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Abstract. Anti-VEGF therapy dramatically impro v-
ed the outcome of patients with renal cancer and 
other advanced malignancies, but may be compli-
cated by proteinuria and hypertension. VEGF is in-
dispensable for the normal development of glomeru-
lus and preservation of glomerular filtration barrier. 
Interference with its action may result in damage to 
glomerular endothelial cells and (in severe cases) in 
renal thrombotic microangiopathy. Blood pressure 
and proteinuria (using dipstick) should be assessed 
in all patients before starting anti-VEGF therapy 
and regularly monitored during the treatment. Pa-
tients with severe proteinuria and/or impaired renal 
function should be referred to the nephrologist for 
further work-up. Hypertension caused by anti-VEGF 
therapy can be effectively treated; progression of 
proteinuria and/or renal dysfunction may require ta-
pering, or even withdrawal of anti-VEGF treatment.

Introduction
Inhibition	of	the	vascular	endothelial	factor	(VEGF)	

signalling pathway is used in the treatment of advanced 
renal cell cancer, but also in the treatment of advanced 
stages of some other malignancies, e.g. metastatic colo-
rectal cancer, lung cancer and hepatocellular cancer. The 
VEGF pathway may be inhibited either by a monoclonal 
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antibody	binding	circulating	VEGF	 (bevacizumab),	or	
by the small orally active tyrosine kinase inhibitors (su-
nitinib,	sorafenib,	pazopanib,	axitinib,	vandetanib)	that	
block the intracellular domain of the VEGF receptor. 
VEGF inhibition is aimed at restricting the tumour 
blood supply and limiting the tumour growth (Izzedine 
et	al.,	2007).

Although VEGF inhibitors are generally quite well 
tolerated, patients treated with anti-VEGF therapy may 
relatively	frequently	(up	to	50	%	of	patients,	especially	
during	the	first	course	of	the	treatment)	complain	of	fa-
tigue	and	oral	toxicity	(dry	mouth,	mucosal	sensitivity,	
taste	change	–	usually	under	the	heading	of	mucositis/
stomatitis).	Skin	toxicity	(hand-foot	syndrome/acral	er-
ythema)	may	occur	later	in	the	course	of	the	treatment,	
but	also	rather	frequently	(10–30	%).	Hypothyroidism	is	
much	 less	 frequent	 (Kollmannsberger	 et	 al.,	 2011;	
Poprach	 et	 al.,	 2012).	 VEGF	 inhibition	 may	 also	 be	
complicated by proteinuria and hypertension. In this re-
view we will concentrate on the incidence, mechanisms, 
management and outcome of these relatively frequent 
complications.

Role of VEGF in the normal development 
and maintenance of glomerular filtration 
barrier

The	glomerular	fitration	barrier	(glomerular	capillary	
wall)	consists	of	three	layers	(fenestrated	glomerular	en-
dothelial cells, glomerular basement membrane, and po-
docytes	interconnected	with	slit	diaphragm	–	Fig.	1)	and	
its permeability for serum proteins is normally very low 
(less	than	5	mg/l	of	glomerular	filtrate).	
Vascular	endothelial	factor	A	(VEGF-A)	is	a	member	

of the family of growth factors including VEGF-B, -C, 
-D	and	-E,	placental	growth	factor	(PlGF)	and	platelet-
derived	growth	factor	(PDGF),	of	which	VEGF-A	plays	
the major role in both regulating angiogenesis and vas-
cular	 permeability	 (Eremina	 et	 al.,	 2007).	 There	 are	
multiple splice variants of VEGFA which may have both 
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pro-angiogenic and anti-angiogenic properties. Out of 
the	 three	 major	 isoforms	 (VEGF120,	 VEGF164	 and	
VEGF188),	 VEGF164	 is	 indispensable	 (and	 possibly	
sufficient)	 for	 the	 normal	 vascular	 development,	 al-
though	mice	expressing	only	VEGF188	present	retinal	
abnormalities but normal glomerular development 
(Eremina	et	al.,	2007).	

VEGF-A is a potent pro-angiogenic factor essential 
for mitosis, migration and survival of endothelial cells 
(Leung	et	al.,	1989;	Ferrara	et	al.,	2003)	and	plays	an	
important role not only in tumour angiogenesis, but also 
in	would	healing,	diabetes	 (Lindenmeyer	 et	 al.,	 2007)	
and arthritis. VEGF-A signalling depends mainly on 
VEGF	 receptor	 2	 (VEGFR2,	 Flk1)	 with	 neuropilin	 1	
and	neuropilin	2	as	co-receptors;	VEGFR1	(Flt1)	serves	
as a decoy receptor. VEGF-A is essential for the normal 
function	of	the	glomerular	filtration	barrier.	Genetically	
induced lack of VEGF-A in the endothelium results in 
swelling of the glomerular endothelium, endothelial de-
generation	and	vascular	thrombosis	(Lee	et	al.,	2007).	
Podocytes	 are	 (except	 for	 the	distal	 tubule	 and	col-

lecting	 duct)	 the	 major	 source	 of	 local	 production	 of	
VEGF	in	the	kidney	(Schrijvers	et	al.,	2004).	Podocytes	
differ from many other cells producing VEGF in that 
they produce VEGF-A not only during development, 
but	 also	 (albeit	 at	 a	 lower	 rate)	 as	 fully	 differentiated	
cells. In vitro	podocytes	express	 several	VEGF	recep-
tors	 including	 VEGFR1,	 VEGFR3,	 neuropilin	 1	 and	
neuropilin	2,	but	until	 recently	 there	was	 some	uncer-
tainty	concerning	the	podocyte	expression	of	VEGFR2.	
VEGF is produced by glomerular podocytes, but the 
regulation	of	podocyte	VEGF-A	expression	is	unclear.	
Generally,	VEGF	expression	is	regulated	by	hypoxia	in-
ducible	factor	α	(HIF-α),	but	as	healthy	adult	glomeruli	
are	not	hypoxic,	integrins	were	suggested	as	non-hypox-
ic	mediators	of	constitutive	VEGF	podocyte	expression	
(Datta	et	al.,	2004).	Angiotensin	II	may	also	stimulate	

VEGF-A	production,	possibly	by	stimulation	of	HIF-α	
(Kang	et	al.,	2006).

Inhibition of podocyte VEGF receptors may result in 
decreased	podocyte	survival	(Foster	et	al.,	2003,	2005).	
Autocrine VEGF secretion may regulate podocin and its 
interaction	with	CD2AP,	with	 potential	 impact	 on	 the	
normal	function	of	slit	diaphragm	(Guan	et	al.,	2006),	
the ultimate barrier preventing the urinary loss of pro-
tein. Nephrin is not only the essential component of the 
slit diaphragm, but it also signals inside the podocyte, 
regulating the actin cytoskeleton and thereby the podo-
cyte	shape.	VEGFR2	interacts	with	the	cytoplasmic	do-
main of nephrin and the adapting proteins Nck and ac-
tin. VEGF-A may in this way decrease podocyte cell 
size and regulate the foot process structure and glomeru-
lar	filter	 integrity	 (Bertuccio	et	 al.,	 2011).	VEGF	may	
also be important for the survival and integrity of the 
podocyte	(Guan	et	al.,	2006).	The	role	of	the	autocrine	
stimulation of podocytes by the podocyte-derived VEGF 
has	not	been	unequivocally	confirmed	and	according	to	
some reports podocyte-derived VEGF does not seem to 
be indispensable in the autocrine fashion for the normal 
development and function of podocytes (Sison et al., 
2010).

More importantly, VEGF released from the podo-
cytes	 exerts	 a	 paracrine	 effect	 on	 the	 glomerular	 en-
dothelial	cells	which	express	both	VEGFR1	(Flt1)	and	
VEGFR2	(Flk1)	receptors	(Fig.	2).	Most	effects	of	po-
docyte-derived VEGF on glomerular endothelial cells 
are	probably	mediated	by	VEGFR2.	During	glomerular	
development VEGF secretion by podocytes attracts the 
VEGFR2-expressing	endothelial	cells	 to	form	the	glo-
merular capillary tuft. VEGF-A is absolutely indispen-
sable	for	 the	normal	development	of	glomerular	filtra-
tion	barrier;	in	mice	VEGFA knockout is lethal, VEGF 
inhibition during embryonic life impairs normal glo-
merular vascularization and results in smaller glomeruli 
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Fig.1. Schematic	presentation	of	the	glomeral	capillary	and	(in	detail)	glomerular	capillary	wall
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with	 less	capillary	 loops	 (Eremina	et	al.,	2003,	2007).	
The degree of glomerular damage is related to the de-
gree	of	the	lack	of	VEGF:	podocyte-selective	knockout	
results	in	perinatal	lethality	and	renal	failure;	loss	of	a	
single VEGFA allele in podocytes results in the renal le-
sion similar to thrombotic microangiopathies (Eremina 
et	al.,	2003).	
Specific	 deletion	 of	 VEGF	 from	 podocytes	 causes	

glomerular changes characterized namely by profound 
endothelial cell injury, demonstrating that the paracrine 
(not	autocrine)	VEGF-VEGFR2	signalling	is	crucial	for	
the	normal	structure	and	function	of	the	glomerular	fil-
tration	barrier.	In	this	model,	podocyte-specific	deletion	
of	VEGFR2	 did	 not	 have	 any	 demonstrable	 effect	 on	
glomerular	 development	 and	 function;	 deletion	 of	
VEGFR2	 in	 endothelial	 cells	 led,	 however,	 to	 wide-
spread defects in the glomerular vasculature (Sison et 
al.,	2010).	

In adult mice podocyte or endothelial cell VEGFA 
knockout may cause thrombotic microangiopathy (Ere-
mina	et	al.,	2008).	Inducible,	podocyte-specific	VEGFA 
knockout	in	mice	(Veron	et	al.,	2012)	results	in	reducing	
glomerular	VEGF-A	to	less	than	20	%	of	control	value,	
with subsequent proteinuria and renal failure with asso-
ciated mesangiolysis and microaneurysms, endothelial 
swelling, lamination of glomerular basement membrane 
and podocyte effacement. At the molecular level induc-
ible VEGFA knockout is characterized by a decreased 
podocyte	fibronectin	level	and	decreased	expression	of	
ανβ3	integrin in the glomerular endothelial cells. Inter-
action	with	ανβ3	integrin and neuropilin 1 is indispensa-
ble	for	the	normal	action	of	the	VEGFR2	receptor.	ανβ3	
integrin	 is	 normally	 expressed	 in	 endothelial	 and	me-
sangial cells and podocytes both in rodents and humans 
(Hafdi	et	al.,	2000)	and	β3	integrin-deficient	mice	suffer	
from Glanzmann thrombastenia with fatal haemorrhages 
and	 glomerular	 lesions	 (Hodivala-Dilke	 et	 al.,	 1999).	
ανβ3	integrin is activated by soluble plasminogen acti-
vator	 receptor	 of	 urokinase	 type	 (suPAR),	 which	was	

recently suggested as a permeability factor causing pro-
teinuria in patients with focal segmental glomerulo-
sclerosis	(Wei	et	al,	2008,	2011).	

Hypertension and thrombotic microangiopathy in 
preeclampsia is caused by the abundance of soluble 
VEGFR1	 (sFlt1)	 produced	 by	 placenta	 (Koga	 et	 al.,	
2003;	Maynard	 et	 al.,	 2003;	Eremina	 et	 al.,	 2008).	 In	
preeclampsia the circulating levels of sFlt1 are inversely 
related to the serum levels of free VEGF-A and directly 
correlate with the severity of preeclampsia (Levine et 
al.,	 2004).	 Although	 in	 preeclampsia	 circulating	 sFlt	
may titrate circulating VEGF, it has been suggested that 
it	may	also	cross	the	glomerular	filtration	barrier	and	ti-
trate VEGF locally produced by the podocyte (Eremina 
et	al.,	2007).	

VEGF podocyte production must be tightly regulated 
as not only lack, but also surplus of VEGF may damage 
the	glomerular	filtration	barrier.	Over-expression	of	the	
major	isoform	of	VEGF-A	(VEGF164)	leads	to	the	col-
lapse of the glomerular capillary tuft, proteinuria, renal 
failure	and	neonatal	death	(Eremina	et	al.,	2003).	More	
moderate	VEGF	over-expression	induces	different	glo-
merular diseases during development (congenital ne-
phrotic syndrome and minimal change disease (Eremina 
et	al.,	2003;	Veron	et	al.,	2010))	and	in	adult	mice	(le-
sions indistinguishable from early diabetic nephropathy 
–	Eremina	et	al.,	2003;	Veron	et	al.,	2010a).
Excessive	VEGF-A	expression	in	podocytes	was	re-

ported	in	diabetic	nephropathy.	Podocyte-specific	over-
expression	of	VEGF164	in	adult	transgenic	mice	led	to	
glomerulomegaly, thickening of glomerular basement 
membrane,	mesangial	expansion,	podocyte	effacement	
and loss of slit diaphragms with down-regulation of 
nephrin	 expression.	 These	 changes	 similar	 to	 murine	
diabetic	 nephropathy	were	mediated	 by	VEGFR2	 ex-
pressed by both podocytes and glomerular endothelial 
cells	(Veron	et	al.,	2010b).	Podocyte-specific,	doxycy-
cline	 inducible	 over-expression	 of	 soluble	 VEGFR1	
(sFlt1)	 significantly	 ameliorated	 diabetic	 nephropathy	

Fig. 2. Glomerular	filtration	barrier	consisting	of	fenestrated	glomerular	endothelial	cells,	glomerular	basement	mem-
brane and slit diaphragm between podocytes. VEGF produced by podocytes may stimulate itself in the autocrine manner, 
or	(probably	more	importantly)	stimulate	endothelial	cells	in	the	paracrine	manner
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in	transgenic	mice	(Ku	et	al.,	2008).	Podocyte-specific,	
doxycycline-inducible	VEGF-A	over-expression	in	adult	
transgenic mice with streptozotocin-induced diabetes 
dramatically worsen diabetic nephropathy with nodular 
glomerulosclerosis, glomerular membrane thickening 
and	severe	proteinuria	with	increased	VEGFR2	and	de-
creased	 nephrin	 expresion	 in	 podocytes	 (Veron	 et	 al.,	
2011).

In conclusion, the main source of VEGF in the glo-
meruli are podocytes and the main target od podocyte-
derived VEGF are glomerular endothelial cells. Po do-
cyte-derived VEGF is indispensable for the normal 
development and integrity of the glomerular capillary 
wall	and	normal	function	of	glomerular	filtration	barrier	
(Eremina	 et	 al.,	 2008);	 on	 the	 other	 hand,	 glomerular	
over-expression	of	VEGF	may	result	 in	other	 types	of	
glomerular damage, e.g. collapsing glomerulopathy, or 
contribute to the development or aggravate diabetic ne-
phropathy. Podocyte secretion of VEGF should thus be 
tightly	 regulated	 and	 both	 its	 under-expression	 and	
over-expression	may	result	in	proteinuria.	Unfortunately,	
the mechanisms of this regulation are still incompletely 
understood. 

Incidence and severity of proteinuria in 
patients treated with VEGF inhibition
Asymptomatic	albuminuria/proteinuria	is	common	in	

patients treated with VEGF inhibition (Izzedine et al., 
2010),	but	is	rarely	nephrotic	(Costero	et	al.,	2010;	Okuno	
et	al.,	2011).	In	some	patients	nephrotic	syndrome	may	
be accompanied by renal dysfunction (Taka hashi et al., 
2012).	Proteinuria	is	frequently	accompanied	by	hyper-
tension. In patients treated with bevacizumab mild 
asymptomatic proteinuria is very frequent and ranges 
betweeen	21	 to	 63	%,	 but	 high	 grade	 (3+	on	 dipstick	
evaluation)	or	nephrotic	(>	3.5	g/24	h)	proteinuria	prob-
ably	 occurs	 in	 less	 than	 2	 %	 of	 patients	 (Yeh	 et	 al.,	
2010).	However,	in	patients	with	renal	cell	cancer	treat-
ed with small orally active tyrosine kinase inhibitors 
heavy	proteinuria	may	affect	as	many	as	6.5	%	of	pa-
tients	(Izzedine	et	al.,	2010).

Bevacizumab therapy was associated with the devel-
opment	of	proteinuria	in	23–38	%	of	patients	with	colo-
rectal	cancer	and	as	many	as	64	%	of	patients	with	renal	
cell	cancer	(Yang	et	al.,	2003;	Gordon	and	Cunningham,	
2005).	According	 to	 the	meta-analysis	 of	 randomized	
controlled	 trials	with	 bevacizumab	 (Zhu	 et	 al.,	 2007),	
the	relative	risk	of	proteinuria	was	1.4	in	patients	on	a	
low	dose	(2.5	to	7.5	mg/kg)	and	1.6	in	patients	on	a	high	
dose	(10	to	15	mg/kg),	so	the	appearance	of	proteinuria	
with bevacizumab seems to be dose dependent. 

A recently published systematic review and meta-
analysis	of	16	randomized	controlled	trials	with	bevaci-
zumab	 comprising	 12,268	 patients	 (Wu	 et	 al.,	 2010)	
confirmed	 low	 incidence	 of	 grade	 3	 and	 grade	 4	 pro-
teinuria	–	only	2.2	%	,	but	still	the	relative	risk	of	high-
grade proteinuria and nephrotic syndrome with bevaci-
zumab	compared	to	chemotherapy	alone	was	4.79	and	

7.78,	respectively.	The	highest	risk	was	in	patients	with	
renal	 cell	 carcinoma	 (cumulative	 incidence	 10.2	 %).	
The relative risk was dose dependent, higher in patients 
on	 higher	 (5	mg/kg/week)	 than	 on	 lower	 (2.5	mg/kg/
week)	dose	of	bevacizumab	(compared	to	chemothera-
py	only	–	lower	dose	2.62,	higher	dose	8.56).	All-grade	
proteinuria	occurred	in	13.3	%	of	bevacizumab-treated	
patients. Importantly, overall and progression-free sur-
vival of patients with high-grade proteinuria did not dif-
fer from other bevacizumab-treated patients, suggesting 
that	even	high-grade	proteinuria	may	not	have	signifi-
cant impact on the improved outcome of the bevacizum-
ab-treated	patients.	The	exact	incidence	of	proteinuria	in	
patients treated with small orally active VEGF tyrosine 
kinase inhibitors is less clear. In trials with newer VEGF 
tyrosine	kinase	inhibitor,	axitinibe,	all-grade	proteinuria	
(from	+	 dipstick	 to	 nephrotic	 proteinuria)	 occurred	 in	
18–36	%	of	patients	and	high-grade	proteinuria	(4	+	on	
dipstick,	 or	more	 than	 3.5	 g/24	 h	 urine	 collection)	 in	
only	5	%	of	patients	(Izzedine	et	al.,	2010).

Treatment with sunitinib or sorafenib may also result 
in preeclampsia-like syndrome with hypertension, mod-
erate to nephrotic proteinuria and oedema (Patel et al., 
2008),	usually	after	several	months	of	treatment	(medi-
an	time	of	peak	protein	excretion	was	24	weeks	in	seven	
reported	patients).	Reduction	of	the	dose	of	the	drug	or	
its	withdrawal	was	followed	by	significant	improvement	
of the control of hypertension and decrease of proteinu-
ria. Damage to glomerular endothelial cells with anti-
VEGF therapy in tumours is characterized by the disap-
pearance of endothelial cells with preserved capillary 
basement	membranes	(Mancuso	et	al.,	2006).	Renal	bi-
opsy	findings	available	in	only	several	patients	with	se-
vere renal involvement most frequently demonstrated 
thrombotic	 microangiopathy	 (Izzedine	 et	 al.,	 2007;	
Eremina	et	al.,	2008);	case	reports	of	cryoglobulinemic	
membranoproliferative glomerulonephritis, focal prolif-
erative glomerulonephritis may only be a coincidence, 
and collapsing glomerulopathy could have been caused 
by the concomitant treatment with pamidronate. One 
case report of sorafenib-induced interstitial nephritis has 
also	been	published	(Izzedine	et	al.,	2010).	

Thrombotic microangiopathy in patients treated with 
VEGF inhibition may be under-diagnosed, as the histo-
logical	findings	in	a	limited	number	of	biopsied	patients	
were not related to the degree of proteinuria or haematu-
ria and were not regularly accompanied by severe hy-
pertension,	 renal	 failure,	 haemolytic	 anaemia	 and/or	
thrombocytopenia. Renal biopsy should thus be possi-
bly considered even in patients treated with VEGF inhi-
bition with relatively mild urinary abnormalities and in 
the	absence	of	renal	failure	(Bolée	et	al.,	2009).	Not	sur-
prisingly, proteinuria is usually aggravated by concomi-
tant hypertension. In patients treated by bevacizumab 
proteinuria	was	present	in	54	%	of	patients	with	grade	
2/3	hypertension	and	only	in	16	%	of	patients	with	grade	
0/1	hypertension	(Yang	et	al.,	2003).	Patients	with	bev-
acizumab-induced proteinuria are also more commonly 
hypertensive	(47.1	%	vs.	16.9	%,	Miller	et	al.,	2005).
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Proteinuria is also more common in patients treated 
concomitantly by bevacizumab and pamidronate (Miller 
et	al.,	2005),	which	may	cause	another	type	of	glomeru-
lar damage, collapsing glomerulopathy. The factors as-
sociated with the occurrence and severity of proteinuria 
remain	poorly	understood,	but	pre-existing	renal	disease	
with higher proteinuria and hypertension (Zhu et al., 
2007,	 2009),	 African-American	 ethnicity	 (Zhu	 et	 al.,	
2009)	and	renal	cell	cancer	compared	to	other	cancers	
(Tomita	et	al.,	2011)	were	identified	as	putative	predis-
posing factors. Proteinuria in patients treated with beva-
cizumab may be dose dependent (see above, Zhu et al., 
2007).	On	the	other	hand,	duration	of	the	treatment	with	
VEGF inhibitors is probably not related to proteinuria 
and the occurrence of proteinuria does not seem to be 
related	to	the	efficacy	(to	be	a	surrogate	marker	of	effi-
cacy)	of	the	treatment	with	VEGF	inhibitors	(Izzedine	et	
al.,	2010).

Hypertension in patients treated by VEGF 
inhibition

Hypertension is a frequent side effect of the systemic 
inhibition of VEGF. Its incidence and severity is related 
not only to the type of the drug used, dose of the drug 
and dosing schedule, but also to the age of the patients, 
pre-existing	hypertension	and	coexisting	cardiovascular	
disease	(Izzedine	et	al.,	2009a).	In	large	studies	in	ad-
vanced and metastatic renal cancer (Hurwitz et al., 
2005;	 Escudier	 et	 al.,	 2007;	Motzer	 et	 al.,	 2007)	 and	
metastatic	colorectal	cancer	(Yang	et	al.,	2003),	hyper-
tension	may	newly	occur	 (worsen)	 in	17–35	%	of	pa-
tients treated with VEGF inhibition compared to only in 
1–8	%	of	patients	in	the	placebo	limb,	and	severe	(grade	
3/4)	hypertension	occurred	in	4–20	%	of	VEGF	inhibi-
tor-treated	patients	compared	to	only	0–3	%	in	the	pla-
cebo	 limb	 (same	 trials).	 Life-threatening	 hypertensive	
crisis	is	rare	and	may	occur	in	less	than	1	%	of	patients	
treated with VEGF inhibition. Higher incidence of intra-
cerebral haemorrhage in patients with metastatic renal 
cancer and brain metastasis treated with VEGF inhibi-
tors may also be at least partly related to poorly con-
trolled	hypertension	(Poussel	and	Culine,	2008).	A	re-
cent meta-analysis suggested that the incidence of 
hypertension in patients treated by angiogenesis inhibi-
tors	 is	22.5–57.7	%	(Wu	et	al.,	2008)	and	 the	 relative	
risk	of	developing	hypertension	is	7.5,	6.1	and	3.9	with	
bevacizumab, sorafenib and sunitinib, respectively (Wu 
et	al.,	2008;	Izzedine	et	al.,	2009b).	

The mechanisms of “isolated” hypertension in pa-
tients treated with VEGF inhibitors is unclear, but could 
be related to increased systemic vascular resistance, 
possibly due to endothelial dysfunction with a decrease 
of	nitric	oxide	(NO)	production	(VEGF	normally	stimu-
lates	NO	production	–	Hood	et	al.,	1998)	and	oxidative	
stress, or vascular rarefaction (decrease in the density of 
microvessels).	In	patients	with	metastatic	breast	cancer	
vandetanib,	VEGFR2	and	3	tyrosine	kinase	inhibitor	in-
creased blood pressure and decreased plasma systemic 

nitrate/nitrite	 levels	 and	 endothelial	 cell	 nitrite	 levels	
(Mayer	et	al.,	2011),	although	the	eNOS	membrane	con-
centration	doubled.	Apparently,	the	exact	mechanism	by	
which inhibition of VEGF action results in the increase 
of blood pressure remains to be elucidated.
Recent	studies	(Kappers	et	al.,	2011)	demonstrated	in	

both patients and rats that hypertension, proteinuria and 
renal dysfunction are associated with the activation of 
the endothelin system. In rats on sunitinib glomerular 
endotheliosis was accompanied by the increase of uri-
nary	excretion	of	endothelin	1	and	diminished	excretion	
of NO metabolites. Sunitinib-induced increase of blood 
pressure, but not renal histological abnormalities and in-
crease of serum creatinine, could have been prevented 
by endothelin receptor antagonist macitentan. In swine 
sunitinib-induced hypertension, non-selective endothe-
lin antagonist tezosentan completely reversed blood 
pressure	to	pre-sunitinib	values	(Kappers	et	al.,	2012).	
The	role	of	decreased	NO	bioavailability	and	oxidative	
stress, if any, is much less important than the apparent 
activation of the endothelin system. Proteinuria and re-
nal function should be assessed in all patients with 
VEGF inhibition-related hypertension (or better reas-
sessed as it should have been evaluated before the start 
of	the	treatment).	Patients	with	concomitant	proteinuria	
and renal dysfunction should be referred to the neph-
rologist	 to	 exclude	 glomerular	 disease	 and	 especially	
thrombotic microangiopathy. 

Patients with hypertension induced by VEGF inhibi-
tors should be treated in a similar way as other patients 
with	hypertension,	including	lifestyle	modifications	and	
antihypertensive drugs, taking into consideration the 
putative interaction of some antihypertensive drug with 
the metabolism of VEGF tyrosine kinase inhibitors and 
the impact of the antihypertensive drugs on VEGF pro-
duction. In most patients hypertension can be controlled 
by the available medication, and reduction of the dose of 
VEGF inhibitor or even temporary or permanent with-
drawal	of	the	drug	should	be	considered	in	only	excep-
tional cases of patients with persistent or severe hyper-
tension. ACE inhibitors, beta-blockers, diuretics and 
calcium antagonists have been the most common drugs 
used in the treatment of VEGF inhibition-induced hy-
pertension. As small orally active VEGF tyrosine kinase 
inhibitors	are	metabolized	by	cytochrome	P450,	CYP3A4	
inhibitors verapamil and diltiazem should be avoided 
and as nifedipine was shown to stimulate vascular VEGF 
secretion	 (Miura	 et	 al.,	 2005),	 felodipine	 and	 amlodi-
pine should be the preferred calcium channel blockers. 

Long-acting oral nitrates may also quickly normalize 
blood pressure in patients with VEGF inhibition-induced 
hypertension	(Dirix	et	al.,	2007).	Similarly	effective	could	
be	phosphodiesterase	inhibitors,	e.g.	sildenafil	(Oliver	et	
al.,	2006)	or	nebivolol,	which	also	increase	NO	concen-
tration in the vascular wall. Very recently, endogenous 
inhibitor of angiogenesis with anti-tumour activity which 
also increases endothelial production of NO, endostatin, 
was shown to prevent hypertension induced by anti-VEGF 
antibodies	in	mice	(Sunshine	et	al.,	2012).	
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VEGF inhibition in patients with reduced 
renal function

Small inhibitors of VEGF receptor-dependent tyros-
ine	kinases	are	partly	excreted	by	the	kidneys.	According	
to some recommendations these orally active inhibitors 
may be safely given to patients with decreased glomeru-
lar	filtration	rate,	but	close	monitoring	and	dose	adjust-
ment	is	necessary	(Khan	et	al.,	2010;	Gupta	et	al.,	2011).	
There may be, however, worsening of renal function in 
more	 than	 50	 %	 of	 patients	 with	 renal	 insufficiency	
treated	by	sunitinib	or	sorafenib	(Khan	et	al.,	2010).	

Glomerular injury may be aggravated during anti-
VEGF	treatment	in	patients	with	pre-existing	renal	dis-
ease and decreased renal function. More frequent pro-
teinuria in patients with renal cell cancer compared to 
e.g. colorectal cancer may be related in some of them to 
concomitant	hyperfiltration	 in	 residual	nephrons	 if	 the	
patients underwent nephrectomy. Concomitant use of 
other	nephrotoxic	drugs	(e.g.	pamidronate,	gemcitabine,	
or	interferon	α)	should	also	be	taken	into	consideration.
In	the	remnant	kidney	model	 induced	in	rats	by	5/6	

renal	ablation	(Machado	et	al.,	2012)	VEGF	inhibition	
by	sunitinib	had	no	effect	on	the	already	present	expan-
sion of renal cortical interstitium and rarefaction of peri-
tubular capillaries (demonstrating little antiangiogenic 
effect)	and	 induced	neither	hypertension	nor	proteinu-
ria, but aggravated glomerulosclerosis, possibly as a re-
sult of capillary microthrombosis. No effect of sunitinib 
in	control	rats	demonstrates	that	already	existing	renal	
damage	 increases	 the	 risk	 of	 nephrotoxicity	 of	VEGF	
inhibition. 

Although according to the manufacturer’s labelling 
for sorafenib no dose adjustment should be necessary 
even	for	patients	with	severe	renal	insufficiency	not	un-
dergoing dialysis according to the phase 1 study (Miller 
et	al.,	2009),	the	sorafenib	dose	should	be	preferably	re-
duced	to	200	mg	twice	daily	in	patients	with	creatinine	
clearance	 20	 to	 30	ml/min	 and	 to	 only	 200	mg	 once	
daily in patients on haemodialysis. The optimal initial 
dosing of sorafenib for patients with creatinine clear-
ance	<	20	ml/min	not	yet	on	dialysis	is	currently	unclear.	
When the patients undergoing haemodialysis were treat-
ed	by	higher	doses	of	sorafenib	(200	mg	twice	daily),	
both	 the	 higher	 (Kennoki	 et	 al.,	 2011)	 and	 the	 same	
(Masini	et	al.,	2012)	rate	of	adverse	events	was	reported.	
Some patients on haemodialysis may apparently tolerate 

the	 doses	 as	 high	 as	 400	 mg	 twice	 daily	 (Rey	 and	
Villavicencio,	2008).

There is only a limited number of reports (in a small 
number	of	patients)	on	the	efficacy	and	safety	of	suni-
tinib in patients with reduced renal function (Izzedine et 
al.,	2009a;	Khosravan	et	al.,	2010;	Josephs	et	al.,	2011;	
Masini	et	al.,	2012).	A	single	dose	of	50	mg	of	sunitinib	
appeared to be well tolerated in patients with severe re-
nal	insufficiency	(creatinine	clearance	<	30	ml/min)	and	
patients with end-stage renal disease on haemodialysis 
(Khosravan	et	al.,	2010).	Pharmacokinetics	of	sunitinib	
and	its	major	metabolite	(SU12662)	seemed	to	be	simi-
lar for patients with normal renal function, and the plas-
ma levels of sunitinib were even lower in patients with 
end-stage renal failure treated by haemodialysis. In an-
other	study	(Izzedine	et	al.,	2009)	pharmacokinetics	of	
sunitinib in two patients with end-stage renal failure on 
haemodialysis seemed to be similar for patients with 
normal	renal	function.	Starting	doses	from	25	to	50	mg	
of	sunitinib	daily	for	four	out	of	six	weeks	were	used	in	
another study in patients with severe renal impairment 
(creatinine	clearance	<	30	ml/min),	10	of	them	already	
on	 haemodialysis,	 with	 similar	 efficacy	 as	 in	 normal	
subjects.	Dose	reduction	due	to	toxicity	was	necessary	
in eight patients, but only in one of them permanent dis-
continuation	was	necessary	(Josephs	et	al.,	2011).	Out	
of the adverse events only diarrhoea, hand-foot skin 
syndrome and neutropenia were more common in pa-
tients on dialysis compared to non-dialysis patients 
(Josephs	et	al.,	2011).	In	conclusion,	sunitinib	at	a	dose	
of	25	to	50	mg	daily	seems	to	be	well	tolerated	even	in	
patients	with	severe	renal	insufficiency	or	end-stage	re-
nal disease on dialysis. 

Mechanisms of proteinuria in VEGF 
inhibition

As already stressed, VEGF is indispensable for nor-
mal glomerular development and maintenance of nor-
mal	 fenestrated	 endothelium	 (Eremina	 and	 Quaggin,	
2004)	and	VEGF	inhibition	may	not	only	cause	protein-
uria	 and	 hypertension	 (Izzedine	 et	 al.,	 2007,	 2010;	
Kappers	et	al.,	2009),	but	may	even	induce	renal	throm-
botic	microangiopathy	(Eremina	et	al.,	2008).	

There are several putative pathogenic types of the 
proteinuria	 (Table	1)	 induced	by	 the	use	of	VEGF	 in-
hibitors:	1.	Haemodynamically	mediated	glomerular	in-

Table 1. Putative mechanisms of proteinuria induced by anti-VEGF treatment

Type of glomerular injury Mechanisms
Haemodynamically mediated  High systemic blood pressure and high glomerular pressure, possibly related 
glomerular injury to decreased production of NO

Podocyte	and	slit	diaphragm	damage	 Down-regulation	of	some	podocyte	proteins	(e.g.	nephrin)	important	for	the	normal
	 function	of	the	slit	diaphragm,	or	podocyte	apoptosis	(probably	uncommon)

Endothelial	damage	 Damage	to	glomerular	endothelial	cells	(glomerular	endotheliosis)	caused	by	the
 decreased production of VEGF by podocytes

Thrombotic	microangiopathy	 More	severe	damage	to	glomerular	(and	systemic)	endothelial	cells	with	associated
	 glomerular	thrombosis	due	to	low	circulating	and/or	podocyte-derived	VEGF
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jury.	2.	Damage	to	glomerular	endothelial	cells	related	
to the interference with their stimulation by podocyte-
derived	VEGF.	 3.	 Podocyte	 and	more	 specifically	 slit	
diaphragm damage caused by down-regulation of some 
podocyte	 proteins.	 4.	 Subacute	 thrombotic	microangi-
opathy	(Izzedine	et	al.,	2010).

Proteinuria could be the result of systemic and glo-
merular hypertension, as suggested by the concomitant 
decrease of both hypertension and proteinuria on anti-
VEGF	therapy	withdrawal	(Advani	et	al.,	2007;	Izzedine	
et	al.,	2007;	Zhu	et	al.,	2007).	It	has	been	suggested	that	
the mechanism of proteinuria in patients treated by anti-
VEGF	therapy	may	be	similar	as	in	post	exercise	pro-
teinuria	(Gündüuz	et	al.,	2003;	Izzedine	et	al.,	2010),	as	
the mechanism of both hypertension and proteinuria in 
these settings may be related to the decreased produc-
tion	of	NO.	In	the	murine	model	(Eremina	et	al.,	2008),	
however, glomerular injury preceded hypertension, sug-
gesting that in patients treated by anti-VEGF therapy 
hypertension may not be the only cause of proteinuria.
Podocyte-derived	VEGF	stimulates	VEGFR2	on	glo-

merular	 endothelial	 cells	 (Eremina	 et	 al.,	 2003).	 Inhi-
bition	of	VEGF	(Kamba	et	al.,	2006)	or	tageted	deletion	
of the VEGF	gene	in	podocytes	(Eremina	et	al.,	2003)	
results in the loss of fenestra of glomerular endothelial 
cells,	 proliferation	 of	 endothelial	 cells	 (endotheliosis)	
and proteinuria. These changes are very similar to glo-
merular damage in preeclampsia, where the overpro-
duction	 of	 soluble	VEGF	 receptor	 (sFlt1)	 in	 placenta	
blocks the circulating and possibly also podocyte-de-
rived	VEGF	(Eremina	et	al.,	2008),	suggesting	that	the	
damage to glomerular endothelial cells could be the ma-
jor cause of proteinuria in patients on anti-VEGF thera-
py. More severe changes with the same pathogenesis 
may result in thrombotic microangiopathy. 

Anti-VEGF treatment may also possibly cause direct 
damage to the podocytes with down-regulation of the 
major protein of the slit diaphragm nephrin (Sugimoto 
et	al.,	2003).	The	relative	contribution	of	endothelial	cell	
and podocyte damage to proteinuria is uncertain, but 
currently the injury to glomerular endothelial cells is 
supposed	to	be	more	important.	The	exact	mechanisms	
of	glomerular	toxicity	of	VEGF	remain	to	be	fully	eluci-
dated and may be different in different patients. Tissue 
hypoxia	 caused	 by	 the	 reduced	 angiogenic	 activity	 in	
renal	tissue	with	resultant	interstitial	inflammation	(Ta-
na	ka	and	Nangaku,	2010)	and	the	direct	damage	to	the	
glomerular endothelium resulting in thrombotic micro-
angiopathy	 (Eremina	 et	 al.,	 2008)	 are	 the	 leading	 hy-
potheses,	although	a	direct	toxic	effect	of	VEGF	inhibi-
tion	on	the	podocytes	(Eremina	et	al.,	2007)	cannot	be	
excluded,	either.	

Management of proteinuria in patients 
treated with VEGF-inhibiting drugs

All patients considered for treatment with VEGF-
inhibiting drugs should have assessed blood pressure, at 
least	dipstick	examination	of	proteinuria	and	calculated	

glomerural	filtraton	rate	before	starting	the	treatment.	In	
patients with normal blood pressure, normal renal func-
tion and negative proteinuria, repeated screening should 
be done before each cycle of treatment or every other 
infusion. Patients with positive dipstick proteinuria 
(more	 than	+)	should	have	 their	proteinuria	quantified	
using	 the	 albumin/creatinine	 ratio,	 and	 referral	 to	 the	
nephrologist for further work-up (quantitative proteinu-
ria, haematuria, renal ultrasound, potentially even renal 
biopsy)	should	be	considered.

It should be stressed that as there is no correlation 
between the degree of proteinuria and the severity of 
renal	damage	(half	of	the	patients	with	biopsy	finding	of	
thrombotic	 microangiopathy	 may	 have	 only	 +	 to	 ++	
proteinuria	on	dipstick	evaluation),	renal	biopsy	should	
be	considered	 in	all	patients	with	unexplained	 (before	
the	start	of	the	treatment)	and	persistent	or	progressive	
(on	 treatment)	 proteinuria,	 and	 especially	 in	 patients	
with	unexplained	acute	or	progressive	decline	of	renal	
function.	In	patients	with	metastatic	cancer,	life	expec-
tancy of the patient and available therapeutic options 
should always be taken into consideration. Anti-VEGF 
therapy dramatically improved the outcome of patients 
especially with metastatic renal cell cancer, and it is 
therefore	 always	 difficult	 to	 withdraw	 the	 effective	
treatment	because	of	laboratory	findings	only.	Although	
there is no general recommendation, treatment should 
probably be withdrawn in patients with nephrotic pro-
teinuria, progressive decline of renal function, or histo-
logic	 finding	 of	 thrombotic	microangiopathy	 on	 renal	
biopsy. 

Patients with proteinuria associated with VEGF-
inhibiting treatment should be given antihypertensive 
treatment	(if	hypertensive)	and	ACE	inhibitors	or	angio-
tensin receptor blockers to reduce proteinuria (Dincer 
and	Altundag,	2006),	although	their	targets	and	recom-
mended doses are unclear, especially in normotensive 
subjects. Discontinuation of treatment usually results in 
the reduction of proteinuria, but persistence of some 
proteinuria even after the withdrawal of the drug is com-
mon	(Patel	et	al.,	2008),	even	the	persistence	of	nephrot-
ic	syndrome	(Okuno	et	al.,	2011)	or	renal	dysfunction	
(Takahashi	 et	 al.,	 2012).	 Manufacturer’s	 labelling	 for	
bevacizumab recommends intermittent monitoring for 
proteinuria and temporary withdrawal of the drug for 
patients	with	proteinuria	>	2	g/24	h	and	permanent	with-
drawal for patients with nephrotic syndrome. In clinical 
practice, the presence of proteinuria may impact the 
clinical	decision	of	oncologists	in	only	2	%	of	bevaci-
zumab-treated	 patients	 (Yeh	 et	 al.,	 2010).	 For	 small	
orally active tyrosine kinase inhibitors the only recom-
mendation is withdrawal of the drugs in patients who 
develop nephrotic syndrome.

It is currently unclear whether all patients with anti-
VEGF treatment-induced thrombotic microangiopathy 
require intensive treatment with corticosteroids and 
plasma	 infusion/exchange	 after	 anti-VEGF	 treatment	
withdrawal. In a small pilot prospective study (Izzedine 
et	 al.,	 2011)	 intensive	 treatment	 (maximally	 tolerated	
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antihypertensive	 treatment	 +	 corticosteroids	 +	 fresh	
plasma	infusion	+/-	plasma	exchange)	was	not	superior	
to	conservative	treatment	(only	maximally	tolerated	an-
tihypertensive treatment including ACEI or ARB to 
achieve	blood	pressure	under	130/80	mm	Hg)	in	terms	
of blood pressure control, decrease of proteinuria and 
preservation of renal fuction in patients with biopsy-
proven anti-VEGF treatment-induced thrombotic mi-
croangiopathy after anti-VEGF agent withdrawal. 
Patients in the intensive limb, however, had higher base-
line proteinuria and lower platelets, and intensive treat-
ment was successful in normalizing haemoglobin, plate-
lets and lactate dehydrogenase. Apparently, intensive 
treatment need not necessarily be used in all patients 
with anti-VEGF treatment-induced thrombotic micro-
angiopathy, but still should be considered in patients 
with nephrotic proteinuria, impaired renal function and 
low platelets.

In patients with angiogenesis inhibitor-induced pro-
teinuria the use of anti-proteinuric drugs, e.g. ACE in-
hibitors	 and/or	 angiotensin	 receptor	 blockers,	 may	 be	
preferable,	although	no	specific	recommendation	exists	
and controlled trials demonstrating their antiproteinuric 
efficacy	in	this	specific	setting	are	available.	

Conclusions
The importance of VEGF in the maintenance of in-

tegrity	of	the	glomerular	filtration	barrier	has	direct	im-
plications for the use of VEGF inhibitors in patients 
with cancer. Anti-VEGF therapy may induce proteinuria 
and hypertension. Damage to the glomerular endothelial 
cells with imminent thrombotic microangiopathy is 
probably the most important mechanism of the derange-
ment	of	glomerular	filtration	barrier.	

Oncologists should be aware of the potential renal 
toxicity	 of	 VEGF	 inhibitors,	 and	 baseline	 proteinuria	
and renal function should be assessed in all patients be-
fore the treatment and regularly checked during the 
treatment. Referral to the nephrologist should also be 
considered.

Optimal use of the available antiproteinuric regimens 
(ACE	inhibitor	or	angiotensin	receptor	blockers)	should	
be studied prospectively. Withdrawal of anti-VEGF 
treatment should be considered in patients with nephrot-
ic proteinuria and progressive decline of the renal func-
tion. 

References
Advani,	A.,	Kelly,	D.	J.,	Advani,	S.	L.,	Cox,	A.	J.,	Thai,	K.,	

Zhang, Y., White, K. E., Gow, R. M., Marshall, S. M., 
Steer, B. M., Marsden, P. A., Rakoczy, P. E., Gilbert, R. E. 
(2007)	Role	of	VEGF	 in	maintaining	 renal	 structure	 and	
function under normotensive and hypertensive conditions. 
Proc. Natl. Acad. Sci. USA 104,	14448-14453.

Bertuccio, C., Veron, D., Aggarwal, P. K., Holzman, L., Tufro, 
A.	(2011)	Vascular	endothelial	growth	factor	receptor	2	di-

rect interaction with nephrin links VEGF-A signals to actin 
in kidney podocytes. J. Biol. Chem. 18,	39933-39944.

Bolée, G., Patey, N., Cazajous, G., Robert, C., Goujon, J. M., 
Fakhouri, F., Bruneval, P., Noel, L. H., Knebelmann, B. 
(2009)	Thrombotic	microangiopathy	 secondary	 to	VEGF	
pathway inhibition by sunitinib. Nephrol. Dial. Transplant. 
24,	682-685.

Costero, O., Picazo, M. L, Zamora, P., Romero, S., Martinez-
Ara,	J.,	Selgas,	R.	(2010)	Inhibition	of	tyrosine	kinases	by	
sunitinib associated with focal segmental glomerulosclero-
sis lesion in addition to thrombotic microangiopathy. 
Nephrol. Dial. Transplant. 25,	1001-1003.

Datta, K., Li, J., Karumanchi, S. A., Wang, E., Rondeau, E., 
Mukhopadhyay,	D.	(2004)	Regulation	of	vascular	perme-
ability	 factor/vascular	 endothelial	 growth	 factor	 (VPF/
VEGF-A)	expression	in	podocytes.	Kidney Int. 66,	1471-
1478.

Dincer,	M.,	Altundag,	K.	(2006)	Angiotensin-converting	en-
zyme inhibitors for bevacizumab-induced hypertension. 
Ann. Pharmacother. 40,	2278-2279.

Dirix,	L.	Y.,	Maes,	H.,	Sweldens,	C.	(2007)	Treatment	of	arte-
rial	hypertension	(AHT)	associated	with	angiogenesis	 in-
hibitors. Ann. Oncol. 18,	1121-1122.

Eremina, V., Sood, M., Haigh, J., Nagy, A., Lajoie, G., Ferrara, 
N.,	Gerber,	H.	P.,	Kikkawa,	Y.,	Miner,	J.	H.,	Quaggin,	S.	E.	
(2003)	Glomerular	specific	alterations	of	VEGF-A	expres-
sion lead to distinct congenital and acquired renal diseases. 
J. Clin. Invest. 111,	707-716.

Eremina,	V.,	Quaggin,	S.	E.	 (2004)	The	 role	of	VEGF-A	 in	
glomerular development and function. Curr. Opin. Nephrol. 
Hypertens. 13,	9-15.

Eremina,	V.,	Baelde,	H.	J.,	Quaggin,	S.	E.	(2007)	Role	of	the	
VEGF-A	 signaling	 pathway	 in	 the	 glomerulus:	 evidence	
for	crosstalk	between	components	of	the	glomerular	filtra-
tion barrier. Nephron Physiol. 106,	32-37.

Eremina, V., Jefferson, J. A., Kowalewska, J., Hochster, H., 
Haas, M., Weisstuch, J., Richardson, C., Kopp, J. B., Kabir, 
M.	G.,	Backx,	P.	H.,	Gerber,	H.	P.,	Ferrara,	N.,	Barisoni,	L.,	
Alpers,	C.	E.,	Quaggin,	S.	E.	(2008)	VEGF	inhibition	and	
renal thrombotic microangiopathy. N. Engl. J. Med. 358, 
1129-1136.

Escudier, B., Eisen, T., Stadler, W. M., Szczylik, C., Oudard, 
S., Siebels, M., Negrier, S., Chevreau, C., Solska, E., Desai, 
A. A., Rolland, F., Demkow, T., Hutson, T. E., Gore, M., 
Freeman, S., Schwartz, B., Shan, M., Simantov, R., 
Bukowski,	R.	M.,	TARGET	Study	Group	(2007)	Sorafenib	
in advanced clear-cell renal-cell cancer. N. Engl. J. Med., 
356,	125-134.

Ferrara,	N.,	Gerber,	H.	P.,	LeCouter,	J.	(2003)	The	biology	of	
VEGF and its receptors. Nat. Med. 9,	669-676.

Foster, R. R., Hole, R., Anderson, K., Satchell, S. C., Coward, 
R. J., Mathieson, P. W., Gillatt, D. A., Saleem, M. A., Bates, 
D.	O.,	Harper,	S.	J.	(2003)	Functional	evidence	that	vascu-
lar endothelial growth factor may act as an autocrine factor 
on human podocytes. Am. J. Physiol. 284,	F1263-F1273.

Foster, R. R., Saleem, M. A., Mathieson, P. W., Bates, D. O., 
Harper,	S.	J.	(2005)	Vascular	endothelial	growth	factor	and	
nephrin interact and reduce apoptosis in human podocytes. 
Am. J. Physiol. 288,	F48-F57.

P.	Tesařová	and	V.	Tesař



Vol.	59	 23

Gordon,	M.	 S.,	 Cunningham,	 D.	 (2005)	Managing	 patients	
treated with bevacizumab combination therapy. Oncology 
69,	S25-S33.

Guan, F., Villegas, G., Teichman, J., Mundel, P., Tufro, A. 
(2006)	Autocrine	VEGF-A	system	in	podocytes	regulates	
podocin	and	 its	 interaction	with	CD2AP. Am. J. Physiol. 
Renal Physiol. 291,	F422-428.

Gündüz,	F.,	Kuru,	O,	Sentürk,	U.	K.	 (2003)	Effect	of	nitric	
oxide	 on	 exercise-induced	 proteinuria	 in	 rats.	 J. Appl. 
Physiol. 95,	1867-1872.

Gupta, S., Parsa, V., Heilbrun, L. K., Smith, D. W., Dickow, 
B.,	Heath,	E.,	Vaishampayan,	U.	(2011)	Safety	and	efficacy	
of molecularly targeted agents in patients with metastatic 
kidney cancer with renal dysfunction. Anticancer Drugs 
22,	794-800.

Hafdi, Z., Lesavre, P., Nejjari, M., Halbwachs-Mecarelli, L., 
Droz,	D.,	Noel,	L.	H.	(2000)	Distribution	of	αVβ3,	αVβ5 in-
tegrins	and	the	integrin	associated	protein-IAP	(CD47)	in	
human glomerular diseases. Cell Adhes. Commun. 7,	441-
451.

Hodivala-Dilke, K. M., McHugh, K. P., Tsakiris, D. A., 
Rayburn, H., Crowley, D., Ullman-Culleré, M., Ross, F. P., 
Coller,	B.	S.,	Teitelbaum,	S.,	Hynes,	R.	O.	(1999)	β-Integrin	
-deficient	mice	are	a	model	for	Glanzmann	thrombasthenia	
showing placental defects and reduced survival. J. Clin. 
Invest. 103,	229-238.

Hood,	J.	D.,	Meininger,	C.	J.,	Ziche,	M.,	Granger,	H.	J.	(1998)	
VEGF upregulates ecNOS message, protein, and NO pro-
duction in human endothelial cells. Am. J. Physiol. 274, 
H1054-H1058.

Hurwitz, H. I., Fehrenbacher, L., Hainsworth, J. D., Hains-
worth, J. D., Heim, W., Berlin, J., Holmgren, E., Hambleton, 
J.,	Novotny,	W.	F.,	Kabbinavar,	F.	(2005)	Bevacizumab	in	
combination	with	fluorouracil	and	leucovorin:	active	regi-
men	 for	 first-line	 metastatic	 colorectal	 cancer.	 J. Clin. 
Oncol. 23,	3502-3508.

Izzedine,	H.,	Rixe,	O.,	Billemont,	B.,	Baumelou,	A.,	Deray,	G.	
(2007)	Angiogenesis	 inhibitor	 therapies:	 focus	on	kidney	
toxicity	and	hypertension.	Am. J. Kidney Dis. 50,	203-218.

Izzedine, H., Etienne-Grimaldi, M. C., Renée, N., Vignot, S., 
Milano,	G.	(2009a)	Pharmacokinetics	of	sunitinib	in	hemo-
dialysis. Ann. Oncol. 20,	190-192.

Izzedine, H., Ederhy, S., Goldwasser, F., Soria, J. C., Milano, 
G.,	Cohen,	A.,	Khayat,	D.,	Spano,	J.	P.	(2009b)	Management	
of hypertension in angiogenesis inhibitor-treated patients. 
Ann. Oncol. 20,	807-815.

Izzedine, H., Massard, C., Spano, J. P., Goldwasser, F., 
Khayat,	D.,	Soria,	J.	C.	(2010)	VEGF	signalling	inhibition-
induced	 proteinuria:	 mechanisms,	 significance	 and	 man-
agement. Eur. J. Cancer 46,	439-448.

Izzedine,	 H.,	 Sene,	 D.,	 Hadoux,	 J.,	 Gharbi,	 C.,	 Bourry,	 E.,	
Massard,	C.,	Soria,	J.	C.	(2011)	Thrombotic	microangiopa-
thy	related	to	anti-VEGF	agents:	intensive	versus	conserv-
ative treatment? Ann. Oncol. 22,	487-490.

Josephs, D., Hutson, T. E., Cowey, C. L., Pickering, L. M., 
Larkin, J. M., Gore, M. E., Van Hemelrijck, M., McDermott, 
D. F., Powles, T., Chowdhury, P., Karapetis, C., Harper, P. 
G.,	 Choueiri,	 T.	 K.,	 Chowdruhy,	 S.	 (2011)	 Efficacy	 and	
toxicity	of	 sunitinib	 in	patients	with	metastatic	 renal	cell	

carcinoma with severe renal impairment or on haemodialy-
sis. BJU Int. 108,	1279-1283.

Kamba, T., Tam, B. Y., Hashizume, H., Haskell, A., Sennino, 
B., Mancuso, M. R., Norberg, S. M., O´Brien, S. M., Davis, 
R. B., Gowen, L. C., Anderson, K. D., Thurston, G., Joho, 
S.,	Springer,	M.	L.,	Kuo,	C.	J.,	McDonald,	D.	M.	(2006)	
VEGF-dependent plasticity of fenestrated capillaries in the 
normal adult vasculature. Am. J. Physiol. Heart Circ. 
Physiol. 290,	H560-H576.

Kang, Y. S., Park, Y. G., Kim, B. K., Han, S. Y., Jee, Y. H., 
Han, K. H., Lee, M. H., Song, H. K., Cha, D. R., Kang, S. 
W.,	Han,	D.	S.	(2006)	Angiotensin	II	stimulates	the	synthe-
sis	of	vascular	endothelial	growth	factor	 through	the	p38	
mitogen activated protein kinase pathway in cultured 
mouse podocytes. J. Mol. Endocrinol. 36,	377-388.

Kappers, M. H., van Esch, J. H., Sleijfer, S., Danser, A. H., 
van	den	Meiracker,	A.	H.	(2009)	Cardiovascular	and	renal	
toxicity	during	angiogenesis	inhibition:	clinical	and	mech-
anistic aspects. J. Hypertens. 27,	2297-2309.

Kappers, M. H., Smedts, F. M., Horn, T., van Esch, J. H., 
Sleijfer, S., Leijten, F., Wesseling, S., Strevens, H., Danser, 
A.	H.,	van	den	Meiracker,	A.	H.	(2011)	The	vascular	en-
dothelial growth factor receptor inhibitor sunitinib causes a 
preeclampsia-like syndrome with activation of the en-
dothelin system. Hypertension 58,	295-302.

Kappers, M. H., de Beer, V. J., Zhou, Z., Danser, A. H., 
Sleijfer, S., Duncker, D. J., van den Meiracker, A. H., 
Merkus,	 D.	 (2012)	 Sunitinib-induced	 systemic	 vasocon-
striction in swine is endothelin mediated and does not in-
volve	 nitric	 oxide	 or	 oxidative	 stress.	 Hypertension 59, 
151-157.

Kennoki, T., Kondo, T., Kimata, N., Murakami, J., Ishimori, 
I., Nakazawa, H., Hashimoto, Y., Kobayashi, H., Iizuka, J., 
Takagi,	T.,	Yoshida,	K.,	Tanabe,	K.	(2011)	Clinical	results	
and pharmacokinetics of sorafenib in chronic hemodialysis 
patients with metastatic renal cell carcinoma in a single 
center. Jpn. J. Clinc. Oncol. 41,	647-655.

Khan, G., Golshayan, A., Elson, P., Wood, L., Garcia, J., 
Bukowski,	R.,	Rini,	B.	 (2010)	Sunitinib	and	sorafenib	 in	
metastatic	renal	cell	carcinoma	patients	with	renal	insuffi-
ciency. Ann. Oncol. 21,	1618-1622.

Khosravan, R., Toh, M., Garrett, M., La Fargue, J., Ni, G., 
Marbury, T. C., Swan, S. K., Lunde, N. M., Bello, C. L. 
(2010)	Pharmacokinetics	and	safety	of	sunitinib	malate	in	
subjects with impaired renal function. J. Clin. Pharmacol. 
50,	472-481.	

Koga, K., Osuga, Y., Yoshino, O., Hirota, Y., Ruimeng, X., 
Hirata, T., Takeda, S., Yano, T., Tsutsumi, O., Taketani, Y. 
(2003)	Elevated	serum	soluble	vascular	endothelial	growth	
factor	receptor	1	(sVEGFR-1)	levels	in	women	with	preec-
lampsia. J. Clin. Endocrinol. Metab. 88,	2	348-2351.

Kollmannsberger, C., Bjarnason, G., Burnett, P., Creel, P., 
Davis, M., Dawson, N., Feldman, D., George, S., 
Hershman, J., Lechner, T., Potter, A., Raymond, E., Treister, 
N.,	Wood,	L.,	Wu,	 S.,	Bukowski,	R.	 (2011)	 Sunitinib	 in	
metastatic	 renal	 cell	 carcinoma:	 recommendations	 for	
management	 of	 noncardiovascular	 toxicities.	 Oncologist 
16,	543-553.

Ku, C. H., White, K. E., Dei Cas, A., Hayward, A., Webster, 
Z.,	Bilous,	R.,	Marshall,	S.,	Viberti,	G.,	Gnudi,	L.	(2008)	

Proteinuria and Hypertension Related to VEGF Inhibition



24	 Vol.	59

Inducible	 overexpression	 of	 sFlt-1	 in	 podocytes	 amelio-
rates glomerulopathy in diabetic mice. Diabetes 57,	2844-
2833.

Lee, S., Chen, T. T., Barber, C. L., Jordan, M. C., Murdock, J. 
(2007)	Autocrine	VEGF	signaling	is	required	for	vascular	
homeostasis. Cell 130,	691-703.

Leung, D. W., Cachianes, G., Kuang, W. J., Goeddel, D. V., 
Ferrara,	N.	(1989)	Vascular	endothelial	growth	factor	is	a	
secreted angiogenic mitogen. Science 246,	1306-1309.

Levine,	R.	J.,Maynard,	S.	E.,	Qian,	C.,	Kim,	L.	H.,	England,	
L. J., Yu, K. F., Schisterman, E. F., Thadhani, R., Sachs, B. 
P., Epstein, F. H., Sibai, B. M., Sukhatme, V. P., Karumanchi, 
S.	A.	(2004)	Circulating	angiogenic	factors	and	the	risk	of	
preeclampsia. N. Engl. J. Med. 350,	672-683.

Lindenmeyer, M. T., Kretzler, M., Boucherot, A., Berra, S., 
Yasuda, Y., Henger, A., Eichinger, F., Gaiser, S., Schmid, 
H., Rastaldi, M. P., Schrier, R. W., Schlondorff, D., Cohen, 
C.	D.	 (2007)	 Interstitial	vascular	 rarefaction	and	 reduced	
VEGF-A	expression	in	human	diabetic	nephropathy. J. Am. 
Soc. Nephrol. 18,	1765-1776.

Machado, F. G., Kuriki, P. S., Fujihara, C. K., Fanelli, C., 
Arias, S. C., Malheiros, D. M., Camara, N. O., Zatz, R. 
(2012)	Chronic	VEGF	blockade	worsens	glomerular	injury	
in the remnant kidney model. PLoS One 7,	e39580..

Mancuso, M. R., Davis, R., Norberg, S. M., O´Brien, S., 
Sennino, B., Nakahara, T., Yao, V. J., Inai, T., Brooks, P., 
Freimark, B., Shalinsky, D. R., Hu-Lowe, D. D., McDonald, 
D.	M.	(2006)	Rapid	vascular	regrowth	in	tumors	after	re-
versal of VEGF inhibition. J. Clin. Invest. 116,	2610-2621.

Masini, C., Sabbatini, R., Porta, C., Procopio, G., Di Lorenzo, 
G., Onofrio, A., Buti, S., Iacovelli, R., Invernizzi, R., 
Moscetti, L., Aste, M. G., Pagano, M., Grosso, F., Lucia 
Manenti, A., Ortega, C., Cosmai, L., Del Giovane, C., 
Conte,	P.	F.	(2012)	Use	of	tyrosine	kinase	inhibitors	in	pa-
tients with metastatic kidney cancer receiving haemodialy-
sis:	a	retrospective	Italian	survey.	BJU Int. 110,	692-698.

Mayer, E. L., Dallabrida, S. M., Rupnick, M. A., Redline, W. 
M., Hannagan, K., Ismail, N. S., Burstein, H. J., Beckman, 
J.	A.	(2011)	Contrary	effects	of	the	receptor	tyrosine	kinase	
inhibitor	 vandetanib	 on	 constitutive	 and	 flow-stimulated	
nitric	oxide	elaboration	 in	humans.	Hypertension 58,	85-
92.

Maynard, S. E., Min, J. Y., Merchan, J., Lim, K. H., Li, J., 
Mondal, S., Libermann, T. A., Morgan, J. P., Sellke, F. W., 
Stillman, I. E., Epstein, F. H., Sukhatme, V. P., Karumanchi, 
S.	A.	(2003)	Excess	placental	soluble	fms-like	tyrosine	ki-
nase	1	 (sFlt1)	may	contribute	 to	endothelial	dysfunction,	
hypertension, and proteinuria in preeclampsia. J. Clin. 
Invest. 111,	649-658.

Miller, A. A., Murry, D. J., Owzar, K., Hollis, D. R., Kennedy, 
E. B., Abou-Alfa, G., Desai, A., Hwang, J., Villalona-
Calero, M. A., Dees, E. C., Lewis, L. D., Fakih, M. G., 
Edelman, M. J., Millard, F., Frank, R. C., Hohl, R. J., 
Ratain,	M.	J.	(2009)	Phase	I	and	pharmacokinetic	study	of	
sorafenib	 in	 patients	 with	 hepatic	 or	 renal	 dysfunction:	
CALGB	60301.	J. Clin. Oncol. 27,	1800-1805.

Miller, K. D., Chap, L. I., Holmes, F. A., Cobleigh, M. A., 
Marcom, P. K., Fehrenbacher, L., Dickler, M., Overmoyer, 
B. A., Reimann, J. D., Sing, A. P., Langmuir, V., Rugo, H. 
S.	(2005)	Randomized	phase	III	trial	of	capecitabine	com-

pared with bevacizumab plus capecitabine in patients with 
previously treated metastatic breast cancer. J. Clin. Oncol. 
23,	792-799.	

Miura, S., Fujino, M., Matsuo, Y., Tanigawa, H., Saku, K. 
(2005)	 Nifedipine-induced	 vascular	 endothelial	 growth	
factor secretion from coronary smooth muscle cells pro-
motes endothelial tube formation via the kinase insert do-
main-containing	receptor/fetal	liver	kinase-1/NO	pathway.	
Hypertens. Res. 28,	147-153.

Motzer, R. J., Hutson, T. E., Tomczak, P., Michaelson, M. D., 
Bukowski,	R.	M.,	Rixe,	O.,	Oudard,	S.,	Negrier,	S.,	Sczylik,	
C., Kim, S. T., Chen, I., Bycott, P. W., Baum, C. M., Figlin, 
R.	A.	(2007)	Sunitinib	vs.	interferon	alfa	in	metastatic	re-
nal-cell carcinoma. N. Engl. J. Med. 356,	125-134.	

Okuno,	 Y.,	 Kume,	 H.,	 Hosoda,	 C.,	 Homma,	 Y.	 (2011)	
Development of nephrotic syndrome after administration 
of sorafenib in a case of metastatic renal cell carcinoma. 
Case Report Med. 2011,	710216.

Oliver,	J.	J.,	Melville,	V.	P.,	Webb,	D.	J.	(2006)	Effect	of	regu-
lar phosphodiesterase type 5 inhibition in hypertension. 
Hypertension 48,	622-627.

Patel, T. V., Morgan, J. A., Demetri, G. D., George, S., Maki, 
R.	G.,	Quigley,	M.,	Humphreys,	B.	D.	(2008)	A	preeclamp-
sia-like syndrome characterized by reversible hypertension 
and proteinuria induced by the multitargeted kinase inhibi-
tors sunitinib and sorafenib. J. Natl. Cancer Inst. 100,	282-
284.

Poussel,	D.,	Culine,	S.	(2008)	High	frequency	of	intracerebral	
haemorrhage in metastatic renal carcinoma patients with 
brain metastases treated with tyrosine kinase inhibitors tar-
geting the vascular endothelial growth factor receptor. Eur. 
Urol. 53,	376-381.

Poprach, A., Pavlik, T., Melichar, B., Puzanov, I., Dusek, L., 
Bortlicek, Z., Vyzula, R., Abrahamova, J., Buchler, T., on 
behalf of the Czech Renal Cancer Cooperative Group 
(2012)	Skin	toxicity	and	efficacy	of	sunitinib	and	sorafenib	
in	metastatic	renal	cell	carcinoma:	a	national	registry-based	
study. Ann. Oncol., 23,	3137-3143.

Rey,	P.	M.,	Villavicencio,	H.	 (2008)	Sorafenib:	 tolerance	 in	
patients	 on	 chronic	 hemodialysis:	 a	 single	 center	 experi-
ence. Oncology 74,	245-246.

Schrijvers,	B.	F.,	Flyvbjerg,	A.,	De	Vriese,	A.	S.	(2004)	The	
role	of	vascular	endothelial	growth	factor	(VEGF)	in	renal	
pathophysiology. Kidney Int. 65,	2003-2017.

Sison, K., Eremina, V., Baelde, H., Min, W., Hirashima, M., 
Fantus,	I.	G.,	Quaggin,	S.	E.	(2010)	Glomerular	structure	
and function require paracrine, not autocrine, VEGF-
VEGFR-2	signaling.	J. Am. Soc. Nephrol. 21,	1691-1701.

Sugimoto, H., Hamano,Y., Charytan, D., Cosgrove, D., 
Kieran,	M.,	Sudhakar,	A.,	Kalluri,	R.	(2003)	Neutralization	
of	circulating	vascular	endothelial	growth	factor	 (VEGF)	
by anti-VEGF antibodies and soluble VEGF receptor 1 
(sFLT-1)	 induces	proteinuria. J. Biol. Chem. 278,	12605-
12608.

Sushine, S. B., Dallabrida, S. M., Durand, E., Ismail, N. S., 
Bazinet, L., Birsner, A. E., Sohn, R., Ikeda, S., Pu, W. T., 
Kulke, M. H., Javaherian, K., Zurakowski, D., Folkman, J. 
M.,	Rupnick,	M.	(2012)	Endostatin	lowers	blood	pressure	
via	nitric	oxide	and	prevents	hypertension	associated	with	

P.	Tesařová	and	V.	Tesař



Vol.	59	 25

VEGF inhibition. Proc. Natl. Acad. Sci. USA 109,	11306-
11311.

Takahashi, D., Nagahama, K., Tsuura, Y., Tanaka, H., Tamu ra, 
T.	(2012)	Sunitinib-induced	nephrotic	syndrome	and	irre-
versible renal dysfunction. Clin. Exp. Nephrol. 16,	 310-
315.

Tanaka,	 T,,	 Nangaku,	 M.	 (2010)	 The	 role	 of	 hypoxia,	 in-
creased	oxygen	consumption,	and	hypoxia-inducible	 fac-
tor-1 a in progression of chronic kidney disease. Curr. 
Opin. Nephrol. Hypertens. 19,	43-50.

Tomita, Y., Uemura, H., Fujimoto, H., Kanayama, H. O., 
Shinohara, N., Nakazawa, H., Imai, K., Umeyama, Y., 
Ozono,	S.,	Naito,	S.,	Akaza,	H.,	 Japan	Axitinib	Phase	 II	
Study	 Group	 (2011)	 Key	 predictive	 factors	 of	 axitinib	
(AG-013736)-induced	proteinuria	and	efficacy:	a	phase	II	
study in Japanese patients with cytokine-refractory meta-
static renal cell carcinoma. Eur. J. Cancer 47,	2592-2602.

Veron, D., Reidy, K., Marlier, A., Bertuccio, C., Villegas, G., 
Jimenez,	J.,	Kashgarian,	M.,	Tufro,	A.	(2010a)	Induction	of	
podocyte	VEGF164	overexpression	at	different	 stages	of	
development causes congenital nephrosis or steroid resist-
ant nephrotic syndrome. Am. J. Pathol. 177,	2225-2233.

Veron, D., Reidy, K., Bertuccio, C., Teichman, J., Villegas, G., 
Jimenez, J., Shen, W., Kopp, J. B., Thomas, D. B., Tufro, 
A.	 (2010b)	 Overexpression	 of	VEGF-A	 in	 podocytes	 of	
adult mice causes glomerular disease. Kidney Int. 77,	989-
999.

Veron, D., Bertuccio, C. A., Marlier, A, Reidy, K., Garcia, A. 
M., Jimenez, J., Velazquez, H., Kashgarian, M., Moeckel, 
G.	 W.,	 Tufro,	 A.	 (2011)	 Podocyte	 vascular	 endothelial	
growth	 factor	 overexpression	 causes	 severe	 nodular	 glo-
merulosclerosis in a mouse model of type 1 diabetes. 
Diabetologia 54,	1227-1241.

Veron, D., Villegas, G., Aggarwal, P. K., Bertuccio, C., 
Jimenez, J., Velazquez, H., Reidy, K., Agrahamson, D. R., 
Moeckel,	G.,	Kashgarian,	M.,	Tufro,	A.	(2012)	Acute	po-
docyte	 vascular	 endothelial	 growth	 factor	 (VEGF-A)	
knockdown	disrupts	ανβ3	integrin signaling in the glomeru-
lus. PLoS One 7,	e40589.

Wei, C., Moeller, C. C., Altintas, M. M., Li, J., Schwarz, K., 
Zacchinga, S., Xie, L., Henger, A., Schmid, H., Rastaldi, 
M. P., Cowan, P., Kretzler, M., Parrilla, R., Bendayan, M., 
Gupta, V., Nikolic, B., Kalluri, R., Carmeliet, P., Mundel, 
P.,	Reiser,	J.	(2008)	Modification	of	kidney	barrier	function	
by the urokinase receptor. Nat. Med. 14,	55-63.

Wei, C., El Hindi, S., Li, J., Fornoni, A., Goes, N., Sageshima, 
J., Maiguel, D., Karumanchi, S. A., Yap, H. K., Saleem, M., 
Zhang,	Q.,	Nikolic,	B.,	Chaudhuri,	A.,	Daftarian,	P.,	Salido,	
E., Torres, A., Salifu, M., Sarwal, M. M., Schaefer, F., 
Morath, C., Schwenger, V., Zeier, M., Gupta, V., Roth, D., 
Rastaldi,	 M.	 P.,	 Burke,	 G.,	 Ruiz,	 P.,	 Reiser,	 J.	 (2011)	
Circulating urokinase receptor as a cause of focal segmen-
tal glomerulosclerosis. Nat. Med. 17,	952-960.

Wu,	 S.,	 Chen,	 J.	 J.,	 Kudelka,	 A.,	 Lu,	 J.,	 Zhu,	 X.	 (2008)	
Incidence and risk of hypertension with sorafenib in pa-
tients	with	cancer;	a	systematic	review	and	meta-analysis. 
Lancet Oncol. 9,	117-123.

Wu,	S.,	Kim,	C.,	Baer,	L,	Zhu,	X.	 (2010)	Bevacizumab	 in-
creases risk for severe proteinuria in cancer patients. J. Am. 
Soc. Nephrol. 21,	1381-1389.

Yang, J. C., Haworth, L., Sherry, R. M., Hwu, P., Schwartzent-
ruber, D. J., Topalian, S. L., Steinberg, S. M., Chen, H. X., 
Rosenberg,	S.	A.	(2003)	A	randomized	trial	of	bevacizum-
ab, an anti-vascular endothelial growth factor antibody, for 
metastatic renal cancer. N. Engl. J. Med. 349,	427-434.

Yeh,	J.,	Frieze,	D.,	Martins,	R.,	Carr,	L.	(2010)	Clinical	utility	
of routine proteinuria evaluation in treatment decisions of 
patients receiving bevacizumab for metastatic solid tu-
mors. Ann. Pharmacother. 44, 1010-1015.

Zhu,	X.,	Wu,	S.,	Dahut,	W.	L.,	Parikh,C.	R.	(2007)	Risks	of	
proteinuria and hypertension with bevacizumab, an anti-
body	against	vascular	endothelial	growth	factor:	systemat-
ic review and meta-analysis. Am. J. Kidney Dis. 49,	186-
193.

Zhu,	X.,	Stergiopoulos,	K.,	Wu,	S.	(2009)	Risk	of	hyperten-
sion and renal dysfunction with an angiogenesis inhbitor 
sunitinib:	systematic	review	and	meta-analysis.	Acta Oncol. 
48,	9-17.

Proteinuria and Hypertension Related to VEGF Inhibition


