer efficacy of VEGFRi should 

be clarified before considering endothelin antagonism in cancer patients.

3. Prostacyclin: VEGF signaling in ECs also activates production of PGI2 via 

the PLC/PKC pathway [16]. Together with NO, PGI2 is a potent vasodilatory 

molecule that also inhibits ET-1 expression and secretion in cultured ECs [33•]. 

There is generally a dearth of experimental studies investigating the relationship 

between prostanoids like PGI2 and VEGFRi-induced hypertension. One recent 

study in rats found that co-treatment with high-dose aspirin (a nonselective 

COX inhibitor that prevents prostacyclin production) blunted the BP rise to 

sunitinib by 50% and inhibited the rise in albuminuria to a similar extent as 

high-dose sitaxentan (a selective ETA receptor inhibitor) [33•]. Interestingly, in 

contrast to preeclampsia which is characterized by a reduction in PGI2 levels, 
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the same study observed an increase in circulating and urinary PGI2 levels 

following sunitinib treatment [33•]. Furthermore, in this same study, macitentan 

(a nonselective ETA/ETB receptor antagonist) did not block the reduction 

in PGI2 levels induced by sunitinib, pointing to possible negative counter-

regulatory effects of ETB receptors on PGI2 release [33•]. In mice treated with 

sFlt1 (soluble VEGFR1 that acts as a VEGF trap and mimics preeclampsia), ex 

vivo responsiveness of isolated carotid (but not mesenteric) artery segments to 

ET-1 was enhanced and this effect was abrogated by indomethacin, a nonspecific 

COX inhibitor, implicating prostaglandins in the constrictive response [37•]. 

Once again, these data support careful attention to the vascular bed of interest. 

In vivo, sFlt1-induced hypertension was also attenuated by high-dose aspirin 

[37•]. Overall, the totality of these data suggests a possible role of PGI2 in 

the pathophysiology of VEGFRi-induced hypertension in cancer patients and in 

preeclampsia, and further studies are warranted to clarify the mechanisms (Fig. 

1).

4. Endothelial Microparticles: Extracellular vesicles (EVs) are cell-derived 

microparticles released in response to cell perturbation or stress that act as a 

form of cell–cell communication. These microparticles transport information, 

in the form of membrane proteins and lipids and intra-vesicle cargo including 

microRNAs and proteins, between cells and tissues [38, 39]. EVs have been 

shown to play an important role in the cross-talk between cancer cells and 

other cells in their vicinity [40]. EVs from aggressive cancer cell lines 

enhanced vascular permeability, which may contribute to cancer progression 

and metastasis [38, 39]. EC-derived microparticles have also been found to 

communicate with SMC and other cells and thus may act as both drivers and 

potential biomarkers of vascular disease [38]. Neves et al. recently demonstrated 

that VEGFRi treatment promotes formation of pro-inflammatory EVs in cancer 

patients [41•]. Furthermore, when human ECs were treated with EVs from 

VEGFRi-treated ECs, this resulted in increased ET-1 gene expression, inhibition 

of eNOS activity, decreased NO, and increased ROS compared to treatment with 

EVs from untreated ECs [41•]. Thus, the impact of VEGFRi treatment on EC 

EVs may contribute to both the anticancer benefits and the vascular toxicity 

that drives hypertension. Further studies are needed to determine if EVs may 

be a therapeutic target or a biomarker to assist with diagnosis or monitoring of 

VEGFRi-induced hypertension.

Role of Blood Vessel Remodeling and SMCs and VEGFRi-Induced Hypertension

1. Microvessel Rarefaction: Microvascular rarefaction (reduction in microvessel 

density), leading to impaired microcirculation and increased vascular resistance, 

has been proposed to contribute to VEGFRi-induced hypertension [3, 40]. 

Capillary rarefaction may initially be functional, due to intense vasoconstriction, 

and later structural, due to apoptosis of ECs and SMCs, and this may be 

exacerbated by chronic vasoconstriction. Furthermore, EC dysfunction may 

precipitate thrombosis which leads to a further reduction in vascular perfusion, 
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increased apoptosis, and microvascular obliteration [2, 42]. Thus, rarefaction 

may be a longer-term consequence, rather than a cause of VEGFRi-associated 

hypertension, which is further supported by the fact that VEGFRi-associated 

hypertension resolves rapidly after therapy discontinuation [29, 36].

2. Vascular Stiffness: The vasculature stiffens with aging and exposure to CV risk 

factors and the degree of stiffness predicts adverse CV event risk [43]. Stiffer 

vessels result in faster reflection of the cardiac pressure wave and hence can 

be measured noninvasively by quantifying pulse wave velocity. This faster and 

greater amplitude pressure wave contributes directly to higher central BP and to 

microvascular damage. In a recent study of 84 patients with metastatic renal cell 

carcinoma, increased vascular stiffness was reported within the first weeks of 

therapy with the VEGFRi sunitinib, as measured by carotid-femoral pulse wave 

velocity [44]. Vascular stiffness can be caused acutely by increased intrinsic 

EC stiffness due to alterations in cellular ion trafficking and chronically by 

structural remodeling and fibrosis of the vessels [45]. While the mechanism of 

VEGFRi-induced vascular stiffening has not been explored, the rapid onset and 

reversibility support an acute mechanism rather than structural remodeling, but 

further studies are needed in this area.

3. Direct Impact of VEGFRi on SMC Function: VEGF signaling impacts SMC 

function via the factors released from ECs including NO which is critical 

for vascular SMC homeostasis and vasomotor tone regulation (Fig. 1). Thus, 

VEGFRi impairs SMC function via ROS production and disruption of NO 

bioavailability [46]. While VEGFRs were originally thought to be expressed 

only on ECs, studies have shown that injured SMC can express VEGFR raising 

the possibility of direct effects of VEGFRi on SMC in patients with damage 

SMC due to underlying vascular disease or CV risk factors [14]. However, 

whether VEGFR inhibition directly impairs SMC function remains controversial. 

In humans treated with the VEGFRi telatinib, one study demonstrated a 

diminished response of SMC to a direct NO donor rather than a decrease in NO 

bioavailability [47]. However, another study showed that bevacizumab treatment 

impaired endothelium-dependent but not endothelial-independent dilation to 

sodium nitroprusside, a direct SMC dilator [31]. In rats exposed to sunitinib, 

another group found that ex vivo vascular responsiveness to sodium nitroprusside 

was decreased [48]. Interestingly, this same group found a diminished response 

to the vasoconstrictor angiotensin II, suggesting a generalized SMC contractile 

dysfunction during sunitinib administration in the coronary microcirculation 

[48]. These studies differ in the duration of VEGFRi treatment, the vascular 

bed tested, and the underlying CV risk profile when tested in human patients. 

In addition, most VEGFR TKIs inhibit other TKIs, including platelet-derived 

growth factor receptor (PDGFR), which is necessary for normal SMC function. 

Thus, concomitant inhibition of PDGFR and other pathways by VEGFRi can 

also lead to changes in SMC function [49], and further studies are needed to 

clarify the direct impact of VEGFRi treatment on SMCs.
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Kidney Involvement in VEGFRi-Induced Hypertension and Similarities to Preeclampsia

1. Impact of VEGFRi on the Kidney: The glomeruli of the kidney are made up 

of ECs and podocytes that together are responsible for filtration and barrier 

functions of the kidney. When exposed to increased vascular tone due to 

renal vasoconstriction, the healthy kidney excretes additional sodium thereby 

normalizing BP in a process known as renal pressure-natriuresis. VEGF is 

secreted by podocytes, and VEGFRs are expressed on ECs and podocytes. 

VEGF-induced glomerular NO production plays a critical role in regulating 

renal perfusion and sodium reabsorption (recently reviewed in [50]). VEGF 

signaling inhibition therefore has deleterious effects on renal function and 

renovascular homeostasis that contributes to hypertension. VEGFRi treatment 

shifts the pressure natriuresis curve to attenuate sodium excretion, contributing 

to VEGFRi-induced hypertension, and increases podocyte permeability, leading 

to proteinuria (reviewed in [51]). In cancer patients, bevacizumab treatment 

decreased renal perfusion by functional MRI with an associated increase 

in proteinuria [52]. In vitro, VEGFRi decreases eNOS protein expression 

in glomerular ECs and long-term therapy with anti-VEGF antibodies in 

mice produced glomerular endotheliosis, proteinuria, and decreased nephrin 

expression, which is critical for podocyte foot process structural integrity [51]. 

Sunitinib combined with high-salt diet in rats resulted in hypertension associated 

with proteinuria with dose-dependent glomerular endotheliosis, evidence of 

glomerular EC damage, and the hallmark of kidney disease in preeclampsia 

[53]. Although renal damage is evident in humans and in preclinical models with 

VEGFRi, multiple studies suggest that BP rises prior to kidney damage and at a 

lower dose of VEGFRi [53, 54, 55]. The acuity of the BP response to VEGFRi 

suggests that functional changes in vascular tone may be the initial trigger of 

the hypertensive response with renal dysfunction following to maintain the BP 

elevation [42].

2. Parallels with Preeclampsia: The renal damage and dysfunction caused by 

VEGFRi treatment mimic the pathophysiology of preeclampsia. In preeclampsia, 

increased placental production of a splice variant of VEGFR1 (soluble fms-like 

tyrosine kinase 1 (sFlt1)) sequesters VEGFs resulting in functionally impaired 

VEGFR signaling [56]. Indeed, preeclamptic women and VEGFRi-treated cancer 

patients both develop hypertension, proteinuria, and renal endotheliosis [57]. 

Both syndromes are also associated with elevated ET-1 levels that correlate with 

serum sFlt1 in preeclampsia and dosage of VEGFRi in cancer patients [58]. 

In animal models of sFlt1-induced preeclampsia syndrome, interventions that 

increase NO, scavenge ROS, or block endothelin receptors appear to alleviate the 

preeclampsia phenotype [10, 21, 53, 54].

Advances in Predicting Susceptibility to VEGFRi Hypertension

Elevated serum VEGF is a poor prognostic marker in many cancers; however, serum 

biomarkers have not yet been identified to predict response to VEGFRi therapy [59]. 

Rather, genetic polypmorphisms have been shown to correlate with both cancer response 
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and susceptibility to VEGFRi-induced hypertension. Early data in breast cancer patients 

showed that the VEGF-2578-AA and VEGF-1154-AA genotypes were associated with 

improved overall survival (OS) in bevacizumab-treated patients but not in those treated 

with placebo. Interestingly, two other genotypes, VEGF-634-CC and VEGF-1498-TT, were 

strongly associated with decreased incidence of grade 3 or 4 VEGFRi-induced hypertension 

but were not associated with improved OS [60]. The COMET trial was a prospective 

study to identify biomarkers in metastatic breast cancer patients receiving VEGFRi therapy. 

Recent data from that trial analyzing associations with single nucleotide polymorphisms 

(SNPs) showed that the VEGFA-(rs833061)-C/C, VEGFR1-(rs9582036)-C/A or -C/C, 

and VEGFR2-(rs1870377)-T/A or -A/A all were poor prognostics indicators, but their 

association with VEGFRi-induced hypertension was not reported [61]. In addition to genetic 

variations in VEGF itself, Frey et al. identified associations between haplotypes of WNK1, 

KLKB1, and GRK4 and increased incidence of grade 3 or 4 VEGFRi-induced hypertension 

in patients with solid tumors treated with bevacizumab [62]. A composite risk score using 

these genetic variants has an odds ratio of 6.45 for developing grade 3 or 4 VEGFRi-induced 

hypertension [62]. WNK1 encodes a sodium transporter in the distal convoluted tubule, 

KLKB1 encodes kallikrein which is a protease important in the bradykinin pathway involved 

in vasodilation, and GRK4 is a GPCR linked to dopamine regulation of blood flow in the 

kidney. As has been discussed above, vasomotor function, renal blood flow, and alterations 

in sodium balance have all been implicated in VEGRi-induced hypertension (Fig. 1), 

suggesting a potential causal relationship with these SNPs [51]. In addition to the above, 

Li et al. showed that polymorphisms in SLC29A1 and HSP90AB1 were associated with 

increased susceptibility to VEGFRi hypertension in colorectal cancer patients receiving 

bevacizumab. They then showed that overexpression of SLC29A1 in ECs was associated 

with greater decrease in NO levels in bevacizumab-treated ECs, supporting a potential 

mechanism for this genetic association [63]. While most literature regarding genetic 

polymorphisms and VEGFRi hypertension has been examined in the setting of bevacizumab 

treatment, Eechoute et al. also showed the polymorphisms in VEGFA and eNOS were 

associated with increased grade 3 hypertension in renal cell carcinoma patients treated 

with the VEGFR-TKI sunitinib [32]. Taken together, these studies show that variations 

among individuals in genes involved in the VEGF signaling pathway and in the pathways 

implicated in VEGFRi-induced vascular and renal dysfunction can lead to changes both in 

the cancer response to VEGFRi therapy and VEGFRi hypertension (Fig. 1).

The Relationship between VEGFRi-Induced Hypertension, Cancer Survival, and Treatment 
Efficacy

1. VEGFRi Hypertension as a Marker of Cancer Prognosis: outcome of efforts to 

predict cancer response to VEGFRi therapy is the finding that the development 

of VEGFRi hypertension itself may be a strong prognostic factor. Although 

initially debated, as clinical experience with VEGFRi therapies has grown, 

particularly with the expansion of the oral TKI therapies in recent years, it 

has become clear that the development of VEGFRi-induced hypertension is 

associated with increased survival with varying degrees of clinical significance 

(Table 1) [64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79]. 

This finding raises the possibility that the mechanism of cancer efficacy is 
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the same as or at least overlapping with the mechanism of VEGFRi-induced 

hypertension. If so, the potential for mechanism-directed antihypertensive 

therapy to negatively impact cancer outcomes becomes a concern. As such, 

Langenberg et al. showed that antihypertensive prophylaxis with a calcium 

channel blocker decreased the incidence of severe hypertension without affecting 

cancer treatment efficacy; however, this was a relatively small study (N = 

125) with a VEGFR-TKI not commonly used clinically [80]. More recently, 

McKay et al. performed a retrospective analysis of metastatic RCC patients 

treated with VEGFRi showing that ACEi co-treatment had better overall 

survival compared to other antihypertensive agents or patients not treated for 

hypertension [73]. They also showed that treatment with ACEi or angiotensin 

receptor blocker (ARB), but not calcium channel blocker or beta blocker, 

enhanced the antitumor efficacy of sunitinib in RCC cell lines in vitro [73]. 

These data support a possible direct link between the choice of antihypertensive 

agent and VEGFRi cancer treatment efficacy. Given that RCC cells express 

the angiotensin II receptor however, it is unclear if this is a vascular or a 

tumor specific effect. Also, due to the retrospective nature of the study, data 

about the reasoning behind the antihypertensive agent choice, dose, and efficacy 

were not available and confound the interpretation of the results. Indeed, a 

retrospective study by Hamnvik et al. showed that VEGFRi-treated patients who 

developed hypertension had better overall survival compared to those who did 

not but this analysis showed no significant difference in outcomes in patients 

treated with ACEi, ARB, or other antihypertensive agents [78]. Given the myriad 

mechanisms contributing to VEGFRi hypertension discussed above, as well 

as the growing repertoire of antihypertensive agents, the possibility of finding 

antihypertensive agents that effectively treat VEGFRi hypertension without 

compromising or better yet enhancing antitumor efficacy is an important area for 

future research. Conversely, as the development of hypertension correlates with 

cancer survival, it is critical that the antihypertensive therapy does not attenuate 

the benefits of VEGRi treatment on the tumor. As the benefits on the tumor 

are mediated by anti-angiogenic mechanisms, it will be important to test these 

antihypertensive treatments not only on isolated tumor cells but also in tumor 

angiogenesis models.

2. The Impact of Combination Cancer Therapy: An emerging treatment paradigm 

in oncology is the combination of VEGFRi therapy with immunotherapy for 

treatments of many solid tumors. This has led to a shift in frontline therapy 

for metastatic hepatocellular carcinoma and RCC in recent years [78, 79]. In 

these trials, patients treated with bevacizumab plus atezolizumab (a programmed 

cell death ligand checkpoint inhibitor) had similar rates of low and high-grade 

hypertension compared to patients receiving sorafenib [81]. Similarly, patients 

treated for RCC with axinitib and pembrolizumab (another programmed cell 

death ligand checkpoint inhibitor) had comparable rates of hypertension to 

patients treated with sunitinib [82]. These studies suggest that the addition of 

immunotherapy to VEGFRi does not increase the incidence of hypertension, 

although longer-term data about other cardiovascular side effects of VEGFRi 
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when combined with immunotherapy is not yet available. Although we are 

still exploring the mechanisms behind the synergy between VEGFRi therapy 

and immunotherapy in the tumor, there is significant emerging data that 

“vascular normalization” through the effects of VEGFRi on the endothelium 

plays an important part in the process (reviewed by [59]). Given that many 

of possible mechanisms behind VEGFRi hypertension are also mediated by 

effects on the endothelium and that many of the antihypertensive agents used 

to treat VEGFRi hypertension act on the vasculature, potential interactions 

between antihypertensive agents and the efficacy of combination VEGFRi and 

immunotherapy deserve further investigation.

Current Understanding of Management for VEGFRi-Induced Hypertension

1. Current Recommendations: Given the prevalence of VEGFRi-induced 

hypertension and the fact that preexisting hypertension is the most common 

comorbidity in patients with cancer, numerous agencies have issued 

recommendations for hypertension management in cancer patients in general and 

of VEGFRi hypertension specifically [83, 84, 85, 86]. Current recommendations 

are based on expert opinion as there are no published clinical trials to drive 

official evidence-based treatment guidelines. Current recommendations are to 

measure BP prior to starting VEGFRi therapy and consider delaying treatment at 

initial or subsequent treatment if BP is above 160/100. Initial agents of choice 

are either ACEi or ARB [81, 83]. Of note, non-dihydropyridine calcium channel 

blocker use is not recommended with VEGFRi-TKIs as they inhibit CYP3A 

and can increase levels of these drugs [85]. Most recommendations also suggest 

the addition of another antihypertensive agent prior to increasing the dose of 

the initial agent and referral to cardiology if BP is refractory to two agents. In 

recent years, the concept of the cardio-oncology clinic has arisen to help provide 

expert and evidence-based recommendations for monitoring and management of 

CV complications in oncology patients including those with VEGFRi-induced 

hypertension [87].

2. Emerging Treatments for VEGFRi Hypertension: Despite advances in our 

understanding of mechanisms driving the pathophysiology behind VEGFRi 

hypertension, current management algorithms are similar to current guidelines 

for essential hypertension. Studies are beginning to investigate potential 

treatments specific for VEGFRi hypertension using in vitro and preclinical 

animal models but human trials are lacking. Sharma et al. used human-

induced pluripotent stem cells to quantify the effects of VEGFRi-TKIs on 

the phosphoprotein state of fibroblasts, cardiomyocytes, and ECs [88]. In that 

study, human pluripotent stem-derived ECs were found to develop an “EC 

toxicity profile” with drugs including sorafenib, regorafenib, and ponatinib 

[88]. The EC toxicity profile for these TKIs was different from the toxicity 

profile in cardiomyocytes and fibroblasts, and the use of this technique as a 

screening method for drug toxicity and interventions to reduce toxicity is an 

avenue for future research [88]. Other pre-clinical studies have begun to focus 
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on antihypertensive agents that mitigate the specific molecular mechanisms 

recently implicated in VEGFRi hypertension. As mentioned above, Colafella 

et al. showed that selective ETA or dual ET A/B blockade was effective in 

preventing sunitinib-induced hypertension in rats, consistent with a role for 

ET-1 acting on SMC ETA receptors [33•]. Dabiré et al. showed that targeting 

the NO pathway with sildenafil, a phosphodiesterase inhibitor that prevents the 

breakdown of NO, can mitigate VEGFRi hypertension caused by sorafenib in 

rats [89]. However, there does not appear to be any pre-clinical or clinical studies 

to date investigating the impact of antihypertensive treatments on the antitumor 

efficacy of VEGFRi therapy. This is important as unlike other therapies targeted 

at the tumor cells, both the tumor efficacy and the pro-hypertensive effects of 

VEGFRi are mediated by impact on vascular cells.

3. Current Clinical Trials in VEGFRi-induced Hypertension: There are a number 

of ongoing and planned clinical trials to help expand the evidence base 

for predicting, monitoring, and treating VEGFRi hypertension. The UNICO 

(NCT03882580) and TITAN (NCT01621659) trials are a prospective and a 

randomized controlled trial respectively, which seek to provide more evidence 

base and guidance for the role of the cardio-oncology clinic in patients treated 

with VEGFRi and other cardiotoxic cancer treatments and to evaluate clinical 

outcomes of patients seen in a multidisciplinary clinic. The CHA-RISMA 

(NCT04467021) trial is a 60 patient randomized control trial of intensive (< 

120/80) versus standard of care (systolic BP < 140) BP management in patients 

with metastatic renal cell and thyroid cancer initiating treatment with VEGFRi-

TKIs. NCT03709771 is a prospective trial of 80 patients that seeks to investigate 

VEGFRi hypertension in patients undergoing combined VEGFRi therapy 

and immunotherapy. However, larger clinical studies are needed randomizing 

VEGFRi-treated cancer patients to different antihypertensive agents, with follow-

up to determine the short-term impact on BP control and the longer-term impact 

on cancer outcomes and cardiovascular disease risk.

Conclusions

Inhibition of VEGF signaling has become a common part of treatment regimens for 

many malignancies. One of the most consistent and clinically significant side effects from 

VEGFRi treatment is the development of hypertension, which is of particular concern 

given the advanced age and high rate of cardiovascular comorbidities of patients who 

typically receive these therapies. In recent years, advances have been made with regard to 

defining the pathophysiology behind VEGFRi-induced hypertension, including the role of 

endothelial dysfunction. Genetic studies have also elucidated candidate polymorphisms in 

these pathways implicated in VEGFRi signaling that predict patients at risk for developing 

VEGFRi-induced hypertension. Pre-clinical investigations and the growing field of cardio-

oncology researchers are working to further elucidate the most effective monitoring and 

management strategies for VEGFRi-induced hypertension. All of these changes are also 

occurring in the background of a firm body of literature showing that patients who develop 

hypertension on VEGFRi therapy have better oncologic outcomes, but worse cardiovascular 
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outcomes, compared to those who do not develop hypertension on VEGFRi therapy. Further 

investigation into the interplay between antitumor and pro-hypertensive effects of VEGFRi 

is warranted to maximize the anticancer benefits from VEGFRi treatment while managing 

its side effects.
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Fig. 1. 
Mechanisms of VEGFRi-induced hypertension. Model summarizing the current 

understanding of molecular mechanisms driving the rise in blood pressure in patients treated 

with drugs blocking VEGF receptor signaling. The top indicates the classes of VEGF 

receptor inhibitors (VEGFRis) and their mechanisms of action. The middle summarizes the 

molecular impact of VEGFRi on endothelial cell, smooth muscle cell (SMC), or glomerular 

cell functions with the red arrows indicating decreases and green arrows indicating increases 

in response to VEGFRi treatment. The bottom indicates the physiologic impact of these 

molecular events on arteriolar and kidney function that contribute to VEGFRi-induced blood 

pressure elevation. Figure created with Biorender. VEGF vascular endothelial growth factor, 

ROS reactive oxygen species, PI3K phosphoinositide 3-kinases, Akt protein kinase B, Nox 

NADPH oxidase, PEC phospholipase C, PKC protein kinase C, PGI2 prostacyclin, IP3 

inositol trisphosphate, ET-1 endothelin-1, ETA/B endothelin receptor A/B, NO nitric oxide, 

sGC soluble guanylate cyclase, MLC myosin light chain kinase, EVs extracellular vesicles
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