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Abstract Since the formation of new blood vessels is essential for tumour growth and metastatic spread, inhibition of angiogene-
sis by targeting the vascular endothelial growth factor (VEGF) pathway is an effective strategy for various types of
cancer, most importantly renal cell carcinoma, thyroid cancer, and hepatocellular carcinoma. However, VEGF inhibitors
have serious side effects, most importantly hypertension and nephropathy. In case of fulminant hypertension, this may
only be handled by lowering the dosage since the blood pressure rise is proportional to the amount of VEGF inhibition.
These effects pathophysiologically and clinically resemble the most severe complication of pregnancy, preeclampsia, in
which case an insufficient placenta leads to a rise in sFlt-1 levels causing a decrease in VEGF availability. Due to this
overlap, studies in preeclampsia may provide important information for VEGF inhibitor-induced toxicity and vice versa.
In both VEGF inhibitor-induced toxicity and preeclampsia, endothelin (ET)-1 appears to be a pivotal player. In this re-
view, after briefly summarizing the anticancer effects, we discuss the mechanisms that potentially underlie the unwanted
effects of VEGF inhibitors, focusing on ET-1, nitric oxide and oxidative stress, the renin–angiotensin–aldosterone system,
and rarefaction. Given the salt sensitivity of this phenomenon, as well as the beneficial effects of aspirin in preeclampsia
and cancer, we next provide novel treatment options for VEGF inhibitor-induced toxicity, including salt restriction,
ET receptor blockade, and cyclo-oxygenase inhibition, in addition to classical antihypertensive and renoprotective drugs.
We conclude with the recommendation of therapeutic drug monitoring to improve patient outcome.
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1. Introduction

Since tumours need vascularization for growth and metastatic spread, it
was a logical step to target angiogenesis as an anticancer therapy. The
first angiogenesis inhibitor was introduced shortly after 2000, namely
bevacizumab, a monoclonal antibody ‘capturing’ vascular endothelial
growth factor (VEGF). More inhibitors followed, mainly tyrosine kinase
inhibitors (TKIs) targeting the signalling cascade induced by VEGF and
other growth factors such as platelet-derived growth factor (PDGF) or
fibroblast growth factor (Table 1).13 While angiogenesis inhibitors target-
ing the VEGF pathway are successful anticancer agents, they also induce
unwanted effects such as hypertension and nephropathy. In the last few
years, we have gained a better understanding of these effects and estab-
lished that they clinically and pathophysiologically resemble preeclamp-
sia, a severe complication of pregnancy. In this review, we focus on the
entire spectrum of cancer treatment with VEGF inhibitors. We first

summarize what is known about VEGF, its receptors and its relationship
with angiogenesis, as well as the anticancer effect of VEGF inhibitors
expected thereof. Then we switch to the other side of the coin, i.e. the
unwanted effects of VEGF inhibition, the mechanisms involved and why
there is a resemblance to preeclampsia, and finally, provide options for
prevention and treatment.

2. VEGF and normal angiogenesis

VEGFs and their receptors (VEGFRs) are major contributors to the de-
velopment and function of the vasculature, the lymphatic system and the
glomerular filtration barrier (Figure 1). Their pro-angiogenic effects are
required not only during the normal physiological processes of embryo-
genesis, the menstrual cycle and wound healing, but also contribute to
the growth and metastasis of malignancies.
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Table 1 Working mechanism, target, approved indications, and incidence of hypertension of systemically used VEGF
inhibitors

Drug Type Target EMA and FDA approved

indications (*FDA approved

indication only)

Hypertension (%) References

Axitinib TKI VEGFR1-3, c-KIT, PDGFR RCC 22–84 1

Cabozantinib TKI MET, VEGFR2, RET, AXL, FLT3 MTC, RCC 28–61 2,3

Lenvatinib TKI VEGFR1-3, FGFR 1-4, PDGFR, c-KIT, RET Thyroid cancer, *RCC, *HCC 42–73 4

Pazopanib TKI VEGFR1-3, PDGFR, FGFR, c-KIT RCC, soft tissue sarcomas 40–42 3

Ponatinib TKI BCR-ABL, VEGFR, PDGFR, FGFR, EPH,

c-KIT, RET, TIE2, FLT3

CML, PhþALL 53–74 3

Regorafenib TKI VEGFR1-3, PDGFR, c-kit, RET, RAF-1 CRC, GIST, HCC 28–67 5

Sorafenib TKI VEGFR2-3, RAF-1, B-RAF RCC, HCC, thyroid cancer 4–31 6

Sunitinib TKI VEGFR2, PDGFR, c-KIT GIST, RCC, pancreatic NET 20–27 7,8

Vandetanib TKI VEGFR2-3, EGFR MTC 4–40 9

Aflibercept Fusion protein VEGF CRC, macular degeneration 17–51 10

Bevacizumab IgG1 VEGF CRC, NSCLC, RCC, breast and ovarian cancer 21–27 11

Ramucirumab IgG1 VEGFR2 NSCLC, gastric or gastro-oesophageal cancer 11–38 12

CML, chronic myeloid leukaemia; CRC, colorectal cancer; EMA, European Medicines Agency; FDA, US Food and Drug Association; FGFR, fibroblast growth factor receptor; GIST,
gastro-intestinal stromal tumour; HCC, hepatocellular carcinoma; MTC, medullary thyroid cancer; NET, neuroendocrine tumour; NSCLC, non-small-cell lung cancer; PDGFR,
platelet-derived growth factor receptor; PhþALL, Philadelphia chromosome positive acute lymphatic leukaemia; RCC, renal cell carcinoma; RET, rearranged during transfection;
TKI, tyrosine kinase inhibitor; VEGFR, vascular endothelial growth factor receptor.

Figure 1 VEGF receptors and their agonists based on Small et al.14 and Lankhorst et al.15 Pi3K, phosphoinositide 3-kinase; PLC, phospholipase C.
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The VEGF family involves four VEGF isoforms (A, B, C, and D) and

placental growth factor (PlGF). Additionally, alternative RNA splicing
results in four VEGF-A variants consisting of, respectively, 121, 165, 189,
or 206 amino acids.15–18 All members have a common VEGF homology
domain, and they bind with varying affinity to three receptor tyrosine
kinases: VEGFR1 (fms-like tyrosine kinase, Flt-1), VEGFR2 (kinase do-
main region, KDR), and VEGFR3 (Flt-4). Furthermore, VEGFs also dis-
play affinity to heparin sulfate proteoglycans on the cell surface, thereby
creating VEGF gradients and allowing proteolytic cleavage by plasmin or
matrix metalloproteinases in the extracellular matrix. Such proteolytic
cleavage is of particular importance for the generation of VEGF-C and
VEGF-D from their precursors. Finally, VEGFs bind to neuropilin recep-
tors, which regulate the initiation and coordination of cell signalling by
VEGFs.19

In the vascular wall, VEGFR1 and VEGFR2 are predominantly
expressed by endothelial cells. VEGFR2 is the most important receptor
linking VEGF to angiogenesis and vascular permeability, and its major ag-
onist is VEGF-A. Yet, VEGF-A also binds to VEGFR1 with 10-fold higher
affinity. Since VEGFR1 has weak kinase activity, the net consequence is
diminished VEGFR2 activity in the presence of VEGFR1, i.e. VEGFR1 is a
negative regulator of VEGFR2.20 The extracellular domain of VEGFR1
also exists as a soluble protein, soluble Flt-1 or sFlt-1. This receptor

binds VEGF, particularly in patients with preeclampsia, in whom sFlt-1
levels are greatly elevated, most likely as a consequence of an insufficient
placenta (Figure 2).21,22 Consequently, free VEGF levels are diminished in
preeclampsia, resulting in reduced VEGFR2 activation. VEGF-B and PlGF
additionally bind to VEGFR1, thereby increasing the amount of VEGF-A
that is available for VEGFR2 stimulation.23 Of interest, podocyte-derived
VEGF-A is required to establish and maintain the filtration barrier via its
effects on endothelial cells. Without VEGF-A, endothelial fenestrations
fail to form, and hence this pathway plays a pivotal role in glomerular
health and disease.24

Lymphangiogenesis occurs following stimulation of VEGFR3 on lymph
endothelial cells by macrophage-derived VEGF-C,25 although there may
be a role for VEGF-A as well.26 VEGF-D, given its similarity to VEGF-C,
also stimulates VEGFR3, but appears to be dispensable.27

Second messenger pathways linked to VEGF-A-VEGFR2 signalling and
angiogenesis include phosphoinositide 3-kinase/serine/threonine kinase
1 (Akt)/mammalian target of rapamycin (mTOR), mitogen-activated pro-
tein kinase (MAPK), nicotinamide adenine dinucleotide phosphate
(NAPDPH) oxidase, and phospholipase C, resulting in, among others,
the up-regulation of nitric oxide (NO), prostacyclin, reactive oxygen
species (ROS), and Erk1/2.16,28 Given the up-regulation of NO, it is not
surprising that VEGF is also considered a vasodilator.

Figure 2 Overlap of VEGF inhibitor-induced toxicity and preeclampsia due to diminished free VEGF available for normal VEGF-signalling. PlGF, placen-
tal growth factor; sFlt-1, soluble fms-like tyrosine kinase 1 also referred to as soluble VEGF-receptor 1; VEGF, vascular endothelial growth factor.
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..3. VEGF inhibitors in cancer
treatment

Inhibition of the VEGF pathway can be achieved by a monoclonal anti-
body directed against VEGF (bevacizumab), fusion proteins of parts of
VEGFRs to capture VEGF (alfibercept), or via TKIs (axitinib, cabozanti-
nib, lenvatinib, pazopanib, ponatinib, regorafenib, sorafenib, sunitinib, and
vandetanib), which target the downstream cellular signalling pathways
essential for tumour cell survival. The multitarget activity of TKIs makes
them effective for many types of cancer. The predominant cancer types
treated with VEGF inhibitors are renal cell carcinoma (RCC), thyroid
carcinoma, and hepatocellular carcinoma (HCC).

RCCs can be divided into multiple subtypes. The most abundant type
is clear cell RCC which accounts for approximately 75% of all RCCs.29

The non-clear cell RCC encompasses a heterogeneous group of cancer
with >10 subtypes.30 Localized RCC can be effectively treated with sur-
gery. Metastatic RCC (mRCC) poorly responds to chemotherapy, re-
quiring novel therapeutic options. Advances in the last decade focused
on two different signalling pathways: VEGF/VEGFR and the mTOR com-
plex.30 The tumour suppressor gene Von Hippel Lindau is often lacking in
RCC. This results in dimerization of hypoxia-inducible factor-1 (HIF1) a
with HIF1b, which activates the transcription of many genes including
those for VEGF and VEGFR.31 The landmark trial of first-line VEGF inhi-
bition by sunitinib showed a marked improvement in progression free
and overall survival versus interferon-a.32,33 Currently, bevacuzimab in
combination with interferon-a, lenvatinib in combination with the
mTOR inhibitor everolimus and monotherapy with axitinib, sorafenib,
pazopanib, or cabozantinib, are approved as first- and second-line treat-
ment of mRCC. The average duration of disease control with these
treatments is 9 months in first-line—and approximately 5 months for
second-line treatment.29

TKIs targeting VEGF signalling are also important for the treatment of
medullary and differential thyroid cancers (MTC and DTC, respec-
tively).34 VEGF-A and VEGF-C are often overexpressed in both types of
thyroid cancer and are associated with the occurrence of metasta-
ses.35,36 However, the main driver mutations in MTC are activating
mutations in the RET (rearranged during transfection) proto-oncogene.
The efficacy of TKIs targeting both RET and VEGFR in two randomized
placebo controlled trials led to the approval of vandetanib and cabozan-
tinib for MTC.37,38

Patients with metastatic DTC who are no longer eligible for surgery
or radioactive iodine therapy are candidates for VEGF inhibitors.
Treatment with sorafenib or lenvatinib was associated with significant
improvements in progression free survival compared with placebo.39,40

After progression, a second-line VEGF inhibitor seems effective as dem-
onstrated in a phase II study with cabozantinib.41 Cabozantinib, unlike
lenvatinib and sorafenib, also inhibits C-Met, the expression of which is
associated with resistance to VEGF inhibitors and poor survival.42,43 Like
for RCC and thyroid cancer, the combination of targeting VEGF and
intratumoural signalling pathways has proven to be an effective treat-
ment for HCC. For almost a decade sorafenib was the only treatment
option for patients with metastatic HCC.44 Sorafenib targets VEGF, Raf
kinase and PDGF. Recently, lenvatinib gained FDA approval as a first-line
treatment based on non-inferior overall survival and superior
progression-free survival.45 However, patient outcomes after first-line
treatment remain poor with a median overall survival of 12.6 months for
sorafinib and 13.6 months for lenvatinib. Recently, cabozantinib and

regorafenib proved to have additional survival advantage in second-line
metastatic HCC. However, the exact role for these agents besides the
recently approved immune targeting agents is not completely clear.46

Some TKIs are also used for indications not primarily driven by VEGF
signalling, but by one of the other inhibited second messenger pathways.
For example, ponatinib, which is approved for chronic myeloid leukae-
mia, inhibits BCR-ABL.47 Additionally, regorafenib and pazopanib are ap-
proved for treatment of gastrointestinal stromal tumours (GIST) mainly
because they inhibit c-Kit. However, shorter progression free survival of
patients with GIST treated with imatinib (which inhibits c-Kit but not
VEGF) has been associated with higher VEGF-A expression and single
nucleotide polymorphisms in the VEGFA gene.48,49 This supports target-
ing both c-KIT and VEGF in second-line treatment of GIST.

4. Toxicity of VEGF inhibitors

VEGF inhibitors have several cardiovascular side effects next to hyper-
tension and nephropathy, such as arterial and venous thromboembolism
and cardiomyopathy, as described in more detail in several excellent
reviews.3,28,50–52 Interestingly, in peri-partum cardiomyopathy increased
levels of sFlt-1 have been identified, suggesting a shared aetiology involv-
ing low availability of VEGF.53 Although hypertension is the most com-
mon cardiovascular side effect of VEGF inhibitors, its incidence differs
widely amongst the various VEGF inhibitors (Table 1). Almost all patients
display a rise in blood pressure, sometimes leading to fulminant hyper-
tension which can only be handled by lowering the dosage of VEGF inhi-
bition since the blood pressure rise is dose-dependent.54 Newer VEGF
inhibitors seem to be more efficacious but also more toxic than the first
available VEGF inhibitors, bevacicumab and sunitinib, leading to the gen-
erally accepted hypothesis that the severity of the side effects positively
correlates with the anticancer effect.2,55–57 This is in line with the obser-
vation that the blood pressure rise is proportional to the amount of
VEGF inhibition (also explaining the dose-dependency).58 Even between
users of the same VEGF inhibitor, the incidence of hypertension differs,
due to a wide interpatient variability in pharmacokinetics and therefore
drug levels.59 This results in widespread systemic exposure which affects
outcome in terms of both toxicity and survival. Potential mechanisms
explaining VEGF inhibitor-induced toxicity are discussed below, and
here, we also describe in depth the similarities with preeclampsia
(Figure 3).22

4.1 Endothelin-1
The endothelin (ET) system is the key pathway in the development of
VEGF inhibitor-induced hypertension and renal injury.22,60–64 ET-1 is the
most potent vasoconstrictor known. ET-1 elicits vasoconstriction via ac-
tivation of smooth muscle ETA or ETB receptors, while activation of en-
dothelial cell ETB receptors elicits vasodilation in an endothelial NO
synthase (eNOS)-NO- and prostacyclin-dependent manner.65 ETB

receptors also act as clearance receptors for ET-1.65 Plasma ET-1 levels
are elevated two- to three-fold in patients and animals treated with
VEGF inhibitors.61 Consistent with the dose-dependency of the rise in
blood pressure, the increase in circulating ET-1 is dose-dependent during
VEGF inhibition.62 How VEGF inactivation leads to an increase in ET-1 is
not clear. One theory is that VEGF inactivation results in the loss of vaso-
dilatory endothelial ETB receptors, thereby decreasing ET-1 clearance
and increasing circulating ET-1.66 Alternatively, endothelial dysfunction
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.may underlie the rise in ET-1.67 Preclinical studies in rodents and swine
have shown that dual ETA/B receptor antagonism22,60 or selective ETA

receptor blockade64 prevents VEGF inhibitor-induced hypertension,
suggesting that ET-1 via stimulation of the ETA receptor leads to VEGF
inhibitor-induced hypertension. Further, ET-1 may increase the genera-
tion of vasoconstrictor prostanoids such as thromboxane,28,68 thereby
potentiating the pressor response to VEGF inactivation. Indeed, in
isolated carotid artery segments from mice treated with sFlt-1, pressor
responsiveness to ET-1 is enhanced and this effect is abrogated by cyclo-
oxygenase (COX) inhibition with indomethacin.68 In vivo, sFlt-1-induced
hypertension in mice is abolished by high-dose aspirin or picotamide,
a dual thromboxane synthase and receptor antagonist.68 To the best of
our knowledge, little is known about the contribution of prostanoids
to VEGF inhibitor-induced hypertension.

4.2 NO and oxidative stress
Reduced NO bioavailability was originally thought to underlie VEGF
inhibitor-induced hypertension. In healthy male subjects, bevacizumab
impaired endothelium-dependent vasodilation, supporting a fundamental

role for VEGF in the normal endothelial control of vasomotor tone.69

Further, in cancer patients, polymorphisms in the genes encoding VEGF-
A and eNOS independently predicted a rise in blood pressure and/or
the development of severe hypertension in response to sunitinib.70

Similarly, in mice, anti-VEGFR2 antibody-induced hypertension was asso-
ciated with decreased renal eNOS and neuronal NOS expression.71

However, experimental and clinical studies investigating the effect of
VEGF inhibitors on NO bioavailability have produced conflicting results.
In a rodent model of sunitinib-induced hypertension, urinary excretion
of NO metabolites was reduced.22 Further, the reduction in urinary ex-
cretion of the NO effector molecule, cGMP, was dose-dependent and
negatively correlated to the pressor response to sunitinib.62 In patients
with mRCC, urinary excretion of NO metabolites was <_50% lower
when they received VEGF inhibitor therapy.72,73 Similarly, in patients
with advanced solid tumours, 5 weeks of telatinib treatment resulted in
hypertension and a significant decrease in flow-mediated dilation, a well-
known marker of NO bioavailability.74 Yet, in patients with breast can-
cer, 6 weeks of vandetanib treatment increased blood pressure and de-
creased circulating NO metabolites, while flow-mediated dilation was

Figure 3 Proposed mechanisms contributing to the development of VEGF inhibitor-induced hypertension. ET-1, endothelin 1; NO, nitric oxide; PGI2,
prostacyclin; ROS, reactive oxygen species; VEGF, vascular endothelial growth factor.
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unchanged when compared with baseline.75 This suggests conserved
NO bioavailability during VEGF inhibition. Similar findings were reported
in swine, where the rise in blood pressure during eNOS inhibition with
L-NAME was augmented by exposure to sunitinib,60 indicative of an in-
crease rather than a decrease in NO bioavailability during VEGF inhibi-
tion. Moreover, in rats, sildenafil which inhibits phosphodiesterase 5,
thereby prevents the breakdown of cGMP to 5’-GMP, did not prevent
sunitinib-induced hypertension.63

NO bioavailability is dependent on oxidative stress.76 Both superox-
ide anion (O2

-) and hydrogen peroxide (H2O2) are known to contribute
to VEGF signalling and angiogenesis.77,78 VEGF also regulates the expres-
sion and activity of antioxidants, including superoxide dismutase (SOD)
and nuclear factor erythroid 2-related factor 2 (Nrf-2).79,80 VEGF inhibi-
tion may thus, through disturbance of the pro-oxidant/anti-oxidant bal-
ance, result in hypertension. Neves et al.,81 recently reported that
vatalanib increases vascular ROS and peroxynitrite formation, and
decreases activation of the eNOS-NO pathway. In mice, 2 weeks of vata-
lanib treatment induced endothelial dysfunction, vascular hypercontrac-
tility and cardiovascular and renal oxidative stress, which was associated
with an up-regulation of NADPH oxidase (Nox)1 and Nox4 (indicative
of O2

- and H2O2 generation, respectively82,83), and down-regulation of
Nrf-2-regulated antioxidant pathways.81 However, it should be noted
that these mice did not develop hypertension. In comparison, in preclini-
cal studies where treatment with sunitinib resulted in overt hyperten-
sion, ROS scavengers had little22 to no effect60 on VEGF inhibitor-
induced hypertension. Yet, sunitinib-induced proteinuria and the in-
crease in urinary ET-1 were decreased by tempol, a SOD mimetic, sug-
gesting that oxidative stress contributes to VEGF inhibitor-induced renal
toxicity.22 Thus, up-regulated ROS generation is more likely to be a con-
sequence rather than a cause of VEGF inhibitor-induced hypertension.

4.3 Renin–angiotensin–aldosterone system
The role of the renin–angiotensin–aldosterone system (RAAS) in VEGF
inhibitor-induced hypertension and preeclampsia remains elusive.50,84

The first clinical studies assessing VEGF inhibitor-induced hypertension
showed no differences in renin and aldosterone levels.85 In our hands,
sunitinib appeared to suppress renin levels without altering aldosterone,
while Thijs et al.61,86 reported a rise in aldosterone and no change in re-
nin after sunitinib. Studies in preeclamptic women report lower renin
and aldosterone levels vs. healthy pregnant women, in whom renin and
aldosterone are clearly increased due to the demands of an increasing
plasma volume.87 In line with our and Thijs’ study, renin appeared to be
more suppressed than aldosterone, although this was not confirmed in a
recent study in superimposed preeclampsia.88–90 As expected based on
these findings treatment with RAAS inhibitors was less effective than cal-
cium channel blockers (CCBs) for VEGF inhibitor-induced hypertension
in preclinical and clinical studies.63,91 Concerning the role of aldosterone,
Gennari-Moser et al.92 argued that VEGF directly stimulates aldosterone
production (by enhancing adrenal rarefaction), which in case of lower
free VEGF levels (due to sFlt-1 or VEGF inhibitor therapy) would obvi-
ously be prevented. If true, this argues for a renin-independent relation-
ship between VEGF and aldosterone, and a relatively greater drop in
aldosterone than renin during VEGF inhibition. As discussed above, the
opposite appeared to be the case. We recently treated a patient who
previously underwent nephrectomy and bilateral adrenalectomy due to
mRCC. This patient still developed hypertension during sunitinib treat-
ment.93 Although this is only one observation, it argues against an inde-
pendent role for VEGF as an aldosterone stimulator and illustrates that
(relative) aldosterone elevation is not a prerequisite for sunitinib-

induced hypertension. Since this patient used hydrocortisone and fludro-
cortisone throughout the sunitinib treatment period, mineralocorticoid
receptor activation might be a conditio sine qua non for VEGF inhibitor-
induced hypertension. It is important to note that despite a lack of effect
on blood pressure lowering, captopril was effective in lowering protein-
uria in sunitinib-treated animals.63 Potentially, these effects are depen-
dent on different pathways (i.e. activation of the intrarenal RAAS), and
therefore, there still seems a rationale to treat patients with VEGF
inhibitor-induced toxicity with ACE inhibitors or angiotensin receptor
blockers (ARB).63

4.4 Rarefaction, salt sensitivity, and
epithelial sodium channels
Another potential mechanism leading to increased peripheral vascular
resistance during VEGF inhibition is rarefaction, i.e. a reduction in capil-
lary density and microvascular flow.74 Although this has been observed
in animal and human studies, it is unclear whether this a cause or conse-
quence of hypertension.3,60 Given the rapidity of the VEGF inhibition-
induced rise in blood pressure (within hours-days),60 and the excessive
degree of rarefaction required to fully explain the rise in blood pressure
during VEGF inhibition,94 the former seems highly unlikely.

VEGF inhibitor-induced hypertension and nephropathy is salt-
sensitive, as shown in preclinical studies.95 This is still not completely un-
derstood. An interesting hypothesis to explain this phenomenon is that
VEGF inhibition impairs the VEGF-C-driven lymphangiogenesis required
for salt-buffering in the skin.25 While salt loading did increase lymphan-
giogenesis in rats, sunitinib treatment did not prevent this.96 In healthy
humans, Selvarajah et al.96,97 did observe a rise in skin sodium following
high-salt exposure but without change in plasma VEGF-C. Both studies
suggest that mechanisms other than impaired lymphangiogenesis under-
lie the salt-sensitivity of VEGF inhibition-induced hypertension.

Activation of the renal epithelial sodium channel epithelial sodium
channels (ENaC), which is suggested to contribute to hypertension in
preeclampsia,98 may explain salt sensitivity during VEGF inhibition. The
hypothesis is that proteinuria involves urinary loss of plasminogen, which
is converted into plasmin, leading to increased proteolytic activation of
ENaC and consequently salt retention (despite low renin and aldoste-
rone levels) and hypertension, a process also known to occur in ne-
phrotic syndrome.98,99 The proteolytic activation of ENaC by plasmin is
additionally regulated by prostasin cleaving the c-subunit of ENaC, a pro-
cess normally under control of aldosterone.99,100 Overt proteinuria is
not present in all women with preeclampsia. However, at proteinuria
levels of 300 mg/day relevant amounts of plasmin are present in urine.101

Indeed, proteinuria early in pregnancy predisposes for an adverse preg-
nancy outcome, and increased levels of the a-subunit of ENaC were ob-
served in urine of women with preeclampsia.102–104 Possibly, therefore,
the rise in ET-1 causes hypertension and nephropathy, leading to pro-
teinuria which may further increase hypertension by renal ENaC activa-
tion despite relatively low aldosterone levels (Figure 4).105 These two
mechanisms together, if occurring in VEGF inhibitor-treated patients,
could lead to a positive feedback loop explaining the progression and re-
sistance to current therapies. Questions that still need to be answered
are (i) whether the suppression of renin by ET-1 that has been reported
in the literature65 contributes to the drop in renin (and aldosterone) in
both VEGF inhibitor-treated patients and preeclamptic women106 and
(ii) how the ET-1-induced ENaC suppression (via ETB receptor activa-
tion) fits within this concept.107,108
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..5. Treatment recommendation
VEGF inhibitor-induced
hypertension and nephropathy

5.1 Current recommendations
Several opinion papers on the management of VEGF inhibitor-induced
hypertension are available.51,84 The European Society of Cardiology
(ESC) proposes ACE inhibitors, ARBs, and dihydropyridine CCBs (to
avoid non-dihydropyridine CCBs as verapamil which might decrease lev-
els of certain VEGF-inhibitors by strongly inhibiting CYP3A4 and other
drug metabolizing enzymes) as first-line therapies. Beta-blockers may
also be considered because of their effects on NO and vasodila-
tion.109,110 Diuretics are not recommended by the ESC as first-line treat-
ment, as they might worsen dehydration and electrolyte disorders when
the frequent side effect of anti-cancer drugs, diarrhoea, occurs.110 Yet,
given the salt sensitivity of VEGF inhibitor-induced hypertension they
should not be entirely avoided.28 Blood pressure values and proteinuria
should be assessed before initiation of treatment, and if hypertension is
present antihypertensive treatment should be started first. It is recom-
mended that patients receiving VEGF inhibitor treatment, particularly
high-risk patients such as those with pre-existing hypertension, monitor
their blood pressure at home, especially in the first weeks of treatment
since the rise in blood pressure usually occurs quickly after treatment
initation.51,111,112

6. Treatment options based on
pathophysiology

6.1 Endothelin-1 receptor blockers
Activation of the ET system is one of the key drivers of VEGF inhibitor-
induced toxicity, thereby favouring the use of ET receptor antagonists to
combat these unwanted side effects. In particular, selective ETA receptor
antagonists are promising candidates. However, ET receptor antagonists
are not currently approved for the treatment of systemic hypertension
or renal injury and there is also the possibility of unwanted effects during
selective ETA receptor blockade, in particular oedema. Furthermore,
ETB receptors may switch from a vasodilatory to vasoconstrictor pheno-
type during VEGF inactivation, raising the need for dual ET receptor
antagonists.68,113 An alternative, and potentially superior approach might
be to target downstream ET-1 signalling to prevent VEGF inhibitor-
induced hypertension and renal injury, or to interfere with ET-1 up-
regulation.

6.2 Increasing NO bioavailability/
decreasing oxidative stress
Despite the conflicting reports on NO bioavailability during VEGF inhibi-
tion, NO donors are proposed as a prophylactic strategy or novel inter-
vention for VEGF inhibitor-induced hypertension.114–116 In support of
this, Kruzliak et al.114 presented three case reports on the efficacy of NO

Figure 4 Supposed mechanism of involvement of ENaC in development of VEGF inhibitor-induced hypertension. ET, endothelin; ENaC, endothelial
sodium channel; VEGF, vascular endothelial growth factor.

910 J. Versmissen et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/115/5/904/5304413 by U
.S. D

epartm
ent of Justice user on 16 August 2022



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
donors for the treatment of VEGF inhibitor-induced hypertension. Each
patient was receiving combined antihypertensive therapy with five differ-
ent drug classes (RAAS inhibitors, beta-blockers, CCBs and thiazide
diuretics in combination with spironolactone or centrally acting
antihypertensives) and had not reached adequate blood pressure con-
trol. The addition of a NO donor (molsidomine, isosorbide dinitrate,
or isosorbide mononitrate) lowered systolic blood pressure by
approximately 30–40 mmHg.114 However, the utility of NO donors for
VEGF inhibitor-induced hypertension has not been explored further.
Endostatin, an angiogenesis inhibitor with antitumour effects, has been
shown to lower blood pressure in normotensive mice via an eNOS-
NO-mediated mechanism and to prevent VEGF inhibitor-induced hy-
pertension.117 Additionally, a retrospective analysis of a phase II clinical
trial of endostatin in patients with neuroendocrine tumours reported a
small but significant decrease in systolic blood pressure (a mean reduc-
tion of 0.43 mmHg/10 days of treatment over a 3 month period) when
compared with baseline.117 While sildenafil (a phosphodiesterase 5 in-
hibitor, which blocks the degradation of cGMP) did not prevent VEGF
inhibitor-induced hypertension in rats, it did reduce proteinuria and renal
injury.63 The nephroprotective effect of sildenafil is attributable to its
anti-inflammatory, anti-fibrotic, and anti-apoptotic effects,118,119 and its
capacity to down-regulate transforming growth factor-b.118 Sildenafil
also reduces transient receptor potential channel C6 (TRPC6) via
cGMP-protein kinase G-dependent activation of peroxisome
proliferator-activated receptor c (PPAR-c).120 Increased expression of
TRPC6 in podocytes induces glomerular injury and proteinuria.121 As
VEGF inhibitors induce glomerulosclerosis, sildenafil may be an attractive
option to prevent VEGF inhibitor-induced renal toxicity.

6.3 Targeting salt sensitivity
Since VEGF inhibitor-induced hypertension is salt-sensitive, one could ar-
gue that salt restriction might prevent VEGF inhibitor-induced toxicity.95

This concept is now being addressed in our institution (Dutch trial register
NTR7556). Since salt also seems to increase VEGF, salt restriction could
even endorse the anticancer effect.122 In studies in pregnancy, salt restric-
tion was not effective to treat preeclampsia but one should keep in mind
that clinical symptoms of preeclampsia are late in the process of placental
dysfunction and VEGF imbalance.123 Regarding the pathogenesis including
a role for ENaC, ENaC blockade with amiloride could be an interesting
option, as already shown in sunitinib-treated rats.124 To date, one patient
with nephrotic syndrome was successfully treated using this strategy.125

6.4 Aspirin
Given the resemblance to preeclampsia, another option is the prescrip-
tion of aspirin to VEGF inhibitor-treated patients. Aspirin treatment
started early in pregnancy decreases the risk of preeclampsia.126 Why
this occurs in unknown: maybe it reflects a beneficial phenomenon early
in the pathogenesis when placental insufficiency occurs. Alternatively,
given the link between ET-1 receptor stimulation and prostaglandin pro-
duction, it may be the consequence of interfering with the deleterious
effects of ET-1 later in pregnancy. In case of the latter, aspirin might also
be beneficial in VEGF inhibitor-induced toxicity. Aspirin is already rec-
ommended because of the increased risk of arterial thromboembolism
during treatment with VEGF inhibitors.3,127 Furthermore, beneficial
effects of aspirin such as inhibition of tumour growth128,129 and preven-
tion of resistance to VEGF inhibitor therapy130 have been claimed.
Hence, it would be worthwhile to prospectively study the addition of as-
pirin to treatment with VEGF inhibitors on cancer related survival and

development of hypertension. The important issue is to what degree as-
pirin doses are needed that selectively block COX-1 (low-dose aspirin)
or both COX-1 and COX-2 (high-dose aspirin).

7. Discussion and future
perspectives

With the emerging role of T-cell immune checkpoint inhibitors, treat-
ment with VEGF inhibitors may shift towards a later line. However,
VEGF inhibition is likely to remain an important treatment strategy, espe-
cially when toxicity can be managed without compromising efficacy.
Therapeutic drug monitoring (TDM), adjusting the dose based on the
measured plasma levels, might be feasible to improve outcome and iden-
tify potential relevant interactions, e.g. with antihypertensive drugs.63,131

Additionally, combination therapy with VEGF and checkpoint inhibitors
may further improve treatment of mRCC. Combined treatment may act
synergistically due to increased T-cell production and tumour infiltration
by VEGF pathway inhibition.132,133 Several combinations are currently
being explored.134 With regard to toxicity, no synergistic effect is
expected on blood pressure rise but since both agents can lead to neph-
rotoxicity this should be carefully monitored.135

7.1 Take home message for clinicians
• VEGF inhibitors are effective anticancer drugs by inhibiting angiogene-

sis needed for tumour growth and metastatic spread.
• VEGF inhibitors induce severe side effects such as hypertension and

nephropathy, resembling pathophysiologically, and clinically the preg-
nancy complication preeclampsia.

• CCBs effectively lower blood pressure during VEGF inhibition, but
most likely lack an effect on proteinuria; the opposite is true for
RAAS blockers.

• Based on pathophysiology, ET receptor blockers, salt restriction, ami-
loride, and aspirin might be effective to treat VEGF inhibitor-induced
toxicity, but this is currently still under investigation.

• Toxicity correlates with efficacy; prospective studies confirming the
added value of TDM to better predict efficacy and toxicity are there-
fore warranted.
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