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Angiotensin Il receptor blocker attenuates overexpression of
vascular endothelial growth factor in diabetic podocytes
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Abstract

VEGF expressed in glomerular podocytes, is known
to increase vascular permeability to macromole-
cules. Angiotensin Il can stimulate the release of
VEGF, and the protective effects of angiotensin Il
antagonist against diabetic glomerular injury sug-
gest that the angiotensin ll-induced VEGF is an
important pathogenetic mechanism in the develop-
ment of proteinuria during diabetic nephropathy
although this mechanism is not fully understood.
In this study, the changes of VEGF expression
was examined in the experimental diabetic nephrop-
athy to determine whether these changes were
modified by renoprotective intervention by blockers
of angiotensin Il receptors. The streptozotocin-
induced diabetic rats were treated with L-158,809,
a blocker of angiotensin Il receptors, for 12 weeks.
Age-matched rats with L-158,809 served as con-
trols. RT-PCR and immunohistochemistry were
used to assess and quantify gene and protein
expression of VEGF. A progressive increase in
urinary protein excretion was observed in diabetic
rats. Glomerular VEGF expression was signifi-
cantly higher in diabetic rats than in the control
groups, with a significant reduction in glomerular

VEGF expression and proteinuria in L-158,809-
treated diabetic rats. VEGF mRNA was also sig-
nificantly higher in diabetic kidneys than in the
control groups, with a significant reduction in
VEGF mRNA in L-158,809-treated diabetic kidneys.
These results demonstrates that VEGF expression
is significantly increased in diabetic podocytes,
and angiotensin Il receptor antagonist attenuated
these changes in VEGF expression and prevented
the development of proteinuria in vivo. Attenuation
of increased VEGF expression in podocytes could
contribute to the renoprotective effects of angio-
tensin Il receptor antagonists in diabetic nephrop-
athy.
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Introduction

Diabetic nephropathy is a leading cause of end-stage
renal disease and accounts for significant morbidity
and mortality among individuals with diabetes mellitus.
In spite of many studies focused on the pathogenesis
of diabetic nephropathy (Ha et al., 1997), the mecha-
nism of hyperpermeability of the urinary filtration bar-
rier to macromolecules including proteins is not fully
understood.

Vascular endothelial growth factor (VEGF) is a
potent cytokine that markedly increases vascular per-
meability to macromolecules (Gilbert et al, 2000).
Hyperpermeability of the urinary filtration barrier to
protein, which is an early characteristic of diabetic ne-
phropathy, might be associated with VEGF overex-
pression. Angiotensin Il could increase glomerular
permeability (Blantz and Gabbai, 1987) in diabetes
mellitus. The protective effects of blockers of angioten-
sin Il receptors against the progression of diabetic
nephropathy (The EUCLID Study Group, 1997) sug-
gest that angiotensin ll-induced VEGF is an important
pathogenetic mechanism in the development of pro-
teinuria in the course of diabetic nephropathy. Treat-
ment of diabetic rats with angiotensin Il receptor bloc-
ker reduces diabetes-associated retinal changes in
VEGF mRNA expression and vascular permeability
(Nagisa et al., 2001). Nevertheless, the regulation of
expression of VEGF following the administration of
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angiotensin |l receptor blocker in diabetic kidney has
not yet been determined.

Podocytes cover the outer aspect of the glomerular
basement membrane via foot processes, and modified
tight junctions between adjacent cells form the slit
diaphragm. This unique structure is specially designed
to allow filtration, and represents the final barrier to
proteins entering the urinary space (Kriz et al., 1994;
Mundel and Kriz, 1995). Podocytes are the major
synthesizers of VEGF in the mature kidney (Tsuchida
et al., 1999). The expression of VEGF is increased
in podocytes in diabetic rats and human (Cooper et
al., 1999; Cha et al., 2000). Increased glomerular per-
meability due to VEGF might result in proteinuria in
the diabetic kidney. Thus, it is reasonable to spec-
ulate that podocytes are responsible for the upregula-
tion of VEGF in diabetic milieu, and is involved in the
increase of glomerular permeability presented by pro-
teinuria.

This study investigated VEGF expression in dia-
betic rat kidney in vivo, which is the main source of
VEGF. We also explored whether an angiotensin I
receptor blocker, L-158,809, has preventive effects on
podocyte VEGF expression in diabetic nephropathy.

Materials and Methods

Animals

Thirty-two male Sprague-Dawley rats aged 8 weeks
were assigned randomly to receive streptozotocin
(Sigma, St. Louis, MO) at a dose of 60 mg/kg
intraperitoneally (diabetics, n=16) or citrate buffer
alone (controls, n = 16). Both diabetic and control rats
were further selected at random to receive either a
blocker of angiotensin Il type-1 receptors, L-158,809
(kindly gifted by Merck & Co., NJ), at a dose of 5
mg/kg body weight/day, or untreated drinking water.
All rats were given free access to standard rat food
and drinking water. Only streptozotocin-treated ani-
mals with plasma glucose concentrations above 12
mmol/l were considered diabetic and included in the
study. Diabetic rats received subcutaneous insulin
(Humulin-N", Eli Lilly & Co., IN) daily to maintain
body weight and maximize the survival rate. Plasma
glucose concentrations were checked by glucose oxi-
dase technique every week. Body weight and systolic
blood pressure were measured by tail-cuff plethys-
mography (Bunag, 1973) at 0, 8, and 12 weeks after
streptozotocin treatment. Twenty-four-hour urine pro-
tein excretions were measured by an Autokit Micro
TP on a Hitachi 7170 analyzer (Hitachi, Japan) (Lynch
et al., 1996) from each animal at 0, 8, and 12 weeks
after streptozotocin treatment. Twelve weeks after in-
duction of diabetes, the rats were killed and their
kidneys were harvested. The research protocol was

approved by the animal ethics committee of the
Yonsei University Wonju College of Medicine (Wonju,
Korea).

Glomerular volume

General pathologic analysis was performed using 5-
um-thick sections stained with hematoxylin and eosin.
The glomerular cross-sectional area (Area) was mea-
sured in 40 glomerular profiles per rat using a micro-
computer imaging device (SIS, Minster, Germany),
and glomerular volume (Vg) was calculated according
to the method of Weibel and Gomez (Lane et al.,
1992): VG=Area1'5X(1.38/1.01), where 1.38 is a shape
coefficient for a sphere and a 1.01 is the size dis-
tribution coefficient assuming a coefficient of variation
of 10%.

Semiquantitative reverse transcription-polymerase
chain reaction (RT-PCR) of VEGF transcripts

Total RNA was extracted using TRIzol LS reagent
(Life Technologies. Gaithersburg, MD) and the cDNA
was synthesized by a reverse transcription reaction
of 2 pg of total RNA with oligo-(dT) primers (Life
Technologies). Next, 2 yL cDNA was amplified by
Taq DNA polymerase and the PCR profile consisted
of initial denaturation at 94°C for 3 min, followed by
35 cycles of denaturation at 94°C for 30 s, annealing
at 58°C for 30 s, extension at 72°C for 90 s, and
extension at 72°C for 7 min. Rat VEGF primers, which
amplify three splicing variants of rat VEGF mRNA
(VEGF120, VEGF164, and VEGF133), were used. The
expected lengths of their PCR products are 330 base
pairs (bp) for VEGF12, 462 bp for VEGFs4, and 514
bp for VEGFs. The nucleotide sequences of each
primer are as follows: sense 5-GACCCTGGTGGAC-
ATCTTCCAGGA-3' and antisense 5-GGTGAGAGG-
TCTAGTTCCCGA-3'. B2-microglobulin was also amp-
lified as an internal control. The nucleotide sequen-
ces of the primers are as follows: sense 5-CAG-
ATCTGTCCTTCAGCAAG-3' and antisense 5-GGA-
GTAAACTGGTCCAGATG-3'. Different numbers of
PCR cycles were performed and plotted against the
densitometry measurements of the resulting PCR pro-
ducts to define the range in which cycle number was
linearly related to the amount of PCR-amplified pro-
duct. Next, 10 y PCR reaction product were sep-
arated by electrophoresis through a 1.5% agarose gel
with ethidium bromide. PCR product bands, visualized
by ultraviolet light, were scanned at 300 dots per inch
and densitometric analysis was done with the National
Institutes of Health Image 1.61 software with available
macro and linear regression analyzer. To confirm the
identity of VEGF cDNA product, each of the elect-
rophoresed PCR bands was extracted with a DNA ex-
traction kit (Qiagen, Valencia, CA) and sequenced using



an ABI automated DNA sequencing system (ABI Genetic
Analyzer 310; PRISM, Branchburg Park, NJ). Quantitation
of the VEGF mRNA expression was corrected by -
microglobulin.

Immunohistochemistry

The kidney tissues were fixed in 4% paraformalde-
hyde and subsequently embedded in paraffin for light
microscopy. Serial 5-um-thick sections were obta-
ined, air dried, and heat fixed on slides. The sections
were deparaffinized with xylene and rehydrated in
alcohol at a graded series of concentrations. Endog-
enous peroxidase was inactivated using 3% hydrogen
peroxide in methyl alcohol for 30 min. The kidney
sections were incubated for 1 h at room temperature
with mouse monoclonal anti-VEGF antibody (1:100)
(#sc-7269, Santa Cruz Biotechnology, CA), followed by
a polymer detection kit (#87-8963, Zymed, South San
Francisco, CA) for 20 min at room temperature. The
expression of VEGF was assessed by densitometric
evaluation of the images by computer-assisted image
analysis. Data are expressed as the percentage
optical density relative to control kidneys, which were
assigned a value of 100. All analyses were performed
with the observer blind to the animal study group.

Statistics

Results are expressed as meanststandard devia-
tions unless stated otherwise. Data were analyzed by
ANOVA with multiple comparisons between groups
using the Tukey test. A P value less than 0.05 was
considered statistically significant.

Results

Animal data

Plasma glucose was higher in diabetic rats, and
unaffected by L-158,809 treatment. Body weight was
lower in diabetic rats than in control animals, and was
not influenced by L-158,809 treatment. No significant
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difference in blood pressure was observed between
control and diabetic groups (Table 1). A progressive
increase in urinary protein excretion was observed in
diabetic animals. In L-158,809-treated diabetic rats the
24-h level of urinary protein was similar to that in
control animals and less than that in untreated
diabetic rats (Figure 1). The glomerular volume in
untreated diabetic rats was higher than that in control
rats, and may have been reduced by L-158,809 (the
difference was not statistically significant) (Table 1).

VEGF mRNA expression

Expression of VEGF and Bz-microglobulin mRNA in 4
groups was observed on RT-PCR. Three isoforms of
VEGF mRNA were expressed and VEGF+ss was the
major isoform in all 4 groups. In control rats, low
levels of VEGF isoforms were expressed. However,
the untreated diabetic rats revealed high levels of
VEGF isoforms (Figure 2). In L-158,809-treated dia-
betic rats the high levels of VEGF isoforms was

300
a,b,c

. 250+
>
3
S 200
£
8 150+
=}
£
2 100+
o
£ T [

50 A

O T T T 1

C CL D DL

Figure 1. Proteinuria in control rats (C), control rats treated with
L-158,809 (CL), diabetic rats (D), and diabetic rats treated with
L-158,809 (DL). The proteinuria was significantly higher in diabetic rats
than in control rats, with a significant reduction in urinary protein
excretion in L-158,809-treated diabetic rats. °P < 0.05 vs. C, °P <
0.05 vs. CL, P < 0.05 vs. DL.

Table 1. Clinical characteristics of rats 12 weeks after the induction of the study.

C (n = 8) CL (n = 8) D (n = 8) DL (n = 8)
Body weight (g) 382.5428.5 350.5423.9 287.5+60.6°" 322.5464.3
Plasma glucose (mmol/l) 6.240.2 7.840.2 14.643.2%" 16.5+3.5%"
Systolic blood pressure (mmHg) 113.1£7.0 109.5%2.7 123.8+11.9 119.3+13.6
Glomerular volume (x10° pm?) 1.360.13 1.2640.17 1.47+0.13 1.400.15

Data are shown as meanzstandard deviation. C, control rats, CL, control rats treated with L-158,809, D, diabetic rats, DL, diabetic rats treated

with L-158,809. °P < 0.05 vs C, °P < 0.05 vs. CL.
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Figure 2. Expression of vascular endothelial growth factor (VEGF) and
B2-microglobulin (B2-MG) mRNA in kidney was analyzed by semiqua-
ntitative reverse transcription-polymerase chain reaction (PCR). The
expected lengths of their PCR products are 330 base pairs (bp) for
VEGF12, 462 bp for VEGF1s, and 514 bp for VEGFig. The mRNA
expressions of VEGF isoforms (VEGFiy, VEGFg, and VEGF1gg) were
significantly increased in diabetic rats (D) than in control rats (C). In
diabetic rats treated with L-158,809 (DL), the high levels of VEGF
isoforms was decreased to that in C and less than that in D.
Expression of B-MG was identified at nearly constant levels. °P <
0.05 vs. C, °P < 0.05 vs. CL, °P < 0.05 vs. DL.

decreased to that in control animals and less than
that in untreated diabetic rats (Figure 2).

Immunohistochemistry

The expression of glomerular sVEGF was significantly
higher in diabetic rats than in control rats, with a
significant reduction in urinary protein excretion and
glomerular podocyte VEGF expression in L-158,809-
treated diabetic rats (Figure 3).

Discussion

This study demonstrates that the expression of VEGF
by podocytes is significantly increased in diabetic rats,
and that this increase is completely abolished by
treatment with a blocker of angiotensin Il receptors,
which also prevented the development of proteinuria
in vivo. Our findings provide in vivo evidence of an
angiotensin 1I-VEGF axis within the diabetic kidney,
especially in glomerular podocytes.

Proteinuria is the initial and major symptom of
diabetic nephropathy, and is the result of increased
glomerular permeability (Parving et al., 1985). The
expression of VEGF is increased in the diabetic
kidney in association with hyperfiltration, proteinuria,

and glomerular hypertrophy (Cooper et al., 1999), and
these conditions are suppressed by the blocking of
VEGF (de Vriese et al,, 2001). Renal expression of
VEGF receptors is also increased in experimental
diabetic rats (Cooper et al., 1999). Since podocytes
are the major producers of VEGF within the glomeruli
(Kretzler et al., 1998; Cooper et al., 1999) and podo-
cyte injury underlies proteinuria in diabetes (Nelson
et al.,, 1997; Pagtalunan et al., 1997), regulation of
VEGF expression in the podocytes may provide novel
insight into the pathogenesis of diabetic nephropathy.

The mechanisms leading to upregulation of VEGF
in diabetic glomerular injury are still not well under-
stood. Several factors implicated in the pathogenesis
of diabetic nephropathy have been shown to increase
VEGF expression. High glucose levels directly in-
crease VEGF expression in podocytes via protein
kinase C-dependent mechanisms (Hoshi et al., 2002).
The persistent expression of VEGF in the diabetic
kidney may be related to the effects of advanced
glycated end products that accumulate in diabetic
tissues over weeks to months (Tsuchida et al., 1999).
Of particular relevance to our study is that angiotensin
Il also stimulates the expressions of VEGF and VEGF
receptors (Otani et al., 1998).

There are considerable evidences that the intra-
renal renin-angiotensin system plays an important role
in diabetic nephropathy. Angiotensin-converting enzyme
inhibitors and blockers of angiotensin Il receptors can
attenuate progressive glomerulosclerosis in diabetes.
Because the agents that interfere with the action of
angiotensin 1l may decrease glomerular injury without
altering glomerular pressure, it has been suggested
that angiotensin Il has direct effects on glomerular
cells so as to induce sclerosis independent of its
hemodynamic actions. Thus, it is possible that the
effects of angiotensin converting enzyme inhibition on
proteinuria and VEGF expression, as shown in our
study, do not follow a reduction in systemic blood
pressure. The presence of a local system distinct from
a systemic reninangiotensin system has been estab-
lished in the podocytes, where the presence of all
components of reninangiotensin system, including its
receptors, has been identified (Pavenstadt, 2000).
Increased VEGF expression in diabetic podocytes
was blocked by angiotensin Il receptor antagonist in
the present study. Taken together, these findings sup-
port the hypothesis that the milieu of diabetes in-
creases angiotensin Il, which results in stimulation of
VEGF secretion, leading to increased vascular perme-
ability to protein, thus producing proteinuria. This may
be an important mechanism linking hyperglycemia,
angiotensin Il and VEGF in the pathogenesis of
diabetic nephropathy (Leehey et al, 2000). Angio-
tensin Il can stimulate the release of VEGF from
human vascular tissues. VEGF is a potent cytokine
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Figure 3. Immunohistochemical staining for VEGF in kidney from control rats (C), control rats treated with
L-158,809 (CL), diabetic rats (D), and diabetic rats treated with L-158,809 (DL). VEGF appeared to be confined
within the glomerular podocytes (arrows) (x400). Positive staining is shown as brown. The expression of
VEGF was assessed by densitometric evaluation of the images by computer-assisted image analysis.
Glomerular VEGF expression was increased in untreated diabetic rats and restored in L-158,809-freated diabetic
rats. P < 0.05 vs. C, °P < 0.05 vs. CL, °P < 0.05 vs. DL.

which induce angiogenesis and markedly increase
microvascular permeability. VEGF is abundantly expres-
sed in the renal glomerulus, specifically within the
podocytes. This study has clearly demonstrated the
potential clinical significance of angiotensin ll-induced
VEGF expression by podocytes in the pathogenesis
of diabetic nephropathy (Williams, 1998).

Angiotensin ll-induced VEGF gene expression was
inhibited by the specific angiotensin Il receptor antag-
onist L-158,809, confirming that this is an event
mediated by angiotensin Il type-1 receptors. These
results describe a new action of angiotensin Il on
podocytes, notably the induction of VEGF expression.
The potent activity of VEGF suggests a novel mech-
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anism whereby angiotensin Il could locally and directly
influence the vascular permeability independent of
changes in hemodynamics (Williams et al., 1995).

In conclusion, experimental diabetes is associated
with an increase in glomerular podocyte VEGF expres-
sion and renal permeability to protein. Treatment with
antagonists to angiotensin Il type-1 receptors in dia-
betic rats abolished the diabetes-associated VEGF
increase and proteinuria. These findings implicate the
reninangiotensin system in the VEGF overexpression
and proteinuria that accompany diabetic nephropathy,
and provide a potential mechanism for the beneficial
effects of angiotensin Il receptor antagonist in diabetic
kidney.
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