
INTRODUCTION

VASCULAR ENDOTHELIAL GROWTH FACTOR (VEGF) is an
endothelial specific growth factor that regulates prolif-

eration, migration, permeability, differentiation, survival,
and interstitial matrix remodeling in endothelial cells (EC)
(2, 5, 11, 40). VEGF binds to a family of tyrosine kinases re-
ceptors (VEGFR1, VEGFR2, VEGFR3, and a complemen-
tary receptor neurophilin-1). Each of these receptors has dif-
ferent signal transduction properties and functions; VEGFR2
is the most important in functional terms (2, 11, 25, 40). In
the kidney, VEGF expression is detected predominantly in
glomerular podocytes and tubular epithelial cells, whereas

VEGF receptors are found in glomerular and peritubular EC
(33). The role of VEGF in normal renal physiology is not
clearly defined (16, 33). In renal pathophysiology, the in-
tegrity of the microvasculature is not correlated with the
stereotyped answer of renal VEGF expression after renal
damage (16, 33). VEGF inhibition has beneficial effects on
diabetic-induced nephropathy (8). However, VEGF is required
for glomerular and tubular hypertrophy and proliferation in
response to nephron reduction (12, 17, 23) and glomerular
and tubuloinsterstitial repair in cyclosporine nephrotoxicity
(1, 17, 23). At the same time, VEGF could be a mediator of
profibrotic and inflammatory factors, including angiotensin
II (AngII) (16, 42).
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ABSTRACT

Angiotensin II (AngII) is a cytokine that participates in renal damage. Vascular endothelial growth factor
(VEGF) is constitutively expressed in the kidney and is involved in the progression of renal disease. The aim of
this work was to investigate the relation between AngII and VEGF and the mechanisms involved in its regula-
tion in the kidney. We have observed that in cultured tubuloepithelial cells (NRK52E cell line) AngII in-
creased VEGF gene expression and promoter activation. Hypoxia-inducible factor-1 (HIF-1) is one of the
main VEGF gene activators. AngII induces HIF-1� protein production and increases HIF-1 DNA-binding ac-
tivity. An antisense HIF-1� oligodeoxynucleotide inhibited AngII-induced VEGF overexpression. The reactive
oxygen species act as second messengers in kidney damage caused by AngII and mediate the induction of 
HIF-1 by cytokines. In tubuloepithelial cells, VEGF up-regulation and HIF-1� induction due to AngII were
significantly diminished by antioxidants, suggesting a redox-mediated mechanism. Infusion of AngII into
mice caused renal VEGF overexpression, HIF-1 activation, and oxidative stress. In summary, these data show
that AngII in vivo and in vitro up-regulates renal VEGF expression by a mechanism that involves HIF-1 acti-
vation and oxidative stress. Antioxid. Redox Signal. 7, 1275–1284.
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AngII plays an important role in kidney damage progres-
sion through the regulation of cell growth, fibrosis, and in-
flammation (21). In diverse tissues, such as vascular smooth
muscle cells (VSMC) and EC, AngII up-regulates VEGF ex-
pression and synthesis (4, 19, 29, 38). The relation between
AngII and VEGF in the kidney has recently been described
(19, 29). The blockade of AngII receptors (AT1 and AT2) di-
minished renal VEGF overexpression in AngII-infused rats
(29). However, the molecular mechanisms involved in this
process have not been determined.

Hypoxia-inducible factor-1 (HIF-1) is the best character-
ized regulator of the VEGF gene transcription (20). HIF-1
transcription factor is a heterodimer composed of HIF-1� and
HIF-1�. HIF-1� protein is found in all cells, whereas HIF-1�
is virtually undetectable in normal oxygen conditions. Under
hypoxic conditions, active HIF-1 complexes accumulate in the
cell nucleus. They bind to the target DNA sequence (HIF-1
binding site) within the hypoxia-response element and en-
hance the hypoxia-inducible gene transcription rate (15).
Some evidence suggests that nonhypoxic stimuli can also acti-
vate HIF-1� in a cell-specific manner (28). In this way, AngII
activates HIF-1� in VSMC and regulates VEGF (3, 24). How-
ever, there are no studies about renal cells or the kidney.

One of the most important mechanisms involved in AngII-
induced renal damage is the production of reactive oxygen
species (ROS), which can act as intracellular signaling mole-
cules (31, 36). ROS can activate multiple intracellular pro-
teins, enzymes, and transcription factors, including HIF-1,
activator protein-1 (AP-1) and nuclear factor-�B (NF-�B)
(31), and genes such as VEGF (28). ROS control cell growth,
apoptosis, hypertrophy, migration, inflammation, and fibrosis
(26). AngII, through induction of ROS, regulates the ex-
pression of redox-sensitive inflammatory genes, such as
monocyte chemoattractant protein-1 (35) and interleukin-6
(31), and profibrotic genes, such as connective tissue growth
factor (32).

In this work, we investigated the mechanisms of AngII-
mediated VEGF gene regulation in the kidney in vivo and
in vitro, evaluating the potential role of several transcrip-
tion factors, especially HIF-1, and the involvement of ROS
production.

MATERIALS AND METHODS

Experimental design

In vivo. Studies were performed in adult male C57Bl/6
mice (9–12 weeks old, 20 g; Harlan Interfauna Iberica, S.A.,
Barcelona, Spain). All the procedures on animals were per-
formed according to the international and institutional Animal
Research Committee guidelines.

Systemic infusion of AngII was done into mice by subcuta-
neous osmotic minipumps (Alza Corp., Cupertino, CA,
U.S.A.), at the dose of 1,000 ng/kg/min. Animals were killed
at 3 days (n = 8 in each group). Control animals of the same
age were also studied. To determine the AngII receptors, the
AT1 antagonist losartan (10 mg/kg/day; drinking water) or the
AT2 antagonist PD123319 (30 mg/kg/day, s.c. osmotic
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minipumps) were used, starting 24 h before AngII infusion, at
doses that effectively blocked each receptor (9). Losartan was
kindly provided by Merck Sharp & Dohme (Madrid, Spain),
and PD123319 was from Sigma (St. Louis, MO, U.S.A.). The
doses used for antagonists alone did not cause renal damage
(data not shown).

In vitro. Tubuloepithelial cells [normal rat kidney tubu-
lar epithelial cell 52E (NRK52E) cell line] were used. Cells
were grown in Dulbecco’s modified Eagle medium plus 10%
fetal bovine serum (FBS) (Innogenetics, Barcelona, Spain). For
experiments, cells were used at 80% confluence and growth ar-
rested by serum starvation for 24 h. They were treated with
10�7 mol/L AngII or 10�4 mol/L CoCl2 as positive control
(Sigma). The phosphorothioate-modified oligodeoxynucleotides
(ODNs) were synthesized by Pacisa y Giralt (Madrid, Spain).
Cells were preincubated for 1 hour with antioxidants (Sigma)
and/or 30 min with the AT1 and AT2 blockers.

Gene studies

mRNA isolation, real-time reverse transcrip-
tase–polymerase chain reaction (RT-PCR). Total
RNA was isolated with TRIZOL (Invitrogen, San Diego, CA,
U.S.A.). Real-time RT-PCR was performed using a fluorogenic
TaqMan MGB probe, and primers (rat VEGF, mouse VEGF,
mouse VEGFR2, mouse VEGFR1, and 18S rRNA) were de-
signed by Assay-on-DemandTM gene expression products (Ap-
plied Biosystems, Foster City, CA, U.S.A.). cDNA was synthe-
sized using avian myeloblastosis virus reverse transcriptase
(Promega, San Luis Obispo, CA, U.S.A.) using 2 µg of total
RNA primed with random hexamer primers following the man-
ufacturer’s instructions. Real-time PCR was carried out with
the ABI PRISM 7500 systems (Applied Biosystems) according
to the manufacturer’s instructions. PCR amplification of 18S
rRNA was done for each sample as a control of sample loading
and to allow normalization between samples. The mRNA copy
numbers were calculated for each sample by the instrument
software using Ct value (“arithmetic fit point analysis for the
lightcycler”). Results were expressed in copy numbers, calcu-
lated relative to unstimuled cells, after normalization against
18S rRNA, as described (2).

Promoter activity. Tubuloepithelial cells were cul-
tured in six-well plates, 24 h after they were transiently trans-
fected with 2 µg of a promotorless luciferase gene or a lu-
ciferase gene containing VEGF promoter (Stu I reporter) (20),
in the presence of FuGENE6 (Roche Molecular Biochemicals,
Indianapolis, IN, U.S.A.) and 10% FBS. After a 24-h serum
starvation step, cells were treated with AngII and CoCl2 for an
additional 24 h, and then luciferase/renilla activity was evalu-
ated with a Promega kit.

The 5� flaking sequence of human, mouse, and rat VEGF
genes in this DNA region (Stu I reporter) revealed a high de-
gree of evolutionary conservation. In particular, there is con-
formity in four sequences. These correspond to the HIF-1
binding site 5�-TACGTGGG (�975 to �968), the AP-1 site
5�-TGACTAA (�937 to �931), the “NF-�B-like” sequence
5�-GGGTTTTGCC (�1,000 to �991), and the sequence 5�-
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ACAGGTC (�962 to �956), responsible for hypoxia-in-
duced VEGF promoter activation (20).

The expression vector containing cDNA for the dominant-
negative form of c-jun and a mutated form of I�B, which in-
hibits AP-1 and NF-�B and activation, respectively, were
kindly provide by M.A. Iñiguez (Centro de Biologia Molecu-
lar Severo Ochoa, Madrid), and they were transfected 1 h be-
fore addition of the promoter construction.

Determination of HIF-1

Nuclear extracts. Nuclear extracts were prepared by
homogenization and centrifugation as described (2).

HIF-1 DNA-binding activity. HIF-1 DNA-binding
activity was determined in nuclear extracts by binding with 
32P-labeled double-stranded oligonucleotide probe and ana-
lyzed by electrophoretic mobility shift assay (EMSA)
electrophoresis. The HIF-1 oligonucleotide sequence (5�-TG-
CATAGCTGGGCTCCAACAG-3�) contains the HIF-1 DNA-
binding site of the VEGF promoter (22). Competition experi-
ments were performed with 100-fold molar excess of unlabeled
oligonucleotide.

Western blot. To quantify nuclear HIF-1� levels, west-
ern blot analyses were also done. Nuclear proteins (30 µg) were
resolved using sodium dodecyl sulfate/6% polyacrylamide
gels. After electrophoresis, samples were transferred to mem-
branes, then blocked in buffer [phosphate-buffered saline
(PBS) with 0.1% Tween-20, 7.5% dry skimmed milk] for 1 h,
and then incubated with a mouse monoclonal HIF� antibody
diluted 1:500 (by AbCam, Cambridge, U.K.) overnight at 4°C.
After washing, detection was made by incubation with goat
anti-mouse peroxidase-conjugated secondary antibody. The
protein complexes were visualized by enhanced chemilumines-
cence reagents (Amersham Pharmacia Biotech, Piscataway,
NJ, U.S.A.). In all experiments, protein content was determined
by the bicinchoninic acid method. The quality of proteins and
efficacy of protein transfer were evaluated by Red Ponceau
staining (data not shown).

The autoradiographs were scanned using the GS-800 Cali-
brated Densitometer (Quantity One, Bio-Rad, Madrid, Spain),
obtaining densitometric arbitrary units. Results are expressed
as n-fold increase over control in densitometric arbitrary units.

Immunohistochemistry

Paraffin-embedded sections were treated for immunohis-
tochemistry with a marker of oxidative injury of lipids, the 4-
hydroxy-2-nonenal (4-HNE) antibody (Oxis Health Products,
Portland, OR, U.S.A.) diluted 1:75 in PBS overnight at 4°C in
a humid atmosphere. Thereafter, sections were processed
with a corresponding secondary anti-IgG peroxidase anti-
body (Amersham Pharmacia Biotech) at 1:200. Immuno-
staining was detected with 3,3�-diaminobenzidine (Sigma),
and sections were counterstained with Mayer’s hematoxylin
(Sigma) (6). Negative controls without the primary antibody,
or using an unrelated antibody, were included to check for
nonspecific staining.
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Statistical analysis

Results are expressed as the means ± SEM of the experi-
ments made. Significance was established by the GraphPAD
Instat using Student’s t test (GraphPAD Software), Mann–
Whitney test (nonparametric t test), and ANOVA nonpara-
metric test (Kruskal–Wallis test), and differences were
considered significant if the p value was <0.05.

RESULTS

AngII increases VEGF gene expression in cultured
tubular cells

The NRK52E cell line was treated with AngII (10�7

mol/L) for increasing times, and VEGF gene expression was
determined by real time RT-PCR. In growth-arrested tubular
cells, AngII up-regulated VEGF mRNA with a maximum be-
tween 3 and 6 h. After at 18 h, the levels of VEGF decreased
to control values (Fig. 1A).

The next series of experiments were performed to examine
which AngII receptor subtype was involved in VEGF mRNA
induction in renal tubular cells. The AT1 antagonist losartan
and/or AT2 antagonist PD123319 partially diminished AngII-
induced VEGF mRNA levels. When both receptors were
blocked at the same time, the VEGF overexpression caused
by Ang II was completely abolished (Fig. 1B). These results
suggest that AngII-induced VEGF up-regulation was medi-
ated by both AT1 and AT2 receptors.

AngII increases VEGF promoter activity in
cultured tubular cells

In order to examine whether the induction of VEGF
mRNA was due to transcription activation, transient transfec-
tion with a reporter vector containing the VEGF promoter as-
sociated with luciferase (VEGF-Stu I reporter) in the absence
or presence of AngII was made. In AngII-treated tubular
cells, the VEGF-Stu I reporter caused 2.6-fold increase ver-
sus controls (Fig. 2). Treatment with AngII had minimal ef-
fect on the luciferase promotorless construct (data not
shown).

In EC, activation of VEGF by AngII was mediated by AP-1
and NF-�B (7). In some experiments, renal tubular cells were
cotransfected with a mutant I�B expression vector or a domi-
nant negative of c-jun to block NF-�B or AP-1 activation, re-
spectively. However, there were no changes in AngII-induced
VEGF-Stu I reporter activation (data not shown), suggesting
that neither NF-�B nor AP-1 are involved in VEGF overex-
pression caused by AngII in renal tubuloepithelial cells, and
indicates that the transcription factors implicated in this AngII
action could be tissue-specific.

AngII activates HIF-1� in cultured tubular cells

The promoter of VEGF contains HIF-1 binding sites. We
analyzed whether AngII activates the HIF-1 signaling path-
way by evaluating HIF-1� nuclear protein levels by western
blotting in NRK52E cells. HIF-1� protein expression was un-
detectable under normal conditions, as previously described
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(23). However, stimulation with AngII caused induction of
HIF-1� protein expression after 2 h, which remained elevated
until 6 h (Fig. 3A). Therefore, we evaluated HIF-1 DNA-bind-
ing activity by EMSA. AngII increased HIF-1 DNA-binding
activity after 4 h, which remained elevated until 6 h (Fig. 3B).
The specificity of the binding of the HIF-1 complexes was
demonstrated by the complete displacement of the specific bands
with an excess of cold oligonucleotide (Fig. 3B).

To investigate whether HIF-1� mediates AngII-induced
VEGF expression, NRK52E cells were preincubated with an
antisense HIF-1� ODN (5�-CCGGCGCCCTCCAT-3�), which
blocks endogenous HIF-1� production, and a sense HIF-1�
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ODN (5�-ATGGAGGGCGCCGGC-3�) as control (41). The
ability of this antisense HIF-1� ODN to suppress both consti-
tutive and hypoxia-induced HIF-1� expression had been
checked in previous studies (41). In the presence of antisense
HIF-1� ODN, AngII-induced VEGF mRNA overexpression
after 6 h was significantly diminished (Fig. 3C), whereas
sense HIF-1� ODN did not display any effect (data not
shown). These data suggest that HIF-1� has a crucial role in
the VEGF up-regulation caused by AngII in renal tubular
cells.

Antioxidants decrease AngII-induced VEGF
expression and HIF activation

Previous studies have demonstrated that redox mecha-
nisms are involved in the regulation of VEGF in VSMC (24).
In tubular cells, AngII can activate ROS production (39). For
this reason, we investigated the role of ROS in HIF-1 activa-
tion and in the induction of its target gene VEGF caused by
AngII in tubuloepithelial cells.

Exposure of tubuloepithelial cells to different antioxidants,
such as diphenyleneiodonium (DPI; an inhibitor of flavo-
protein-containing enzymes such as NADH/NADPH oxi-
dase), N-acetylcysteine (NAC), and 4,5-dihydroxy-1,3-ben-
zenedisulfonic acid (Tiron; O2

� scavenger), significantly
reduced the stimulatory effect of AngII on VEGF gene ex-
pression at 6 h (Fig. 4A). No effect was found when each an-
tioxidant was used alone with respect to control levels (data
not shown).

The p22phox is a critical component of the NADH/
NADPH oxidase (13), and it is essential for AngII-mediated
ROS production (37). Tubuloepithelial cells were preincu-
bated for 1 h with a phosphorothioate-modified p22phox an-
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tisense ODN (5�-TGCCAGCGCCTGTTCGTTGGC-3�), de-
rived from a consensus sequence of bovine, human, murine,
and porcine p22phox genes, or with sense p22phox ODN (5�-
GCCAACGAACAGGCGCTGGC-3�) used as control. As
shown in Fig. 4A, the presence of antisense p22phox ODN di-
minished VEGF overexpression mediated by AngII, whereas
no effect was seen in the presence of sense p22phox ODN
(5�-GCCAACGAACAGGCGCTGGC-3�).

Preincubation with DPI or Tiron diminished AngII-induced
HIF-1� nuclear protein (Fig. 4B). Similar results were ob-
tained with the experiments that examined HIF-1�-DNA-
binding activity (data not shown). All these data demonstrate
that AngII regulates HIF-1 and VEGF by a redox-sensitive
mechanism.
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AngII activates VEGF, HIF, and the oxidative
response in the kidney

To evaluate the in vivo effect of AngII in the kidney, a
model of systemic infusion of AngII into mice was used. After
3 days, AngII-infused mice presented slightly increased renal
expression of VEGF and VEGFR2 (Fig. 5A) compared with
controls, whereas VEGFR1 was not modified (data not shown).
Treatment with the AT1 antagonist losartan or with the AT2

PD123319 diminished VEGF mRNA expression (around 42%
and 32% versus AngII-infused mice, respectively). AngII-in-
duced VEGFR2 expression was decreased with losartan.

AngII-infused mice also presented elevated renal HIF-1
DNA-binding activity compared with controls (Fig. 5B). The
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FIG. 4. (A) Antioxidants diminish AngII-induced VEGF expression in cultured tubular cells. Cells were preincubated for 1
h with the antioxidants (DPI, 10�5 mol/L; NAC, 2 � 10�4 µmol/L; and Tiron, 5 � 10�3 mol/L), p22phox antisense, or p22phox
sense ODNs (20 µg/ml) added directly to medium. Then cells were treated with 10�7 mol/L AngII for 6 h. VEGF gene expression
was determined by real-time PCR. Values are the means ± SEM of five experiments done. *p < 0.05 versus control; #p < 0.05 ver-
sus AngII. (B) Antioxidants diminish AngII-induced HIF-1� protein production in cultured tubular cells. Cells were preincubated
for 1 h with the antioxidants and then were treated with 10-7 mol/L AngII from 4 h. A representative western blot experiment (left)
and data of densitometric analysis (right) of five experiments (means ± SEM) are shown. *p < 0.05 versus control; #p < 0.05 ver-
sus AngII.
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AngII-induced renal HIF-1 activation was diminished by both
AT1 and AT2 antagonists.

We evaluated the renal oxidative status after 3 days of
AngII infusion. Kidney sections with AngII-infused mice
presented a marked increase in the immunostaining of a
marker of oxidation (4-HNE) principally in tubules. These re-
sults indicated a prooxidant effect of AngII infusion in the
kidney (Fig. 6). Both AT1 and AT2 antagonists decreased renal
4-HNE immunostaining. All these results show that in vivo
AngII caused VEGF up-regulation, HIF-1 activation and ROS
production in the kidney.
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DISCUSSION

In this article, we have investigated the molecular mecha-
nisms involved in VEGF overexpression caused by AngII. We
have found that the HIF-1 signaling pathway and redox mech-
anism are involved in AngII-induced VEGF regulation in the
kidney.

Several studies have described that AngII regulates VEGF
in the kidney. We have demonstrated that in cultured tubu-
loepithelial cells (NRK52E cell line), AngII increases VEGF
mRNA expression maximally between 3 and 6 h. In murine
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proximal tubular epithelial cells, a rapid increase in VEGF
protein expression by AngII has also been described (10), in-
dicating that in tubular cells of different species AngII up-
regulates VEGF. In human mesangial cells, AngII increased
VEGF gene expression (13, 27), suggesting that AngII may
affect endothelial cell functionality during the development
of renal diseases affecting the glomerulus. The AngII receptor
involved in VEGF gene regulation is not clearly established.
Several studies in different tissues have shown that AngII-in-
duced VEGF up-regulation was mediated by AT1 receptors (7,
14). In this sense, in human mesangial cells AngII regulates
VEGF gene through AT1 activation (13, 27). However, in cul-
tured tubuloepithelial cells, both AT1 and AT2 receptors par-
ticipate in VEGF gene expression, as we have shown by spe-
cific receptor antagonists. The effect of in vivo blockade of
AngII on VEGF regulation is still controversial. Divergent ef-
fects of angiotensin-converting enzyme (ACE) or AT1 antago-
nists have been reported. ACE inhibition was associated with
increased VEGF expression in the model of remnant kidney
(18). Treatment with AT1 antagonists caused a significant re-
duction in VEGF expression in podocytes of diabetic rats (19)
and in cyclosporine nephropathy (34). We have found that in
vivo, in the model of systemic infusion of AngII into mice,
both AT1 and AT2 antagonists diminished VEGF gene overex-
pression. The role of VEGF in renal pathophysiology is really
complex. VEGF is deleterious in some pathological settings,
but may contribute to accelerate the recovery in other renal
diseases (1, 8, 12, 16–19, 23, 33, 34). VEGFR2 is the most
relevant VEGF receptor in functional terms, and it has been
implicated in renal pathology (16, 33). In AngII-infused
mice, VEGFR2 up-regulation was blocked by AT1 antago-
nists. All these data show that future studies are needed to de-
fine clearly the functional importance of VEGF in AngII-in-
duced renal damage.

We have demonstrated that in cultured tubuloepithelial cells
AngII increases VEGF mRNA and promoter activation, show-
ing that AngII regulates VEGF at the transcription level. We
have further investigated the mechanisms involved in VEGF
regulation, studying the role of transcription factor activation.
AngII activates several transcription factors, such as AP-1 and
NF-�B, involved in renal damage (30, 31). The promoter of
VEGF contains AP-1 and NF-�B binding sites, but we have
observed that transfection with mutant I�B or c-jun dominant-
negative expression vectors, to block NF-�B or AP-1 activa-
tion, respectively, did not modify AngII-induced VEGF pro-
moter activation in renal tubuloepithelial cells. The promoter
of VEGF also contains HIF-1 binding sites. However, whether
AngII activates the HIF-1 signaling pathway in the kidney has
not been investigated. We have shown here that in renal tubu-
loepithelial cells AngII induced HIF-1� protein levels, in-
creased HIF-1 DNA-binding activity, and enhanced reporter
gene activity of constructs containing HIF-1 regions of the
VEGF promoter. Moreover, an antisense HIF-1� oligonu-
cleotide significantly diminished AngII-induced VEGF gene
expression. Finally, systemic infusion of AngII into mice
caused VEGF gene overexpression and elevated HIF-1 DNA-
binding activity in the kidney. The AngII-induced renal HIF-1
activation was diminished by both AT1 and AT2 antagonists.
Our results suggest that activation of the transcription factor
HIF-1 could represent a novel mechanism by which AngII reg-
ulates VEGF gene expression in the kidney.
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One of the most important mechanisms involved in AngII-in-
duced renal damage is the production of ROS, which can act as
intracellular signaling molecules (31, 36). AngII can induce
ROS production in different cell types, including renal tubular
cells (36). ROS activate multiple intracellular proteins, enzymes,
transcription factors, including HIF-1 (31, 36), and genes, such
as VEGF (28). We examined the effect of DPI, a potent inhibitor
of flavonoid-containing enzymes, such as NADPH oxidase. DPI
decreased AngII stimulation of VEGF expression in tubuloep-
ithelial cells, suggesting the involvement of a redox mechanism
in the regulation of VEGF. The role of p22phox-containing
NADPH oxidase has also been confirmed using a p22phox anti-
sense oligonucleotide. Other antioxidants, such as NAC and
Tiron, significantly diminished AngII-induced VEGF overex-
pression observed in these cells. All these data clearly indicate
that VEGF induction caused by AngII is regulated by a redox-
mediated mechanism. In these cells, we have observed that the
up-regulation of HIF-1� protein and HIF-1 DNA-binding activ-
ity caused by AngII was significantly attenuated by several an-
tioxidants. These findings demonstrate that the redox-sensitive
cascade activated by ROS, derived from the p22phox-containing
NADPH oxidase, is crucially involved in the HIF-1 signaling
pathway stimulated by AngII. These results were confirmed in
vivo. We have found that AngII-infused mice presented renal ox-
idative stress, HIF-1 activation, and VEGF overexpression, indi-
cating that in vivo regulation of VEGF could be mediated by HIF
signaling in a redox-sensitive process.

Other studies support our findings in vascular diseases.
Vascular remodeling is associated with oxidative stress, hy-
poxia, and enhanced levels of VEGF. AngII infusion to mice
increased aortic expression of VEGF and its receptors and
caused aortic inflammation (monocyte infiltration) and re-
modeling (wall thickening and fibrosis). The blockade of
VEGF by the soluble VEGFR1 (sFlt-1) gene transfer did at-
tenuate the AngII-induced inflammation and remodeling. In
contrast, sFlt-1 gene transfer did not affect AngII-induced ar-
terial hypertension and cardiac hypertrophy (42).

In conclusion, our data show that AngII in vivo and in vitro
up-regulates renal VEGF expression by a mechanism that in-
volves HIF-1 activation. Inhibition of AngII-induced VEGF
expression and HIF-1 activation by the antioxidants indicated
redox-sensitive mechanisms involved in this signaling path-
way in the kidney.

Perspective section

As the VEGF system is affected in a wide variety of kid-
ney diseases, interventions to manipulate VEGF could be
promising therapeutic tools. At this moment, there are several
strategies to target VEGF and its receptors. So far, the experi-
ence with these treatments in renal disease is limited to some
animal models. Interference with the renin–angiotensin sys-
tem and ROS signaling could be an indirect tool to modulate
the VEGF-mediated effects. Future studies are necessary to
know the functional importance of VEGF in the mechanisms
of AngII- and/or ROS-induced renal damage in the kidney.

ACKNOWLEDGMENTS

This work has been supported by grants from Fondo de In-
vestigación Sanitaria FIS (PI020513 PI020486), Instituto

14024C22.pgs  8/10/05  2:38 PM  Page 1282



Reina Sofia de Investigaciones Nefrológicas, Red Cardiovas-
cular (RECAVA•MP04), European grant of shared-cost RTD
actions (QLRT-200101215), and Comunidad de Madrid
(CAM.083/0031/03). V.E., E.S.-L., and S.Y. are fellows of FIS,
and A.F.L. of Fundación Carolina. M.V.A.-A. is a researcher
of FIS.

ABBREVIATIONS

ACE, angiotensin-converting enzyme; AngII, angiotensin
II; AP-1, activator protein-1; AT1 and AT2, angiotensin II re-
ceptor types 1 and 2; DPI, diphenyleneiodonium chloride;
EC, endothelial cell; EMSA, electrophoretic mobility shift
assay; FBS, fetal bovine serum; HIF-1, hypoxia-inducible
factor-1; 4-HNE, 4-hydroxy-2-nonenal; NAC, N-acetyl-
cysteine; NF-�B, nuclear factor-�B; NRK52E, normal rat
kidney tubular epithelial cell 52E; ODN, oligodeoxynu-
cleotide; PBS, phosphate-buffered saline; ROS, reactive
oxygen species; RT-PCR, reverse transcriptase–polymerase
chain reaction; Tiron, 4,5-dihydroxy-1,3-benzenedisulfonic
acid; VEGF, vascular endothelial growth factor; VEGFR1,
VEGFR2, and VEGFR3, vascular endothelial growth factor
receptors 1, 2, and 3; VSMC, vascular smooth muscle cells.

REFERENCES

1. Alvarez-Arroyo MV, Suzuki Y, Yague S, Lorz C, Jimenez
S, Soto C, Barat A, Belda E, Gonzalez-Pacheco FR, Deud-
ero JJ, Castilla MA, Egido J, Ortiz A, and Caramelo C.
Role of endogenous vascular endothelial growth factor in
tubular cell protection against acute cyclosporine toxicity.
Transplantation 74: 1618–1624, 2002.

2. Alvarez-Arroyo MV, Yagüe S, Wenger RM, Pereira DR,
Jiménez S, Gonzalez-Pacheco FR, Castilla MA, Deudero
JJP, and Caramelo C. Cyclophilin mediated pathways in the
effect of cyclosporin A on endothelial cells: role of vascular
endothelial growth factor. Circ Res 91: 202–220, 2002.

3. BelAiba RS, Djordjevic T, Bonello S, Flugel D, Hess J,
Kietzmann T, and Gorlach A. Redox-sensitive regulation
of the HIF pathway under non-hypoxic conditions in pul-
monary artery smooth muscle cells J Biol Chem 385: 249–
257, 2004.

4. Benndorf R, Boger RH, Ergun S, Steenpass A, and
Wieland T. Angiotensin II type 2 receptor inhibits vascular
endothelial growth factor-induced migration and in vitro
tube formation of human endothelial cells. Circ Res 93:
438–447, 2003.

5. Castilla MA, Caramelo C, Gazapo RM, Martín O,
González-Pacheco FR, Tejedor A, Bragado R, and Al-
varez-Arroyo MV. Role of vascular endothelial growth fac-
tor (VEGF) in endothelial cell protection against cytotoxic
agents. Life Sci 67: 1003–1013, 2000.

6. Cauwels A, Janssen B, Waeytens A, Cuvelier C, and
Brouckaert P. Caspase inhibition causes hyperacute tumor
necrosis factor-induced shock via oxidative stress and
phospholipase A2. Nat Immunol 4: 387–393, 2003.

7. Chua CC, Hamdy RC, and Chua BH. Upregulation of vas-
cular endothelial growth factor by angiotensin II in rat

ANG II REGULATES VEGF VIA HIF-1 AND OXIDATIVE STRESS 1283

heart endothelial cells. Biochim Biophys Acta 1401: 187–
194, 1998.

8. De Vriese AS, Tilton RG, Elger M, Stephan CC, Kriz W,
and Lameire NH. Antibodies against vascular endothelial
growth factor improve early renal dysfunction in experi-
mental diabetes. J Am Soc Nephrol 12: 993–1000, 2001.

9. Esteban V, Ruperez M, Vita JR, Lopez ES, Mezzano S,
Plaza JJ, Egido J, and Ruiz-Ortega M. Effect of simultane-
ous blockade of AT1 and AT2 receptors on the NFkappaB
pathway and renal inflammatory response. Kidney Int
Suppl 86: S33–S38, 2003.

10. Feliers D, Duraisamy S, Barnes JL, Ghosh-Choudhury G,
and Kasinath BS. Translational regulation of vascular en-
dothelial growth factor expression in renal epithelial cells
by angiotensin II. Am J Physiol Renal Physiol 288: F521–
F529, 2005.

11. Ferrara N, Gerber HP, and LeCouter J. The biology of
VEGF and its receptors. Nat Med 9: 669–676, 2003.

12. Flyvbjerg A, Schrijvers BF, De Vriese AS, Tilton RG, and
Rasch R. Compensatory glomerular growth after unilateral
nephrectomy is VEGF dependent. Am J Physiol En-
docrinol Metab 283: E362–E366, 2002.

13. Gorlach A, Diebold I, Schini-Kerth VB, Berchner-
Pfannschmidt U, Roth U, Brandes RP, Kietzmann T, and
Busse R. Thrombin activates the hypoxia-inducible factor-
1 signaling pathway in vascular smooth muscle cells: role
of the p22(phox)-containing NADPH oxidase. Circ Res
89: 47–54, 2001.

14. Gruden G, Thomas S, Burt D, Zhou W, Chusney G, Gnudi
L, and Viberti G. Interaction of angiotensin II and mechan-
ical stretch on vascular endothelial growth factor produc-
tion by human mesangial cells. J Am Soc Nephrol 10:
730–737, 1999.

15. Guillemin K and Krasnow MA. The hypoxic response:
huffing and HIFing. Cell 89: 9–12, 1997.

16. Kang DH and Johnson RJ. Vascular endothelial growth
factor: a new player in the pathogenesis of renal fibrosis.
Curr Opin Nephrol Hypertens 12: 43–49, 2003.

17. Kang DH, Kim YG, Andoh TF, Gordon KL, Suga SI, Maz-
zali M, Jefferson JA, Huches J, Bennett W, Schreiner GF, and
Johnson RJ. Post-cyclosporine-mediated hypertension and
nephropathy: amelioration by vascular endothelial growth
factor. Am J Physiol Renal Physiol 280: F727–F736, 2001.

18. Kelly DJ, Hepper C, Wu LL, Cox AJ, and Gilbert RE. Vas-
cular endothelial growth factor expression and glomerular
endothelial cell loss in the remnant kidney model. Nephrol
Dial Transplant 18: 1286–1292, 2003.

19. Lee EY, Shim MS, Kim MJ, Hong SY, Shin YG, and
Chung CH. Angiotensin II receptor blocker attenuates
overexpression of vascular endothelial growth factor in di-
abetic podocytes. Exp Mol Med 36: 65–70, 2004.

20. Liu Y, Cox SR, Morita T, and Kourembanas S. Hypoxia
regulates vascular endothelial growth factor gene expres-
sion in endothelial cells. Identification of a 5� enhancer.
Circ Res 77: 638–643, 1995.

21. Mezzano SA, Ruiz-Ortega M, and Egido J: Angiotensin II
and renal fibrosis. Hypertension 38: 635–638, 2001.

22. Nguyen SV and Claycomb WC. Hypoxia regulates the ex-
pression of the adrenomedullin and HIF-1 genes in cul-
tured HL-1 cardiomyocytes. Biochem Biophys Res Com-
mun 265: 382–386, 1999.

14024C22.pgs  8/10/05  2:38 PM  Page 1283



23. Ostendorf T, Kunter U, Eitner F, Loos A, Regele H, Ker-
jaschki D, Henninger DD, Janjic N, and Floege J.
VEGF(165) mediates glomerular endothelial repair. J Clin
Invest 104: 913–923, 1999.

24. Page EL, Robitaille GA, Pouyssegur J, and Richard DE.
Induction of hypoxia-inducible factor-1alpha by transcrip-
tional and translational mechanisms. J Biol Chem 277:
48403–48409, 2002.

25. Petrova T, Makinen T, and Alitalo K. Signaling via vascular
endothelial growth factor receptors. Exp Cell Res 253:
117–130, 1999.

26. Poli G, Leonarduzzi G, Biasi F, and Chiarpotto E. Oxida-
tive stress and cell signalling. Curr Med Chem 11: 1163–
1182, 2004.

27. Pupilli C, Lasagni L, Romagnani P, Bellini F, Mannelli M,
Misciglia N, Mavilia C, Vellei U, Villari D, and Serio M.
Angiotensin II stimulates the synthesis and secretion of
vascular permeability factor/vascular endothelial growth
factor in human mesangial cells. J Am Soc Nephrol 10:
245–255, 1999.

28. Richard DE, Berra E, and Pouyssegur J. Nonhypoxic path-
way mediates the induction of hypoxia-inducible factor
1alpha in vascular smooth muscle cells. J Biol Chem 275:
26765–26771, 2000.

29. Rizkalla B, Forbes JM, Cooper ME, and Cao Z. Increased
renal vascular endothelial growth factor and angiopoietins
by angiotensin II infusion is mediated by both AT1 and
AT2 receptors. J Am Soc Nephrol 14: 3061–3071, 2003.

30. Ruiz-Ortega M, Lorenzo O, Ruperez M, Blanco J, and
Egido J. Systemic infusion of angiotensin II into normal
rats activates nuclear factor �-B and AP-1 in the kidney.
Role of AT1 and AT2 receptors. Am J Pathol 158: 1743–
1756, 2001.

31. Ruiz-Ortega M, Lorenzo O, Suzuki Y, Ruperez M, and
Egido J. Proinflammatory actions of angiotensin II. Curr
Opin Nephrol Hypertens 10: 321–329, 2001.

32. Ruperez M, Lorenzo O, Blanco-Colio LM, Esteban V,
Egido J, and Ruiz-Ortega M. Connective tissue growth
factor is a mediator of angiotensin II-induced fibrosis. Cir-
culation 108: 1499–1505, 2003.

33. Schrijvers BF, Flyvbjerg A, and Vriese AS. The role of vas-
cular endothelial growth factor (VEGF) in renal pathology.
Kidney Int 65: 2003–2017, 2004.

34. Shihab FS, Bennet WM, Isaac J, Yi H, and Andoh TF. An-
giotensin II regulation of vascular endothelial growth fac-

1284 SÁNCHEZ-LÓPEZ ET AL.

tor and receptors Flt-1 and KDR/FLK-1 in cyclosporine
nephrotoxicity. Kidney Int 62: 422–433, 2002.

35. Suzuki Y, Ruiz-Ortega M, Lorenzo O, Ruperez M, Esteban
V, and Egido J. Inflammation and angiotensin II. Int J
Biochem Cell Biol 35: 881–900, 2003.

36. Touyz RM, Tabet F, and Schiffrin EL. Redox-dependent sig-
nalling by angiotensin II and vascular remodelling in hyper-
tension. Clin Exp Pharmacol Physiol 30: 860–866, 2003.

37. Touyz RM, Yao G, Viel E, Amiri F, and Schiffrin EL. An-
giotensin II and endothelin-1 regulate MAP kinases through
different redox-dependent mechanisms in human vascular
smooth muscle cells. J Hypertens 22: 1141–1149, 2004.

38. Williams B, Baker AQ, Gallacher B, and Lodwick D. An-
giotensin II increases vascular permeability factor gene
expression by human vascular smooth muscle cells. Hy-
pertension 25: 913–917, 1995.

39. Wolf G. Role of reactive oxygen species in angiotensin II-
mediated renal growth, differentiation, and apoptosis. An-
tioxid Redox Signal 7: 1337–1345, 2005.

40. Zachary I. Signaling mechanisms mediating vascular pro-
tective actions of vascular endothelial growth factor. Am J
Physiol Cell Physiol 280: C1375–C1386, 2001.

41. Zhang Q, Zhang ZF, Rao JY, Sato JD, Brown J, Messadi
DV, and Le AD. Treatment with siRNA and antisense
oligonucleotides targeted to HIF-1alpha induced apoptosis
in human tongue squamous cell carcinomas. Int J Cancer
111: 849–857, 2004.

42. Zhao Q, Ishibashi M, Hiasa K, Tan C, Takeshita A, and
Egashira K. Essential role of vascular endothelial growth
factor in angiotensin II-induced vascular inflammation and
remodeling. Hypertension 44: 264–270, 2004.

Address reprint requests to:
Marta Ruiz-Ortega, Ph.D.

M. Victoria Álvarez Arroyo, Ph.D.
Laboratory of Renal and Vascular Pathology

Fundación Jiménez Díaz
Avda Reyes Católicos, 2

28040 Madrid, Spain

E-mail: mruizo@fjd.es
E-mail: mvarroyo@fjd.es

Received for publication December 18, 2004; accepted March
7, 2005.

14024C22.pgs  8/10/05  2:38 PM  Page 1284



This article has been cited by:

1. Yosui Tamaki, Yukiomi Nakade, Taeko Yamauchi, Yuichi Makino, Shiro Yokohama, Mitsuyoshi Okada, Kazunobu Aso,
Hiroyuki Kanamori, Tomohiko Ohashi, Ken Sato, Haruhisa Nakao, Masakazu Haneda, Masashi Yoneda. 2012. Angiotensin
II type 1 receptor antagonist prevents hepatic carcinoma in rats with nonalcoholic steatohepatitis. Journal of Gastroenterology
. [CrossRef]

2. Sergio Portal-Núñez, Daniel Lozano, Mónica de la Fuente, Pedro Esbrit. 2011. Fisiopatología del envejecimiento óseo.
Revista Española de Geriatría y Gerontología . [CrossRef]

3. K.G. Pringle, M.A. Tadros, R.J. Callister, E.R. Lumbers. 2011. The expression and localization of the human placental
prorenin/renin-angiotensin system throughout pregnancy: Roles in trophoblast invasion and angiogenesis?. Placenta .
[CrossRef]

4. Zhengchao Wang, Lin Tang, Qing Zhu, Fan Yi, Fan Zhang, Pin-Lan Li, Ningjun Li. 2011. Hypoxia-inducible factor-1#
contributes to the profibrotic action of angiotensin II in renal medullary interstitial cells. Kidney International 79:3, 300-310.
[CrossRef]

5. Melissa Lazar, Jennifer Sullivan, Galina Chipitsyna, Qiaoke Gong, Chee Y. Ng, Ahmed F. Salem, Tamer Aziz, Agnes
Witkiewicz, David T. Denhardt, Charles J. Yeo, Hwyda A. Arafat. 2010. Involvement of Osteopontin in the Matrix-Degrading
and Proangiogenic Changes Mediated by Nicotine in Pancreatic Cancer Cells. Journal of Gastrointestinal Surgery 14:10,
1566-1577. [CrossRef]

6. Hitoshi Yoshiji, Ryuichi Noguchi, Kosuke Kaji, Yasuhide Ikenaka, Yusaku Shirai, Tadashi Namisaki, Mitsuteru Kitade,
Tatsuhiro Tsujimoto, Hideto Kawaratani, Hiroshi Fukui. 2010. Attenuation of insulin-resistance-based hepatocarcinogenesis
and angiogenesis by combined treatment with branched-chain amino acids and angiotensin-converting enzyme inhibitor in
obese diabetic rats. Journal of Gastroenterology 45:4, 443-450. [CrossRef]

7. Hai-bing Chen, Jun-xi Lu, Qing Li, Yu-qian Bao, Jun-ling Tang, Hui-juan Lu, Kun-san Xiang, Wei-ping Jia. 2009. The
protective effect of the RAS inhibitor on diabetic patients with nephropathy in the context of VEGF suppression. Acta
Pharmacologica Sinica 30:2, 242-250. [CrossRef]

8. KATHRYN J WIGGINS, VICTORIA TIAUW, YUAN ZHANG, RICHARD E GILBERT, ROBYN G LANGHAM,
DARREN J KELLY. 2008. Perindopril attenuates tubular hypoxia and inflammation in an experimental model of diabetic
nephropathy in transgenic Ren-2 rats. Nephrology 13:8, 721-729. [CrossRef]

9. Agnieszka Loboda , Agnieszka Jazwa , Anna Grochot-Przeczek , Andrzej J. Rutkowski , Jaroslaw Cisowski , Anupam
Agarwal , Alicja Jozkowicz , Jozef Dulak . 2008. Heme Oxygenase-1 and the Vascular Bed: From Molecular Mechanisms
to Therapeutic Opportunities. Antioxidants & Redox Signaling 10:10, 1767-1812. [Abstract] [Full Text PDF] [Full Text PDF
with Links]

10. D. Herr, M. Rodewald, H.M. Fraser, G. Hack, R. Konrad, R. Kreienberg, C. Wulff. 2008. Potential role of Renin–Angiotensin-
system for tumor angiogenesis in receptor negative breast cancer. Gynecologic Oncology 109:3, 418-425. [CrossRef]

11. Dong Zhao, Takaki Ishikawa, Li Quan, Dong-Ri Li, Tomomi Michiue, Chiemi Yoshida, Ayumi Komatu, Jian-Hua Chen,
Bao-Li Zhu, Hitoshi Maeda. 2008. Tissue-specific differences in mRNA quantification of glucose transporter 1 and vascular
endothelial growth factor with special regard to death investigations of fatal injuries. Forensic Science International 177:2-3,
176-183. [CrossRef]

12. Mar??a U Moreno, Gorka San Jos??, Ana Fortu??o, Oscar Beloqui, Josep Red??n, Felipe J Chaves, Dolores Corella,
Javier D??ez, Guillermo Zalba. 2007. A novel CYBA variant, the ???675A/T polymorphism, is associated with essential
hypertension. Journal of Hypertension 25:8, 1620-1626. [CrossRef]

13. Jacques Pouysségur, Fatima Mechta-Grigoriou. 2006. Redox regulation of the hypoxia-inducible factor. Biological Chemistry
387:10_11, 1337-1346. [CrossRef]

14. Andrea Huwiler, Josef Pfeilschifter. 2006. Hypoxia and lipid signaling. Biological Chemistry 387:10_11, 1321-1328.
[CrossRef]

15. Farida Daïkha-Dahmane, Evelyne Levy-Beff, Myriam Jugie, Richard Lenclen. 2006. Foetal kidney maldevelopment in
maternal use of angiotensin II type I receptor antagonists. Pediatric Nephrology 21:5, 729-732. [CrossRef]

16. Melvin R Hayden, Adam Whaley-Connell, Nazif Chowdhury, James R Sowers. 2006. Role of angiotensin II in diabetic
cardiovascular and renal disease. Current Opinion in Endocrinology & Diabetes 13:2, 135???140. [CrossRef]

17. Marta Ruiz-Ortega, Vanesa Esteban, Mónica Rupérez, Elsa Sánchez-López, Juan Rodríguez-Vita, Gisselle Carvajal, Jesús
Egido. 2006. Renal and vascular hypertension-induced inflammation: role of angiotensin II. Current Opinion in Nephrology
and Hypertension 15:2, 159-166. [CrossRef]

http://dx.doi.org/10.1007/s00535-012-0651-7
http://dx.doi.org/10.1016/j.regg.2011.09.003
http://dx.doi.org/10.1016/j.placenta.2011.09.020
http://dx.doi.org/10.1038/ki.2010.326
http://dx.doi.org/10.1007/s11605-010-1338-0
http://dx.doi.org/10.1007/s00535-009-0158-z
http://dx.doi.org/10.1038/aps.2008.28
http://dx.doi.org/10.1111/j.1440-1797.2008.01008.x
http://dx.doi.org/10.1089/ars.2008.2043
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2043
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2043
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2043
http://dx.doi.org/10.1016/j.ygyno.2008.02.019
http://dx.doi.org/10.1016/j.forsciint.2007.12.004
http://dx.doi.org/10.1097/HJH.0b013e3281ac211d
http://dx.doi.org/10.1515/BC.2006.167
http://dx.doi.org/10.1515/BC.2006.165
http://dx.doi.org/10.1007/s00467-006-0070-1
http://dx.doi.org/10.1097/01.med.0000216961.44128.9e
http://dx.doi.org/10.1097/01.mnh.0000203190.34643.d4


18. Marta Ruiz-Ortega , Alberto Ortiz . 2005. Angiotensin II and Reactive Oxygen Species. Antioxidants & Redox Signaling
7:9-10, 1258-1260. [Citation] [Full Text PDF] [Full Text PDF with Links]

http://dx.doi.org/10.1089/ars.2005.7.1258
http://online.liebertpub.com/doi/pdf/10.1089/ars.2005.7.1258
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2005.7.1258

