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Abstract
Aims/hypothesis The pathogenic role of excessive vascular
endothelial growth factor (VEGF)-A in diabetic nephropa-
thy has not been defined. We sought to test whether
increased podocyte VEGF-A signalling determines the
severity of diabetic glomerulopathy.
Methods Podocyte-specific, doxycycline-inducible Vegf164
(the most abundant Vegfa isoform) overexpressing adult
transgenic mice were made diabetic with low doses of

streptozotocin and examined 12 weeks after onset of
diabetes. We studied diabetic and non-diabetic transgenic
mice fed a standard or doxycycline-containing diet. VEGF-
A and albuminuria were measured by ELISA, creatinine
was measured by HPLC, renal morphology was examined
by light and electron microscopy, and gene expression was
assessed by quantitative PCR, immunoblotting and immu-
nohistochemistry.
Results Podocyte Vegf164 overexpression in our mouse
model of diabetes resulted in advanced diabetic glomerulop-
athy, characterised by Kimmelstiel–Wilson-like nodular
glomerulosclerosis, microaneurysms, mesangiolysis, glomer-
ular basement membrane thickening, podocyte effacement
and massive proteinuria associated with hyperfiltration. It
also led to increased VEGF receptor 2 and semaphorin3a
levels, as well as nephrin and matrix metalloproteinase-2
downregulation, whereas circulating VEGF-A levels were
similar to those in control diabetic mice.
Conclusions/interpretation Collectively, these data demon-
strate that increased podocyte Vegf164 signalling dramati-
cally worsens diabetic nephropathy in a streptozotocin-
induced mouse model of diabetes, resulting in nodular
glomerulosclerosis and massive proteinuria. This suggests
that local rather than systemic VEGF-A levels determine
the severity of diabetic nephropathy and that semaphorin3a
signalling and matrix metalloproteinase-2 dysregulation are
mechanistically involved in severe diabetic glomerulopathy.
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MMP Matrix metalloproteinase
NRP Neuropilin
OCT Optimal cutting temperature medium
PAS Periodic acid–Schiff’s reagent
TEM Transmission electron microscopy
TIMP Tissue inhibitor of matrix metalloproteinase
VEGF Vascular endothelial growth factor
VEGFR VEGF receptor

Introduction

Diabetic nephropathy is the major cause of end-stage renal
disease in the industrialised world. Vascular endothelial
growth factor (VEGF)-A and its receptors have been
implicated in the pathogenesis of diabetic nephropathy in
animals and humans [1–3]. Increased VEGF-A levels have
been reported in animal models of diabetes, and VEGF
antagonists have renoprotective effects in early diabetic
nephropathy [4–6]. Uncoupling of VEGF–nitric oxide
pathways has been postulated to be a driving force in the
progression of diabetic nephropathy [7–9]. However, the
pathogenic mechanism of excessive VEGF-A in diabetic
nephropathy has not been established.

We have previously shown in vitro that podocytes
possess a functional autocrine VEGF-A system, whereby
secreted VEGF-A promotes podocyte survival via VEGF
receptor (VEGFR)2 and the interaction between slit-
diaphragm proteins [10]. Recently, our group and others
reported podocyte production of VEGFR2 in vivo [10, 11].
We also demonstrated an interaction between VEGFR2 and
nephrin, as well as VEGF-induced phosphorylation of both
proteins in vivo [12]. Moreover, overexpression of podo-
cyte Vegf164 (the most abundant Vegfa isoform) in adult
mice induced a reversible early diabetic nephropathy-like
phenotype characterised by proteinuria, glomerulomegaly,
mesangial expansion, glomerular basal membrane thicken-
ing and podocyte effacement, in the absence of diabetic
milieu [12]. Collectively, these data suggest that VEGF-A
has crucial autocrine effects on podocyte phenotype and
behaviour, in addition to its well-established paracrine
functions.

Semaphorin3a, a guidance protein that plays an important
role in neural, cardiovascular and renal patterning [13, 14],
and its receptors neuropilin (NRP) 1 and 2 are produced in
podocytes in vitro and in vivo [15, 16]. We recently
demonstrated that tight regulation of the Sema3a gene is
required for normal podocyte differentiation and glomerular
filtration barrier (GFB) development [14]. Semaphorin3a
competes with VEGF-A for NRP1 binding and has opposing
effects to those of VEGF in several cell types, including
endothelial cells and podocytes [10, 15, 17]. Nrp1 mRNA is

decreased in glomeruli from diabetic humans and mouse
models of diabetes, and is suppressed by advanced glycation
end-products in podocytes [18]. The role of semaphorin3a in
diabetic nephropathy is unknown.

To test whether induction of podocyte Vegf164 over-
expression in diabetic mice causes severe diabetic nephrop-
athy, we examined in the present study the effect of
excessive podocyte VEGF-A signalling on diabetic
nephropathy and its relationship with semaphorin3a. We
determined that podocyte Vegf164 overexpression caused
nodular glomerulosclerosis and massive proteinuria in the
setting of streptozotocin-induced diabetes, dramatically
worsening diabetic nephropathy. Our data suggest that local
rather than systemic VEGF-A levels determine the severity
of diabetic nephropathy and that increased semaphorin3a
signalling and matrix metalloproteinase (MMP)-2 dysregu-
lation are mechanistically involved in severe diabetic
glomerulopathy.

Methods

Animal experiments Mouse protocols were approved by
AECOM and Yale Committees for Animal Use and
Experimentation. We generated tetracycline-regulated,
podocyte-specific inducible transgenic mice (TOPO; podo-
cin-rtTA:tet-O-Vegf164), which overexpress Vegf164 in podo-
cytes upon induction with doxycycline on a FVB/N
background, as previously described [12]. Male TOPO
5.0±0.6 week old mice (n=15) were made diabetic using
the Animal Models of Diabetic Complications Consortium
protocol (see www.AMDCC.org). Briefly, mice were fasted
for 6 h before receiving streptozotocin (50 mg/kg body
weight; Sigma, St Louis, MO, USA); five doses were given
i.p. on five consecutive days and 10% sucrose drinking water
(wt/vol.) was supplied to prevent hypoglycaemia post-
injection. At 1 week after the last streptozotocin injection, all
mice were diabetic (random blood glucose >15.5 mmol/l).
Blood glucose, urine samples and body weight were obtained
every 3 to 4 weeks for 12 weeks (electronic supplementary
material [ESM] Fig. 1), when a 24 h urine sample was
collected in metabolism cages; mice were killed after removal
of kidneys and collection of blood samples. Survival until
completion was 100%.

Diabetic TOPO mice were induced with doxycycline
(0.625 mg/g chow; Harlan-Teklad, Madison, WI, USA)
(diabetes+doxycycline, n=8) following completion of
streptozotocin injections. Uninduced diabetic TOPO mice
(diabetes−doxycycline, n=7) fed on a standard diet served
as diabetic controls. Additional diabetic controls were
single transgenic (podocin-rtTA) mice (n=4) induced with
doxycycline (single transgenic+doxycycline). Non-diabetic
controls were TOPO mice induced with doxycycline (no
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diabetes+doxycycline, n=10) and TOPO uninduced mice
fed on a standard diet (no diabetes−doxycycline, n=10).

Urinary and plasma creatinine were measured by
HPLC/mass spectrometry/mass spectrometry [19]; albuminuria
was assessed by ELISA kit (Albuwell-M-Elisa; Exocell,
Philadelphia, PA, USA) in 24 h urine and expressed as
albumin:creatinine ratio (μg/μmol). Random blood glucose
(mmol/l) was measured by glucose oxidase biosensor blood
glucose meter (One-Touch-Ultra-2; LifeScan, Milpitas, CA,
USA). Serum and urine VEGF-A were measured by ELISA
(mVEGF-A; R&D, Minneapolis, MN, USA), following the
manufacturer’s protocol. Arterial pressure was measured
under anaesthesia (1.5–2% isoflurane/O2), through a carotid
PE-50 catheter connected to a pressure transducer, and
analysed using PowerLab/8SP system (Chart; AD Instru-
ments, Colorado Springs, CO, USA).

Histology and transmission electron microscopy Kidneys
were frozen in isopentane and mounted in optimal cutting
temperature medium (OCT) (Sakura Finetek USA, Torrance,
CA, USA) or processed for light and transmission electron
microscopy (TEM). Histology was evaluated by periodic
acid–Schiff’s reagent (PAS) stain. TEM was performed as
reported using standard techniques [12]. For morphometric
analysis, glomerular diameters were measured in 116±6
glomeruli per section, as previously described [14]. Slit-
diaphragm and occluding junctions were counted and foot
process width measured as previously reported [12]. Glo-
merulosclerosis, mesangial expansion, microaneurysms and
mesangiolysis were assessed in blinded fashion; mesangial
expansion was measured using the following semi-
quantitative score [20]: 0=none; 1=1–25%; 2=26–50%; 3
=51–75%; 4=76–100%. Glomerular nodules were quanti-
fied as percentage glomeruli/section containing nodules.

Laser-capture microdissection and quantitative PCR Glo-
meruli from three mice per experimental group were
isolated by laser capture microdissection (AS-LMD Sys-
tem; Leica, Bannockburn, IL, USA) from OCT frozen
kidney sections and total RNA was purified as previously
described [21]. Glomerular mRNA was assessed by
quantitative PCR (Ssofast Eva-Green and CFX96-Real-
time system; Bio-Rad, Hercules, CA, USA) and previously
reported primers for VEGF164 and hypoxanthineguanine
phosphoribosyltransferase (HPRT) [21]. Gene expression
level was determined by the 2�$$Ct method [22].

Immunohistochemistry Kidney sections were deparaffinised,
blocked and incubated with anti-nephrin (20R-NP002; Fitz-
gerald, Concord, MA, USA) and anti-Wilms’ tumour antigen
1 (M3561; Dako, Carpinteria, CA, USA). Hoechst 33342
(Invitrogen, Carlsbad, CA, USA) was used to visualise nuclei.
Deparaffinised sections were also incubated with anti-VEGF

antibody (M7273; Dako). Signals were visualised by immu-
noperoxidase and haematoxylin counterstain. Cryosections
were fixed in acetone and incubated with the following
primary antibodies: anti-MMP9 (ab38898; Abcam, Cam-
bridge, MA, USA), anti-collagen IV (Southern Biotech,
Birmingham, AL, USA), anti-MMP2 (MAB13134; Chem-
icon, Rosemont, IL, USA), anti-laminin (L9393; Sigma), anti-
semaphorin 3A (AF1250; R&D) and anti-podocin (P0372;
Sigma). Appropriate Cy2- or Cy3-labelled secondary anti-
bodies were used (Jackson Immunoresearch, West Grove, PA,
USA). Sections were examined by light microscopy (Eclip-
se50b; Nikon, Melville, NY, USA) or by confocal microscopy
(FV300; Olympus, Center Valley, PA, USA). To avoid bleed-
through between signals, each laser was used individually and
separate images were merged later.

Western blot analysis Kidneys were lysed in radioimmuno-
precipitation assay buffer plus protease inhibitors (Roche,
Indianapolis, IN, USA) with 1 mmol/l NaO3 and 1 mmol/
l NaF. Equal amounts of protein lysate from individual
kidneys were combined into pools (diabetes+doxycycline,
diabetes−doxycycline, no diabetes+doxycycline, no diabe-
tes−doxycycline), and 200 μg protein per lane was resolved
and immunoblotted. Primary antibodies were: anti-nephrin
(Fitzgerald), anti-MMP-9 (AB19016; Chemicon), anti-
MMP-2 (Chemicon), anti-tissue inhibitor of matrix metal-
loproteinase (TIMP)-2 (sc21735; Santa Cruz Biotechnolo-
gy, Santa Cruz, CA, USA), anti-VEGFR2 (55B11; Cell
Signaling, Danvers, MA, USA), anti-semaphorin 3A (sc-
28867; Santa Cruz) and anti-NRP1 (gift from A. Kolodkin,
Department of Neuroscience, The John Hopkins University
School of Medicine, Baltimore, MD, USA) [13]. Anti-actin
(A2066; Sigma) or anti-tubulin (sc-58667; Santa Cruz)
were used as controls for protein loading. Appropriate
horseradish peroxidase-IgG secondary antibodies were used
(Amersham, Fitzgerald, Acton, MA, USA). Signals were
visualised by chemoluminescence (ECL; Amersham) and
quantified by densitometry using ImageJ software (NIH;
http://rsb.info.nih.gov/ij/).

Zymogram Kidney lysate pools (100 μg) were denatured
and resolved in zymogram gel, and then stained with
colloidal blue, following the manufacturer’s instructions
(Invitrogen). Recombinant mouse MMP-9 (909-MM,
2.5 ng; R&D) was used as positive control. Gels from four
independent experiments were analysed.

Quantitative PCR Whole kidney total RNA was isolated,
reverse transcribed and individual reverse transcription
products combined into pools, as described above for
proteins [12]. Quantitative PCR amplifications were per-
formed using a mix (SYBR-Green-PCR-Master-Mix; Ap-
plied Biosystems, Foster City, CA, USA) and mastercycler
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(Realplex2; Eppendorf, Hamburg, Germany), and appropri-
ate primers (ESM Table 1), as described [12], run in
triplicate. Experiments were repeated three or more times.
Relative quantification was determined using the 2�$$Ct

method [22]. Data were normalised to GAPDH and
expressed as fold change relative to diabetic controls
(diabetes+doxycycline/diabetes−doxycycline).

Statistical analysis All values are expressed as mean ± SEM.
To determine statistical significance, we used unpaired
Student’s t test and two-way ANOVA; Bonferroni correction
was used for multiple comparisons. Kruskal–Wallis test was
used for data with non-Gaussian distribution (laser-capture
quantitative PCR). We used χ2 test for a categorical variable
(glomerular nodules). A p value of <0.05 was deemed
statistically significant.

Results

Podocyte Vegf164 overexpression exacerbates glomerular
Vegf164 expression in diabetic mice Podocyte Vegf164 over-
expression in diabetic mice caused an increase in glomer-
ular Vegfa mRNA and protein levels, compared with
control diabetic and non-diabetic mice (Fig. 1a–c) when
determined by quantitative PCR in laser-microdissected
glomeruli and by immunohistochemistry. Plasma VEGF-A
was twofold higher in diabetic than in non-diabetic mice
(Fig. 1d), indicating that the diabetic milieu induces
elevated systemic VEGF-A, as described in mice and
humans [23, 24]. Podocyte Vegf164 overexpression did not
alter plasma VEGF-A in diabetic mice (Fig. 1d), as
previously reported in non-diabetic mice [12]. Urine
VEGF-A excretion (Fig. 1e) was 18-fold higher in diabetic
mice (231±33 pg/day) than in non-diabetic control mice
(13±1.2 pg/day), suggesting that the source of urinary
VEGF-A in diabetic mice is systemic and local. In non-
diabetic mice, podocyte Vegf164 overexpression increased
urinary VEGF-A excretion 18-fold (224±73 pg/day),
similarly to diabetic mice (Fig. 1e), suggesting that in
non-diabetic mice, urinary VEGF-A reflects its production
in podocytes.

Podocyte Vegf164 overexpression in diabetic mice induces
advanced diabetic glomerulopathy By 12 weeks after the
onset of hyperglycaemia, diabetic mice overexpressing
podocyte Vegf164 developed a severe glomerular phenotype
characterised by nodular glomerulosclerosis, mesangiolysis
and microaneurysms (Fig. 2a–f). In addition, arteriolar and
vascular pole hyalinosis (Fig. 2c, d), protein casts (Fig. 2b,
c) and glomerular adhesions to Bowman’s capsule (Fig. 2a,
d, e) were observed. Interstitial lesions were minimal, with
mild focal lymphocytic infiltrate (ESM Fig. 2). In contrast,

uninduced diabetic controls showed diffuse mesangial
expansion (Fig. 2g). Semiquantitative pathological score
revealed significantly increased mesangial sclerosis in
diabetic mice overexpressing podocyte Vegf164 (2.2±0.2,
n=6), compared with uninduced diabetic (1±0, n=5) and
non-diabetic mice overexpressing podocyte Vegf164 (1±0,
n=3; p<0.05). Notably, glomerular nodules, endothelial
injury, mesangiolysis and lymphocytic infiltrates were
detected only in diabetic mice overexpressing podocyte
Vegf164 (Fig. 2a–f, ESM Fig. 2). PAS-positive nodules were
observed in 6% to 36% of glomeruli from diabetic mice
overexpressing podocyte Vegf164, compared with 0% in
uninduced diabetic and non-diabetic control mice (p<0.0001).
Glomerulomegaly was detected in all diabetic mice, but was
significantly enhanced by podocyte Vegf164 overexpression
(Fig. 2j). Similarly, non-diabetic controls overexpressing
podocyte Vegf164 developed milder glomerulomegaly
(Fig. 2h, j).

TEM revealed significant mesangial proliferation, scle-
rosis, extracellular matrix expansion, focal endothelial cell
swelling and glomerular basement membrane (GBM)
thickening in diabetic mice overexpressing Vegf164
(Fig. 3a), and milder mesangial expansion and GBM
thickening in diabetic control kidneys (Fig. 3b) and in
non-diabetic mice overexpressing podocyte Vegf164
(Fig. 3c). Normal ultrastructure in non-diabetic control
kidneys is shown in Fig. 3d. TEM morphometry showed
significantly increased GBM thickening and density of
occluding junctions in diabetic mice overexpressing podo-
cyte Vegf164, compared with uninduced diabetic controls
(Fig. 3e, f). Slit-diaphragm density and foot process width
were similar in all diabetic mice, but different from non-
diabetic controls (Fig. 3g, h). Interestingly, non-diabetic
mice overexpressing podocyte Vegf164 had similar GBM
thickness, slit-diaphragm density and foot process width to
diabetic mice, all of which were significantly different from
uninduced controls (Fig. 3e–h).

Podocyte Vegf164 overexpression in diabetic mice induces
hyperfiltration and massive proteinuria By 12 weeks after
the onset of hyperglycaemia, diabetic mice overexpressing
podocyte Vegf164 had significantly higher creatinine clear-
ance than control diabetic mice (Fig. 4a), but 40% lower
than non-diabetic mice overexpressing podocyte Vegf164,
suggesting that advanced diabetic glomerulopathy blunted
VEGF-induced hyperfiltration. Plasma creatinine was lower
in diabetic mice overexpressing podocyte Vegf164 (Fig. 4b),
suggesting that increased creatinine clearance reflected
hyperfiltration, rather than increased creatinine secretion
[25]. In addition, diabetic mice overexpressing podocyte
Vegf164 developed massive proteinuria, as reflected by a
100-fold increase in the albumin:creatinine ratio as com-
pared with non-diabetic control mice (220±80 vs 1.9±
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0.14 μg/μmol) (Fig. 4c); this finding reflects the presence of
established diabetic renal disease [26]. Urinary albumin:
creatinine ratio was elevated to a lesser degree in diabetic
control mice (24±2 μg/μmol) and in non-diabetic mice
overexpressing podocyte Vegf164 (6.4±2.3 μg/μmol) as
compared with non-diabetic control mice (Fig. 4c). All
diabetic mice showed similar levels of hyperglycaemia
(ESM Fig. 1a). However, diabetic mice overexpressing
podocyte Vegf164 showed significantly increased polyuria,

with urinary volume approximately twofold greater than that
of diabetic controls and polyuria associated with significantly
lower body weight (Table 1, ESM Fig. 1b). Non-diabetic mice
overexpressing podocyte Vegf164 showed a milder increase in
urinary volume than uninduced controls, as well as normal
blood glucose (Table 1). Systolic blood pressure was normal
in all diabetic mice: 86±2.6 mmHg in diabetic mice
overexpressing podocyte Vegf164 (n=4) and 91±0.3 mmHg
in diabetic control mice (n=4; p=NS).

Fig. 1 Podocyte Vegf164 overexpression exacerbates glomerular Vegf164
expression in diabetic mice. a Laser microdissection of glomeruli from
diabetic and non-diabetic kidney sections, before and after laser capture
(magnification ×400). b In glomeruli isolated by laser capture, Vegf
mRNA measured by quantitative PCR was significantly higher in diabetic
+doxycycline mice overexpressing Vegf164 (black bar) than in diabetic
−doxycycline (dark grey bar) and non-diabetic−doxycycline controls
(white bar). Induced non-diabetic+doxycycline mice (light grey bar) also
overexpressed glomerular Vegf164 mRNA as compared with controls
(−doxycycline, white bar). c Immunohistochemistry shows increased

VEGF-A in diabetic glomeruli (left) compared with non-diabetic (right).
Podocyte Vegf164 overexpression (+doxycycline [+dox]) resulted in a
further increase of glomerular VEGF-A expression in diabetic mice. Scale
bars 30 μm. −dox, −doxycycline d Plasma VEGF-A was about twofold
higher in diabetic mice (black bar, dark grey bar) than in non-diabetic
mice (light grey bar, white bar). e Urine VEGF-A increased in
diabetic+doxycycline (black bar) and diabetic–doxycycline mice (dark
grey bar), as well in non-diabetic+doxycycline mice overexpressing
Vegf164 (light grey bar). *p<0.05 vs non-diabetic–doxycycline control; †p
<0.05 vs diabetic–doxycycline control
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Podocyte Vegf164 overexpression in diabetic mice induces
semaphorin3a and VEGFR2 production Kidney semaphor-
in3a protein level was increased in diabetic and non-
diabetic mice overexpressing podocyte Vegf164 (Fig. 5a)

and localised to podocytes, as indicated by co-
immunostaining with podocin (Fig. 5f). Expression of
semaphorin3a receptor NRP1 was increased in both groups
of diabetic mice, as well as in non-diabetic mice over-
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expressing podocyte Vegf164 (Fig. 5b). Together, these
findings suggest that semaphorin3a signalling may be
upregulated in kidneys from diabetic mice overexpressing
podocyte Vegf164.

Next, we determined that kidney VEGFR2 production
increased in diabetic mice overexpressing Vegf164, as
measured by immunoblot and quantitative PCR (Fig. 5c,
e), suggesting enhanced local VEGF-A signalling. Vegfr1
(also known as Flt1) and soluble Vegfr1 mRNA levels were
also higher in diabetic mice overexpressing podocyte
Vegf164 than in uninduced diabetic mice (Fig. 5e).

Nephrin levels decreased in all diabetic mice and in non-
diabetic mice overexpressing podocyte Vegf164 compared
with uninduced controls, as shown by western blotting and
immunofluorescence (Fig. 5d, g), a finding consistent with
previous reports in human and experimental models of
diabetic nephropathy [27–29]. Podocin and Wt1 mRNA and
protein levels were not altered in diabetic mice or in mice
overexpressing podocyte Vegf164 (Fig. 5e, f), suggesting
that nephrin downregulation was not due to podocyte loss.
Moreover, podocyte numbers as determined by Wilms’
tumour antigen 1 immunofluorescence were similar in
diabetic and non-diabetic mice, irrespective of overexpres-
sion, or not, of podocyte Vegf164 (11.6±0.5 vs 11.0±0.44
podocytes per glomerulus and 12.3±0.5 vs 10.8±0.4
podocytes per glomerulus; p=NS).

Podocyte Vegf164 overexpression downregulates MMP-2 in
diabetic mice MMP-2 and MMP-9 dysregulation has been
implicated in abnormal extracellular matrix turnover, a
hallmark of diabetic nephropathy [30]. MMP-9 protein
levels and activity were increased in all diabetic mice
compared with non-diabetic controls, as assessed by
immunohistochemistry, immunoblotting and zymogram
(Fig. 6a–c). Since doxycycline is a non-specific inhibitor
of MMPs [31], the effects of doxycycline on MMP-9
activity were examined in single transgenic diabetic mice

(Fig. 6c), revealing that all diabetic mice had similar MMP-9
activity. Conversely, in non-diabetic mice overexpressing
podocyte Vegf164, MMP-9 protein levels and activity were
significantly decreased, suggesting that diabetes induces
MMP-9 production and activity, overriding the inhibitory
effect of podocyte Vegf164 overexpression.

Decreased MMP-2 protein was detected by immuno-
fluorescence and western blot in diabetic mice over-
expressing podocyte Vegf164 compared with diabetic
control mice and non-diabetic mice, including those
receiving doxycycline. This ruled out the possibility of
unspecific effects (Fig. 7a, b). Given that TIMPs modulate
MMPs activity [30], we determined kidney TIMP2 protein
levels, which were similar in all groups of mice (Fig. 7c).
Collectively, these data suggest that high local VEGF-A
signals in a diabetic milieu induce MMP-2 downregulation,
resulting in glomerular extracellular matrix accumulation,
as shown in Figs 2 and 3.

Discussion

The role of VEGF-A in kidney disease is complex, as
illustrated by the deleterious effects of increased VEGF-A
reported in crescentic glomerulonephritis and minimal
change disease [21, 32, 33], as well as by renoprotective
effects reported in the remnant kidney model [8]. Moreover,
decreased VEGF-A availability results in renal thrombotic
microangiopathy or hypertensive glomerulosclerosis [34–
36]. Diabetic nephropathy involves intricate changes in
VEGF-A. Kidney VEGF-A is upregulated in animal models
of diabetic nephropathy, mostly explored at the early stage
of diabetic nephropathy [2]. These findings are consistent
with improvement of renal dysfunction in rodent models of
diabetes treated with VEGF-A antibodies [5, 6, 37]. By
contrast, human kidney biopsies revealed increased VEGFA
mRNA levels at early stages of diabetic nephropathy, but
lower VEGFA expression in advanced diabetic nephropathy,
with, specifically, sclerotic glomeruli and mesangial nod-
ules expressing less VEGFA mRNA [38, 39]. Circulating
VEGF-A levels are elevated in patients with diabetic
nephropathy [24]. Thus, elevated glomerular VEGF-A at
the onset may decrease as the disease progresses. However,
the pathogenic role of VEGF-A in diabetic nephropathy
remains unclear.

In this study we examined the role of local VEGF-A
signalling in diabetic nephropathy using tetracycline-
regulated transgenic mice that overexpress Vegf164 in
podocytes upon induction with doxycycline and that were
made diabetic with low doses of streptozotocin. The
transgene was kept active throughout the study, directly testing
the hypothesis that excess podocyte VEGF-A triggers diabetic

Fig. 2 Podocyte Vegf164 overexpression in diabetic mice induces
advanced diabetic glomerulopathy. In diabetic+doxycycline mice
overexpressing podocyte Vegf164 PAS staining shows (a, d–f) nodular
glomerulosclerosis (blue arrows), (c, e, f) mesangiolysis (black
asterisks) and (b, d–f) microaneurysms (black arrows); (c, d) arteriolar
and vascular pole hyalinosis (white asterisks), (b, c) protein casts
(green asterisks) and (a, c–e) glomerular adhesions to Bowman’s
capsule are also shown. g Diabetic−doxycycline control and (h) non-
diabetic+doxycycline mice overexpressing Vegf164 showed moderate
mesangial expansion. i Non-diabetic−doxycycline control mice
showed normal glomerular structure. Scale bars (a–i), 40 μm.
j Glomerular volumes show that glomerulomegaly was present in all
diabetic mice, but was significantly increased by podocyte Vegf164
overexpression (+doxycycline, black bar). Non-diabetic+doxycycline
mice overexpressing podocyte Vegf164, (light grey bar) had milder
glomerulomegaly. White bar, non-diabetic control (−doxycycline); dark
grey bar, diabetic control (–doxycycline). *p<0.05 vs non-diabetic
−doxycycline control; †p<0.05 vs diabetic−doxycycline control
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Fig. 3 Ultrastructural features of VEGF-induced advanced diabetic
glomerulopathy. a TEM shows severe mesangial proliferation, sclerosis,
extracellular matrix expansion, focal endothelial cell swelling, GBM
thickening, foot process effacement and fusion in diabetic+doxycycline
mice overexpressing Vegf164. M, mesangium; CL, capillary lumen; P,
podocyte; asterisk, GBM. b Milder mesangial proliferation, GBM
thickening and foot process effacement in diabetic−doxycycline control
mice. c In non-diabetic+doxycycline mice overexpressing podocyte Vegf164
GBM was thick and podocytes were effaced. d Non-diabetic−doxycycline
control mice had normal ultrastructure. Scale bars (a, b) 2 μm, (c, d) 1 μm.
Insets (a–d) show foot processes and GBM at higher magnification

(scale bars 200 nm). e TEM morphometry shows significantly
increased GBM thickness and (f) increased density of occluding
junctions in diabetic+doxycycline mice overexpressing podocyte
Vegf164 (black bars), compared with uninduced diabetic−doxycycline
controls (dark grey bars). g Slit-diaphragm density and (h) foot
process width were similar in all diabetic mice, but different from
non-diabetic−doxycycline controls (white bars). e Non-diabetic
+doxycycline mice overexpressing podocyte Vegf164 (light grey
bars) had similar GBM thickness, (g) slit-diaphragm density and (h)
foot process width to diabetic mice. *p<0.05 vs non-diabetic
−doxycycline control; †p<0.05 vs diabetic−doxycycline control
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nephropathy and determines its severity. Podocyte Vegf164
overexpression in diabetic mice led to advanced diabetic
glomerulopathy, as evidenced by Kimmelstiel–Wilson-like
nodular glomerulosclerosis and massive proteinuria, involving
increased VEGF-A and semaphorin3a signalling, as well as
MMP-2 dysregulation.

We recently reported that induction of podocyte Vegf164
overexpression in adult mice causes a glomerular disease
characterised by glomerulomegaly, mesangial expansion,
GBM thickening, podocytes effacement and proteinuria in
the absence of hyperglycaemia [12]. This phenotype is
similar to incipient diabetic nephropathy or class IIa
diabetic nephropathy [40], suggesting that local VEGF-A
signalling at the GFB microenvironment plays an important
role in the development of diabetic nephropathy.

Podocyte Vegf164 overexpression accelerated the progres-
sion of diabetic nephropathy to advanced disease within
12 weeks of exposure to a diabetic milieu. Extensive nodular
glomerulosclerosis, mesangiolysis, microaneurysms and ar-
teriolar hyalinosis were observed, in addition to the
mesangial expansion and glomerulomegaly seen in diabetic
controls and typically reported in mice with streptozotocin-
induced diabetes [26, 41]. As described in humans, Kimmel-
stiel–Wilson-like nodular glomerulosclerosis (class III) was
found in combination with mesangial expansion and was

considered an advanced stage of disease [40]. Moreover,
glomerular endothelial damage was evidenced by micro-
aneurisms and the mesangial matrix was dramatically
increased. Massive proteinuria and moderate hyperfiltration
were associated with this glomerular phenotype.

Although circulating VEGF-A in diabetic mice was
approximately double that of non-diabetic mice, as previously
shown in humans and mice [23, 24], its levels were
indistinguishable between diabetic mice overexpressing
podocyte Vegf164 and those that did not, indicating that the
high circulating VEGF-A level depends on the diabetic
milieu. Importantly, the former group (i.e. diabetic mice
overexpressing podocyte Vegf164) had advanced nephropa-
thy, whereas the latter had incipient nephropathy, suggesting
that increased Vegf164 signals at the GFB microenvironment,
which do not alter systemic VEGF-A levels, are sufficient to
determine the severity of the diabetic glomerular phenotype.
In contrast to humans with advanced diabetic nephropathy,
glomerular Vegf164 remained elevated in our mouse model
throughout the study. Urine VEGF-A excretion was higher in
all diabetic mice than in non-diabetic controls, reflecting
circulating rather than podocyte Vegf164 expression. Con-
versely, all non-diabetic mice had normal plasma VEGF-A
levels, but urine VEGF-A excretion was dramatically
increased in mice overexpressing podocyte Vegf164, reflect-

Fig. 4 Podocyte Vegf164 overexpression in diabetic mice induces hyper-
filtration and massive proteinuria. a Creatinine clearance is higher in
diabetic+doxycycline mice overexpressing Vegf164 (black bar) than in
control diabetic−doxycycline mice (dark grey bar) and lower than in non-
diabetic+doxycycline mice overexpressing podocyte Vegf164, (light grey
bar). b Plasma creatinine is lower in diabetic+doxycycline mice
overexpressing Vegf164 (black bar) than in control diabetic−doxycycline
(dark grey bar) and all non-diabetic mice, i.e. +doxycycline (light grey

bar) and −doxycycline (white bar). c Diabetic+doxycycline mice over-
expressing podocyte Vegf164 (black bar) developed massive proteinuria,
which was around 100-fold higher than in non-diabetic−doxycycline
controls (white bar). Urinary albumin:creatinine ratio in non-diabetic
+doxycycline mice overexpressing podocyte Vegf164 (light grey bar) was
higher than in non-diabetic−doxycycline control mice (white bar), but
lower than in diabetic mice. *p<0.05 vs non-diabetic−doxycycline
control; †p<0.05 vs diabetic−doxycycline control

Characteristic Diabetes No diabetes

Doxycycline No doxycycline Doxycycline No doxycycline

n 8 7 10 10

Body weight (g) 24.89±0.5† 31.04±0.9 27.1±2.2 26.3±1.32

Kidney weight (mg) 249.4±10.1* 250±12.9* 205±12.7 193.5±10.3

Blood glucose (mmol/l) 32.1±1.08* 32.1±0.7 * 8.1±0.2 9.4±0.7

Urine volume (ml/day) 8.8±1.7†* 4.6±0.8 * 1.1±0.2* 0.5±0.1

Table 1 General variables in
diabetic and non-diabetic mice

*p<0.05 compared with no dia-
betes, no doxycycline; † p<0.05
compared with diabetes, no doxy-
cycline
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ing local production. Thus, unfortunately, urine VEGF-A
does not appear to be a useful marker for the severity of
diabetic nephropathy in this model. Similarly, urinary VEGF
did not correlate with albuminuria in patients with type 1
diabetes [42]. The best predictor of advanced glomerular

lesions in our model was the magnitude of albuminuria, as
severe diabetic glomerulopathy was systematically associat-
ed with massive proteinuria (approximately 100-fold higher
than controls), in agreement with reports in mice and humans
[43, 44].

Fig. 5 Podocyte Vegf164 overexpression in diabetic mice induces
semaphorin3a and VEGFR2 production. a Western blot and bar graph
showing increased kidney semaphorin3a (SEMA3A) levels in diabetic
+doxycycline (+dox) (black bar) and non-diabetic+doxycycline (light
grey bar) mice overexpressing podocyte Vegf164. b NRP1 levels were
increased in both groups of diabetic mice (black bar, dark grey bar) and
in non-diabetic+doxycycline mice overexpressing podocyte Vegf164
(light grey bar). c VEGFR2 levels were increased in diabetic
+doxycycline mice overexpressing Vegf164 (black bar). d Nephrin levels
were decreased in diabetic+doxycycline and diabetic−doxycycline, and
in non-diabetic+doxycycline (light grey bar) mice overexpressing
podocyte Vegf164 compared with non-diabetic−doxycycline control
(white bar). a–d Actin blots shown to document equal loading.
Densitometric analysis shows mean±SEM fold change in arbitrary units

as compared with controls, n≥4. *p<0.05 compared with control
(−doxycycline) e Real-time PCR showing that relative mRNA
expression of Vegfr2, Vegfr1 and soluble (s) Vegfr1 increased in
diabetic+doxycycline mice overexpressing podocyte Vegf164. *p<0.05
compared with diabetic−doxycycline control. Nephrin, podocin, Wt1
and eNos mRNA levels were not significantly different. f Dual-
immunostaining showed that podocyte SEMA3A level was increased
in diabetic and non-diabetic glomeruli overexpressing podocyte Vegf164
(+doxycycline), whereas podocin was unchanged. Merge images
demonstrate co-localisation. g Nephrin immunostaining shows de-
creased expression in both diabetic mouse groups (+doxycycline,
−doxycycline) and in non-diabetic+doxycycline mice overexpressing
podocyte Vegf164. Scale bars, 20 μm
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We established a mouse model of advanced diabetic
nephropathy within 12 weeks of sustained hyperglycaemia,
featuring two out of three of the modified validation criteria
for phenotyping murine models of diabetic nephropathy
that were recently proposed by the Animal Models of
Diabetic Complications Consortium, i.e. pathological crite-
ria and albuminuria tenfold greater than normal [41].
Moreover, the diabetic nephropathy model reported here
does not reveal any morphological and functional signs that

are unrelated to diabetic nephropathy and therefore possible
confounding factors [41]. Specifically, all diabetic mice
reported here were normotensive, irrespective of whether
the Vegf164 transgene was induced or not, indicating that
hypertension is not a contributing factor to diabetic
nephropathy severity in this model. Podocyte Vegf164
overexpression induced semaphorin3a upregulation in
diabetic and non-diabetic mice, and immunoreactive sem-
aphorin3a localised to podocytes, which is consistent with

Fig. 6 MMP-9 protein levels and activity were increased in diabetic
mice. a MMP-9 and collagen IV (coll IV) dual-immunostaining
showing increased MMP-9 levels in both groups of diabetic mice
(+doxycycline [+dox], −doxycycline [−dox]) compared with non-
diabetic−doxycycline controls. Non-diabetic+doxycycline mice over-
expressing podocyte Vegf164 showed decreased levels of MMP-9;
collagen IV was unchanged. b MMP-9 western blot shows increased
levels in diabetic mice and decreased levels in non-diabetic
+doxycycline mice overexpressing podocyte Vegf164 compared with
non-diabetic−doxycycline controls. Tubulin blots document equal
loading. Densitometric analysis shows mean±SEM fold change in

arbitrary units as compared with controls, n≥4. *p<0.05 compared
with control. Black bar, diabetic+doxycycline; dark grey bar, diabetic
−doxycycline; light grey bar, non-diabetic+doxycycline; white bar,
non-diabetic−doxycycline. c Zymogram showing increased MMP-9
activity in both diabetic mouse groups (+doxycycline, −doxycycline)
and decreased activity in non-diabetic+doxycycline mice overexpress-
ing podocyte Vegf164 compared with control non-diabetic−doxycycline
mice. Single transgenic diabetic+doxycycline (ST+dox) mice had
MMP-9 activity similar to the other diabetic mice. rmMMP-9,
recombinant mouse MMP-9

Diabetologia (2011) 54:1227–1241 1237



our previous report [14]. Kidney NRP1 was upregulated in
all diabetic mice and to a lesser extent in non-diabetic mice
overexpressing Vegf164, probably due to the high VEGF-A
level. Together, these findings suggest that enhanced
semaphorin3a signalling is associated with increased
podocyte Vegf164 signalling and may contribute to the
pathogenesis of the advanced diabetic nephropathy reported
herein. Nrp1 mRNA downregulation has been reported in
glomeruli from db/db mice and in patients with diabetic
nephropathy [18], but NRP1 protein expression and its
relationship with VEGF levels were not measured. In
addition, differences in diabetes model and species may
contribute to the discrepancy between the data. We
previously reported that semaphorin3a decreases podocin
interaction with nephrin and CD2-associated protein, and
induces podocyte apoptosis in vitro [10, 15], and have also
shown that semaphorin3a induces podocyte effacement and
proteinuria in vivo [14, 45]. Recently we demonstrated that
a tight Sema3a gene dosage regulation is required for

normal GFB development [14]. In contrast to the previous
studies, in which excess semaphorin3a signalling resulted
in VEGFR2 downregulation, in the present model of
diabetic nephropathy increased VEGFR2 production,
VEGF-A and semaphorin3a signalling occurred simulta-
neously. The mechanistic significance of enhanced sem-
aphorin3a signalling in diabetic nephropathy remains to be
established. We speculate that semaphorin3a signalling may
play a role in the pathogenesis of microvascular lesions and
mesangiolysis in diabetic nephropathy.

Diabetes types 1 and 2 in eNos−/− mice are thought to be
the best animal models of diabetic nephropathy, in which
mice with a resistant genetic background develop advanced
glomerular and interstitial lesions, decreased glomerular
filtration rate and hypertension [7, 9]. However, eNos−/−

mice develop hypertension, and macro- and microvascular
disease unrelated to diabetes [46, 47]. Nakagawa et al.
postulated that VEGF is deleterious in diabetic nephropathy
because the bioavailability of nitric oxide is reduced [7, 8].

Fig. 7 MMP-2 is downregu-
lated by diabetic mice overex-
pressing podocyte Vegf164. a
MMP-2 and laminin dual-
immunostaining showing de-
creased levels of MMP-2 in
diabetic+doxycycline (+dox)
mice overexpressing podocyte
Vegf164. Scale bars, 20 μm. b
MMP-2 western blot with bar
graph showing decreased ex-
pression in diabetic
+doxycycline mice overexpress-
ing podocyte Vegf164. c TIMP-2
western blot with bar graph
showing similar expression in
all experimental groups. b, c
Densitometric analysis shows
mean±SEM fold change in ar-
bitrary units as compared with
controls, n≥4. *p<0.05 com-
pared with control−doxycycline.
Black bars, diabetic
+doxycycline; dark grey bars,
diabetic−doxycycline; light grey
bars, non-diabetic+doxycycline;
white bars, non-diabetic
−doxycycline
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In diabetic mice, podocyte Vegf164 overexpression induced
advanced diabetic nephropathy in the absence of changes in
endothelial nitric oxide synthase expression. Thus, exces-
sive VEGF-A signalling in the GFB microenvironment may
be sufficient to trigger the development of Kimmelstiel–
Wilson-like nodular glomerulosclerosis, mesangiolysis and
microaneurysms in diabetic mice.

In agreement with previous reports on rodent and human
diabetic nephropathy [27–29], nephrin was downregulated
in both groups of diabetic mice. Non-diabetic mice over-
expressing podocyte Vegf164 also showed decreased nephrin
expression, confirming our previous results [12]. Interest-
ingly, the podocyte counts were similar in diabetic and non-
diabetic mice, suggesting that nephrin downregulation was
not due to podocyte loss, and might be related to VEGF
signalling and mediated by VEGFR2–nephrin interaction
[12]. Consistent with this, VEGFR2 blockade with SU5416
in db/db mice improved nephrin expression, albuminuria
and GBM thickening [37], and podocyte overexpression of
soluble VEGFR1, which functions as a dominant negative
or sink for VEGF-A, improved albuminuria and GBM
thickening [11]. In contrast, increased circulating soluble
VEGFR1 decreased albuminuria, but caused loss of
function and interstitial damage [48], underscoring the
importance of local VEGF-A availability at the GFB as a
determinant of severity of diabetic nephropathy.

Extracellular matrix turnover is controlled by protein
synthesis and remodelling mediated by MMPs and TIMPs;
a balance of TIMP and MMP function determines extra-
cellular matrix integrity. However, the reported findings on
regulation of extracellular matrix turnover by MMPs and
TIMPs in diabetic nephropathy are discordant [30]. Dia-
betic mice overexpressing podocyte Vegf164 showed signif-
icant decreases in whole-kidney and glomerular MMP-2
levels, which were not observed in non-diabetic mice with
identical genotypes and Vegf1644 overexpression induced by
doxycycline. These data suggest that MMP-2 downregula-
tion is not caused by non-specific MMP inhibition by
doxycycline and may contribute to the glomerular extracel-
lular matrix accumulation observed in diabetic mice over-
expressing podocyte Vegf164. However, MMP-9 production
and activity were increased in diabetic mice overexpressing
podocyte Vegf164 and in control diabetic mice, suggesting
this change is due to the diabetic milieu rather than to the
Vegf transgene or doxycycline. In agreement with our in
vivo data, prior in vitro studies demonstrated that high
glucose modulates podocyte MMP-9 production and
activity [49]. Interestingly, in the absence of a diabetic
milieu, podocyte Vegf164 overexpression specifically de-
creased MMP-9 expression and activity, suggesting that
hyperglycaemia overrides Vegf164 regulation of MMP-9
activity in the kidney. TIMP-2 levels were similar in
diabetic and non-diabetic mice, in agreement with findings

in human diabetes [30], suggesting a weak role in MMP
dysregulation at this stage of diabetic nephropathy.

De Vriese et al. and Schrijvers et al. showed that
hyperfiltration and proteinuria were reduced by anti-
VEGF antibody in mouse models of type 1 and 2 diabetes,
demonstrating that VEGF-A plays a crucial role in diabetic
nephropathy [5, 6]. Here we showed that podocyte Vegf164
overexpression induced hyperfiltration and massive pro-
teinuria in diabetic mice, in the setting of similarly elevated
circulating VEGF-A levels, suggesting that local Vegf164
alters glomerular haemodynamics synergistically with a
VEGF-A systemic effect in diabetic mice.

In summary, the present study shows that increased
podocyte Vegf164 signalling dramatically worsens diabetic
nephropathy in streptozotocin-induced diabetic mice, result-
ing in diabetic nodular glomerulosclerosis and massive
proteinuria. Our data suggest that in addition to VEGF-A,
MMP-2 dysregulation and increased semaphorin3a signal-
ling are mechanistically involved in severe diabetic glomer-
ulopathy. This novel model of advanced diabetic
nephropathy, which resembles human disease, should prove
useful for testing preventive and therapeutic interventions.
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