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Podocytes, the principal component of the
glomerular filtration barrier, regulate glomerular
permeability to albumin via their contractile proper-
ties. Both insulin- and high glucose (HG)-dependent
activation of protein kinase G type Ia (PKGIa)
cause reorganization of the actin cytoskeleton and
podocyte disruption. Vasodilator-stimulated phospho-
protein (VASP) is a substrate for PKGIa and
involved in the regulation of actin cytoskeleton dy-
namics. We investigated the role of the PKGIa/
VASP pathway in the regulation of podocyte perme-
ability to albumin. We evaluated changes in high
insulin- and/or HG-induced transepithelial albumin
flux in cultured rat podocyte monolayers. Expression
of PKGIa and downstream proteins was confirmed
by western blot and immunofluorescence. We demon-
strate that insulin and HG induce changes in the
podocyte contractile apparatus via PKGIa-dependent
regulation of the VASP phosphorylation state, in-
crease VASP colocalization with PKGIa, and alter
the subcellular localization of these proteins in podo-
cytes. Moreover, VASP was implicated in the insu-
lin- and HG-dependent dynamic remodelling of the
actin cytoskeleton and, consequently, increased podo-
cyte permeability to albumin under hyperinsulinaemic
and hyperglycaemic conditions. These results indicate
that insulin- and HG-dependent regulation of albu-
min permeability is mediated by the PKGIa/VASP
pathway in cultured rat podocytes. This molecular
mechanism may explain podocytopathy and albumin-
uria in diabetes.
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Chronic hyperglycaemia and hyperinsulinemia are
conducive to the development of diabetic nephropathy
(DN), one of the main complications of diabetes mel-
litus (1). The first clinical sign of DN is albuminuria
due to increasing glomerular barrier permeability (2).
The main component of the glomerular filtration bar-
rier is podocytes, which are highly specialized, termin-
ally differentiated cells that surround glomerular
capillaries (3). Podocytes consist of a cell body, major
processes and interdigitating foot processes (FPs)
forming the filtration slit. Neighbouring FPs are con-
nected by cell–cell junctions called a slit diaphragm
(SD), which is the major glomerular filter sieve imper-
meable to plasma proteins, such as albumin (2, 4, 5).

Podocytes play a key role in regulating glomerular
filtration barrier permeability through actin filament
reorganization in the FPs. The FPs are actin-rich
structures in which longitudinally orientated thick
actin bundles are surrounded by a sub-plasmalemmal
network of cortical branched actin filaments that link
the SD domain, the basal domain of FPs, and the ap-
ical domain of FPs to the actin bundle (6). The FP
actin cytoskeleton is a complex contractile apparatus
that enables podocytes to be dynamic and rearrange
themselves rapidly depending on the needed changes
in filtration; therefore, podocyte morphology and
function are strictly associated with the actin cytoskel-
eton (7). Podocyte injury is characterized by altera-
tions in SD function, leading to the effacement of
FPs, increased podocyte motility and increasing
proteinuria (8, 9). In patients suffering from diabetes-
associated nephropathy, podocyte structure and func-
tion are altered and correlate with the urinary albumin
excretion rate (10, 11).
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Insulin is a hormone that directly influences podo-
cyte actin rearrangement and is extremely important
in maintaining glomerular filtration barrier integrity.
Stimulation of the insulin receptor causes retraction of
actin-rich FPs, increasing cell motility and migration,
whereas knocking down insulin receptor in mice
podocytes leads to FP decline, resulting in albumin-
uria (12). In vitro studies have confirmed a stimulating
effect of insulin on podocyte albumin permeability
(13, 14). The evidence indicates a significant relation-
ship between insulin signalling, actin cytoskeleton re-
organization and glomerular permeability.
Protein kinase G type Ia (PKGIa) is involved in

insulin-dependent regulation of the glomerular filtra-
tion barrier (14–16). The PKGIa isoform present in
cultured rat podocytes is activated by insulin through
the formation of interprotein disulphide bonds be-
tween its two subunits (17). Piwkowska et al. (14)
demonstrated that insulin influences actin rearrange-
ment and increases podocyte permeability to albumin
in a PKGIa-dependent manner. Moreover, a high glu-
cose (HG) concentration also augments podocyte per-
meability to albumin in a PKGIa-dependent manner,
suggesting a crucial role of PKGIa in the development
of DN (18, 19).
Contractile system of cells depends on myosin light

chain (MLC) phosphorylation at Ser19 (20). The
phosphorylation state of MLC may serve as a bio-
logical marker of PKGIa activation in cultured rat
podocytes. Insulin- and HG-induced activation of
PKGIa decreases the level of MLC phosphorylation
(pMLC; 18, 21). This mechanism leads to relaxation
of the podocytes and increases their permeability to
albumin (14, 17).
PKGIa activation, actin reorganization, and altera-

tions in protein permeability in a podocyte filtration
monolayer are closely related. Unfortunately, the indir-
ect link between PKGIa activation and actin filament
reorganization in FPs is still not known, and further
studies are needed to explain the effect of their mutual
interaction on glomerular barrier permeability.
Vasodilator-stimulated phosphoprotein (VASP)

belongs to the group of proteins that regulate the or-
ganization of the actin cytoskeleton. VASP belongs to
the family of Ena/VASP actin-associated proteins (22)
and localizes to the actin microfilaments, focal adhe-
sions, stress fibres, cell–cell junctions and dynamic
membrane regions (23–26). Functionally, VASP par-
ticipates in actin filament elongation and cell migra-
tion, whereas phosphorylation of VASP influences its
subcellular localization, affects the regulation of actin
polymerization and attenuates VASP affinity for actin
by 40-fold (27–29). PKG phosphorylates VASP at
Ser239 (30), the functional consequence of which is in-
hibition of actin filament assembly (27, 31). In vascu-
lar smooth muscle cells (VSMCs), effective vascular
contractility depends on the elongation of actin fila-
ments, which is mediated by VASP (29). Activation of
the PKG/VASP signalling pathway, including VASP
phosphorylation at Ser239 (pVASP Ser239), results in
vascular relaxation in VMSCs (32). Unfortunately, lit-
tle is known about the role of VASP and its phos-
phorylated form in podocyte function. Recently,

inhibition of PAR1 phosphatase was demonstrated to
result in augmented podocyte motility, dependent on
pVASP Ser239 (33). These data suggest that the prop-
erties of VASP render it a suitable receptor-mediated
transmitter of molecular signals to the podocyte actin
cytoskeleton, and that it may be involved in podocyte
pathophysiology.

In this study, we investigated whether VASP is
involved in regulating the podocyte actin cytoskeleton
and permeability through insulin- and/or HG-
dependent activation of PKGIa. This research will pro-
vide new insight into the role of VASP in podocyte
function under physiological and pathophysiological
conditions. Moreover, our research suggests VASP
phosphorylation state as a potential biomarker of DN.

Materials and Methods

Preparation and culture of rat podocytes
All experiments were performed in accordance with directive 2010/
63/EU for animal experiments and the protocol approved by the
local ethics committee of UTP University of Science and
Technology, Bydgoszcz, Poland.

Female Wistar rats weighing 120–140 g were used for primary
podocyte culture as described previously (14). All experiments were
performed using podocytes cultured for 12–20 days. Cell phenotypes
were confirmed by podocyte-specific antibodies against Wilms
tumor-1 protein (Biotrend Koeln, Germany) and synaptopodin
(Progen, Heidelberg, Germany). Previous studies had showed that
cells incubated for 5 days in HG become insulin resistant (34).
Therefore, before different experiments, podocytes were incubated
for 5 days in SG medium (RPMI-1640 medium, 10% fetal bovine
serum (FBS), 11.1mM D-glucose) or HG medium (RPMI-1640 me-
dium, 10% FBS, 30mM D-glucose) and in the presence or absence
of PKGIa modulators. Medium with appropriate modulator was
changed two times. L-glucose served as an osmotic control for HG.

Western blotting
To obtain podocyte lysates, the cells were treated with lysis buffer
(1% Nonidet P-40, 20mM Tris, 140mM NaCl, 2mM EDTA, 10%
glycerol) in the presence of protease (Sigma-Aldrich) and phosphatase
(Roche) inhibitor cocktails and homogenized at 4�C by scraping.
Proteins in the supernatant (15mg) were separated on a 10% SDS-
polyacrylamide gel and electrotransferred to nitrocellulose
membranes. The following primary antibodies were used for western
blotting: anti-VASP (1:28000, Sigma-Aldrich), anti-p-VASP (Ser239)
(1:667, Abcam), anti-cGKIa (1:400, Santa Cruz Biotechnology), anti-
p-MLC2 (Ser19) (1:667, Cell Signaling Technology) and anti-actin
(1:16000, Sigma-Aldrich). To detect the primary antibodies, the mem-
branes were incubated with the appropriate alkaline phosphatase-
labelled secondary antibodies (Sigma-Aldrich). The protein bands
were visualized using the colorimetric 5-bromo-4-chloro-3-indolyl-
phasphate/nitroblue tetrazolium system. Densitometric quantification
of bands was performed using Quantity One software (Bio-Rad).

Small-interfering RNA transfection
Podocytes were transfected with small-interfering RNAs (siRNAs)
targeting VASP, PKGIa or non-silencing siRNA (scrambled
siRNA, negative control; OriGene). Cells were cultured in RPMI-
1640 medium supplemented with 10% FBS. One day before the ex-
periment, the culture medium was changed to antibiotic-free RPMI-
1640 supplemented with 10% FBS. The cells were transfected with
siRNAs using siRNA Transfection Reagent (OriGene) according to
the manufacturer’s instructions. Briefly, the targeted siRNA or
scrambled siRNA was diluted in Transfection Medium (final con-
centration, 80 nM), mixed with siRNA Transfection Reagent, and
incubated for 30min at room temperature. Next, the Transfection
Medium was added to the transfection mixture, mixed gently, and
added to the podocytes. After 7 h, growth medium supplemented
with 2� higher concentrations of FBS and antibiotics was added to
the cells. Afterwards, the podocytes were incubated for an
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additional 24 h. After transfection, gene silencing was checked at the
protein level by western blotting.

The siRNA targeting VASP was synthesized by OriGene (cat.
no. SR515513). A set of VASP Rat siRNA Oligo Duplex consists of
three unique 27mer siRNA duplexes. The experiments with all these
three siRNA Duplexes (A–C) were conducted. The siRNA targeting
PKGIa was synthesized by Santa Cruz Biotechnology (cat. no. sc-
270330) and consisted of pools of three to five target-specific 19� 25
nucleotide siRNAs.

Immunofluorescence
Podocytes were seeded on coverslips coated with Type 1 collagen
(Becton Dickinson Labware, Becton, UK) and cultured in RPMI-
1640 medium supplemented with 10% FBS. Cells were fixed in PBS
plus 4% formaldehyde for 20min at room temperature. Fixed podo-
cytes were permeabilized with 0.1% Triton-X for 3min and then
blocked with PBSB solution [phosphate-buffered saline (PBS) plus
2% FBS, 2% bovine serum albumin (BSA) and 0.2% fish gelatin]
for 1 h. After blocking, cells were incubated with anti-VASP (1:30)
and anti-PKGIa (1:15) antibodies in PBSB at 4�C for 1.5 h. The pri-
mary antibodies were incubated with blocking peptide to eliminate
non-specific staining. Next, the cells were washed three times with
cold PBS and incubated with secondary antibodies conjugated to
Alexa Fluor 488 (1:750) or Alexa Fluor 546 (1:750). Actin was
stained using Alexa Fluor 633 phalloidin (1:200). Specimens were
imaged using a confocal laser scanning microscope (Leica SP8X)
with a 63� oil immersion lens.

Permeability assay
Transepithelial permeability to albumin was investigated by measur-
ing the diffusion of fluorescein isothiocyanate (FITC)-labelled BSA
(Sigma-Aldrich) across the podocyte monolayer as described previ-
ously by Oshima et al. (35, 36), with minor modifications. Briefly,
podocytes (25� 103 cells/well) were seeded on 3-lm membrane pore
size cell culture inserts coated with type IV collagen (Corning) and
placed in 24-well plates. Transwell permeability experiments were
conducted on differentiated cells between 7 and 15days post-
seeding. Before the experiments, podocytes were washed twice with
PBS and medium on both sides of the insert and the medium
replaced with serum-free RPMI-1640 medium (SFM). After 2 h, the
medium in the upper compartment was replaced with fresh SFM

supplemented with 1mg/ml FITC-albumin. After 1 h incubation,
the solution from the upper chamber was transferred to a 96-well
plate and the absorbance of FITC-albumin measured at 490 nm
using an EL808 Absorbance Reader (BioTek Instruments, Inc.,
Winooski, VT, USA).

Statistical analysis
Statistical analyses were performed using the unpaired t-test and
one-way ANOVA, followed by the Student–Newman–Keuls test to
determine significance. Values are reported as means 6 SEMs.
Significance was set at P< 0.05.

Results

Short-term incubation with insulin increases PKGIa-
dependent VASP phosphorylation in cultured rat
podocytes
Insulin-mediated PKGIa activation greatly affects
podocyte functioning (15, 37, 38). Therefore, we ques-
tioned whether insulin has an impact on pVASP
Ser239. The expression of total VASP did not change
significantly after administration of insulin or 8-Br-
cGMP (Fig. 1A), but we found that podocytes treated
with insulin (300 nM, 5min) or PKG activator 8-Br-
cGMP (100lM, 5min) had significantly elevated
basal levels of phosphorylated VASP Ser239, by 23%
(0.866 0.06 versus 0.696 0.04, n¼ 9, P< 0.05,
Fig. 1B) and 174% (1.896 0.24 versus 0.696 0.04,
n¼ 9, P< 0.05, Fig. 1B), respectively. Pre-incubation
of podocytes with PKG inhibitor Rp-8-Br-cGMPS
abolished the effect of insulin on VASP phosphoryl-
ation (0.576 0.04 versus 0.866 0.06, n¼ 8–9,
P< 0.05, Fig. 1B). Moreover, immunofluorescent
staining of podocytes to visualize localization of
PKGIa and VASP confirmed that both insulin and 8-
Br-cGMP increased the interaction of these two

Fig. 1. The effects of PKG modulators on VASP expression and its phosphorylation level in podocytes. Podocytes were treated with insulin
(INS; 300 nM, 5min), PKG activator 8-Br-cGMP (100lM, 5min), and/or PKG inhibitor Rp-8-Br-cGMPS (Rp-8; 100lM, 20min pre-incu-
bation). Densitometric analysis of the corresponding bands was performed, and values are presented as the ratio of band intensity for VASP
to actin (A) and pVASP Ser239 to VASP (B). Values are the mean 6 SEM, n¼ 9–10, *P< 0.05.
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proteins and changed their localization from peri-
nuclear to a more even distribution in the cell (Fig. 2).
These results suggest that PKGIa activation is
required for insulin-induced pVASP Ser239, and
phosphorylation at this site alters PKGIa and VASP
localization in podocytes.

Long-term incubation with insulin and HG increase
VASP expression in cultured rat podocytes
Insulin and HG mediate PKGIa activation in podo-
cytes (18). We hypothesized that VASP expression is
augmented under hyperinsulinaemic and hypergly-
caemic conditions. Podocytes were cultured in stand-
ard glucose (SG, 11mM) or HG (30mM) medium in
the presence or absence of insulin (300 nM) for 5 days.
Insulin and HG increased the level of total VASP

protein by 35% (0.836 0.03 to 1.126 0.08, n¼ 4,
P< 0.05) and 29% (0.836 0.03 to 1.076 0.07, n¼ 4,
P< 0.05), respectively (Fig. 3A). Immunofluorescence
experiments confirmed the increased PKGIa and
VASP colocalization in podocytes cultured under
hyperinsulinaemic conditions (from 25.78% to
38.65%, n¼ 3, P< 0.05, Fig. 3B). In addition,
long-term incubation of podocytes with insulin led
to an enhancement of the immunofluorescent sig-
nal and perinuclear localization of PKGIa and
VASP (Fig. 3B). Under hyperglycaemic conditions,
colocalization of PKGIa and VASP significantly
increased, correlating with a more even distribu-
tion of these proteins in podocytes compared with
SG (Fig. 3B).

Fig. 2. Subcellular distribution of PKGIa and VASP in cultured rat podocytes. The merged images show colocalization of PKGIa with VASP
in differentiated rat podocytes. Cells seeded onto coverslips were incubated with insulin (INS, 300 nM, 5min), 8-Br-cGMP (100lM, 5min),
and/or Rp-8-Br-cGMPS (100lM, pre-incubation 20min). Podocytes were immunostained with anti-PKGIa (1:15; Santa Cruz
Biotechnology) and anti-VASP (1:30; Sigma Aldrich) antibodies. Quantitative analysis of protein colocalization was performed with LAS
AF 3.3.0 software (n¼ 4–5). The pixel intensities were quantified and the results presented as Pearson’s correlation coefficients and colocali-
zation rates (%).
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To confirm that PKGIa interacted with VASP
under SG and HG conditions, podocytes were treated
with Rp-8-Br-cGMPS (50lM), a PKG inhibitor, for

5 days. Rp-8-Br-cGMPS decreased the amount of
VASP protein by 32% (0.726 0.05 to 0.496 0.02,
n¼ 3, P< 0.05) and 48% (0.876 0.03 to 0.456 0.06,

Fig. 3. The influence of insulin and HG on VASP expression in rat podocytes. Insulin (INS, 300 nM) increased VASP levels in podocytes
exposed to SG (11mM) or HG (30mM) (A). Colocalization of PKGI and VASP in podocytes cultured in SG or HG medium in the presence
or absence of insulin (300 nM, 5 days) (B). Densitometric analysis was performed to establish the amount of VASP protein under the differ-
ent conditions. Actin was used as a loading control. Quantitative analysis of protein colocalization was performed using LAS AF 3.3.0 soft-
ware. The pixel intensities were quantified and evaluated by Pearson’s correlation to derive the colocalization rate (%). Values are the mean
6 SEM, n¼ 3–4, *P< 0.05 compared with SG.
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n¼ 3, P< 0.05) in podocytes treated with SG and
HG, respectively (Fig. 4).
These findings suggest that activation of PKGIa

may mediate enhanced VASP expression and alter
VASP functioning in podocytes by affecting its phos-
phorylation and localization under hyperinsulinaemic
and hyperglycaemic conditions.

Downregulation of PKGIa expression in podocytes
disturbs VASP phosphorylation at Ser239
Phosphorylation at Ser239 of VASP is a useful marker
for monitoring both cGMP-dependent and cGMP-
independent activation of PKG (39). To determine
whether increased VASP Ser239 phosphorylation is a
consequence of PKGIa activation, we transfected podo-
cytes with PKGIa siRNA, reducing the quantity of this
protein by 40% (0.766 0.04 versus 0.466 0.04, n¼ 9,
P< 0.05) under SG conditions and 48% (0.886 0.06
versus 0.466 0.02, n¼ 9, P< 0.05) under HG condi-
tions (Fig. 5A). In total, 49.5% transfection efficiency
was obtained with the PKGIa siRNA (Fig. 6B).
Our results show that PKGIa regulates the VASP

phosphorylation state. PKGIa gene silencing
decreased the basal level of pVASP Ser239 by 47%
(0.936 0.02 versus 0.436 0.06, n¼ 4, P< 0.05;
Fig. 5B) and the basal level of VASP by 10%
(1.376 0.03 versus 1.246 0.03, n¼ 5, P< 0.05,
Fig. 5C). Rp-8-Br-cGMPS treatment also significantly
reduced the quantity of pVASP Ser239 (Fig. 5B).
The data also indicate that HG-dependent activa-

tion of PKGIa results in increased pVASP Ser239.
This effect was abolished by both PKGIa gene silenc-
ing (0.886 0.06 versus 0.466 0.02, n¼ 9, P< 0.05)
and Rp-8-Br-cGMPS (1.096 0.06 versus 0.776 0.04,
n¼ 3–4, P< 0.05, Fig. 5B). Moreover, we found dif-
ferent evidence of a mutual interaction between

PKGIa and VASP activity. We observed that downre-
gulation of PKGIa expression induced a 20% de-
crease in the level of VASP protein (1.526 0.06 versus
1.226 0.04, n¼ 9, P< 0.05, Fig. 5C) under HG
conditions.

This observation raises the question of whether
increased phosphorylation of VASP determines a
PKGIa-mediated decrease in pMLC in podocytes. To
investigate this in more detail, we examined the level
of pMLC phosphorylation under the same experimen-
tal conditions as in the pVASP Ser239 experiments
above. Podocytes with reduced PKGIa gene expres-
sion and podocytes treated with Rp-8-Br-cGMPS had
the same level of pMLC as control cells cultured
under SG conditions (Fig. 5D). Under HG conditions,
the pMCL level was diminished by 21% (0.816 0.03
versus 0.646 0.03, n¼ 10–11, P< 0.05). In addition,
inhibition of PKGIa activity by PKGIa siRNA or
Rp-8-Br-cGMPS significantly increased the phosphor-
ylation of MLC (Fig. 5D).

These results indicate a possible mechanism by
which HG-dependent activation of the PKGIa/VASP
signalling pathway leads to diminished pMLC and
contributes to limited podocyte contractility.

Effect of insulin and HG on PKGIa/VASP signalling in
podocytes with downregulated VASP expression
We previously showed that insulin and HG contribute
to a reduction in the pMLC pool in a PKGIa-depend-
ent manner (18). Based on our findings that PKGIa
exhibits a regulatory effect on VASP expression, we
examined whether VASP is involved in insulin- and
HG-dependent regulation of PKGIa expression and
the contractile apparatus in podocytes.

Therefore, we used siRNA to downregulate VASP
expression in podocytes. Based on obtained results

Fig. 4. The effect of PKG inhibitor on VASP expression in rat podocytes. Cells were cultured in SG (11mM) or HG (30mM) medium for
5 days in the presence or absence of 50lM Rp-8-Br-cGMPS, a PKG inhibitor. Values are mean 6 SEM, n¼ 3, *P< 0.05 compared do SG,
#P< 0.05 compared with HG.
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(Fig. 6A), the VASP siRNA Duplex A was used. We
observed an �35% decrease in VASP protein
(1.116 0.05 to 0.726 0.03; n¼ 11–13, P< 0.05,

Fig. 6A) in podocytes. Taking into consideration the
fact, that podocytes are difficult to transfect as they
constitute primary cell line, the �35% knockdown of

Fig. 5. Effect of PKGIa gene silencing on VASP and pMLC expression in rat podocytes. Podocytes were transfected with PKGIa siRNA and
cultured in SG (11mM) or HG (30mM) medium in the presence or absence of Rp-8-Br-cGMPS (50 lM) for 5 days. The band intensities for
PKGIa (A), pVASP Ser239 (B), VASP (C) and pMLC (D) are reported as the ratio to the actin band intensity. Values are the mean 6
SEM, n¼ 3–11, *P< 0.05 compared with SG scrambled siRNA, #P< 0.05 compared with appropriate scrambled siRNA.
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the VASP expression was considered as satisfactory
for further research.
Insulin or HG alone caused increase in the level

pVASP Ser239 by 21% (Fig. 7A). The combined ef-
fect of insulin and HG on these proteins was not addi-
tive. Furthermore, VASP siRNA transfection
drastically decreased the level of pVASP Ser239, by
69% in the presence of SG and 77% in the presence
of insulin and/or HG (Fig. 7A).
Next, we measured the effect of insulin and/or HG

on PKGIa expression after downregulation of VASP
using siRNA. The transfection of podocytes with
VASP siRNA reduced the effect of both insulin and
HG on VASP expression (Fig. 7B). Incubation with in-
sulin and/or HG induced an increase in PKGIa expres-
sion in podocytes (Fig. 7C). Interestingly, transfection
of podocytes with VASP siRNA substantially reduced
the effect of insulin or HG on PKGIa expression, by
24% (1.756 0.05 versus 1.346 0.06, n¼ 14, P< 0.05)
and 32% (1.96 0.08 versus 1.36 0.06, n¼ 14–15,
P< 0.05), respectively (Fig. 7C). Notably, VASP
downregulation by siRNA significantly diminished the
basal PKGIa expression in podocytes (Fig. 7C).
Given the observed effects of insulin and/or HG on

PKGIa-dependent phosphorylation of VASP at
Ser239, we predicted that the expression of proteins
involved in regulating the podocyte contraction ap-
paratus should be restored to a basal level in podo-
cytes transfected with VASP siRNA. We assayed that
insulin or HG decreased the basal phosphorylation of
MLC (1.496 0.04) by �13% (Fig. 7D). The combined
exposure to insulin and HG had no additive effect on

pMLC. In accordance with our predictions, VASP
siRNA administration increased pMLC expression by
�23% in the presence of insulin, 21% in the presence
of HG, and 39% in the presence of both insulin and
HG (Fig. 7D). These results suggest that insulin and
HG regulated the podocyte contraction apparatus by
signalling to pMLC through activation of the PKGIa/
VASP signalling pathway.

Insulin and HG affect actin cytoskeleton
organization through a VASP-dependent
mechanism in cultured rat podocytes
Because insulin and HG signalling and VASP function
are associated with actin filament formation, dynam-
ics, and molecular organization, we hypothesized that
VASP mediates actin cytoskeleton reorganization in
rat podocytes cultured under hyperinsulinaemic or
hyperglycaemic conditions. Podocytes seeded on cov-
erslips were transfected with VASP siRNA and cul-
tured in SG or HG medium in the presence or absence
of insulin. Morphological changes of cells were cap-
tured using a fluorescence microscope. The F-actin of
the podocytes exposed to SG conditions was distrib-
uted as prominent bundles that traversed the cell
along the axis of the podocyte (Fig. 8). Insulin- and
HG-treated cells demonstrated increased F-actin
immunostaining in cortical regions, grouped together
along the cell periphery, but insulin and HG had only
a slight effect on intracellular F-actin staining. The
effects of insulin and HG on F-actin network organ-
ization were abolished by siRNA-mediated knock-
down of VASP expression (Fig. 8).

Fig. 6. Effects of siRNA targeting VASP and PKGIa on the expression of VASP and PKGIa proteins in cultured rat podocytes. Densitometric

analysis of (A) and (B) was performed to establish the amount of VASP and PKGIa proteins, respectively. Actin was used as a loading control.
Controls (CTRL) were run with scrambled siRNA. Values are the mean 6 SEM, n¼ 11–13 (VASP) and n¼ 3 (PKGIa), *P< 0.05 compared
with scrambled siRNA, #P< 0.05 compared with CTRL (non-transfected podocytes).
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Fig. 7. Effect of VASP gene silencing on PKGIa-dependent pMLC. Cells were transfected with VASP siRNA and cultured under SG or HG
conditions in the presence or absence of insulin (INS, 300 nM, 5 days). The band intensities for pVASP Ser239 (A), VASP (B), PKGIa (C)
and pMLC (D) are reported as the ratio to the actin band intensity. Values are the mean 6 SEM, n¼ 9–15. *P< 0.05 compared with SG
scrambled siRNA, #P< .05 compared with appropriate scrambled siRNA.
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Insulin and HG increase permeability of cultured rat
podocytes to albumin through a VASP-dependent
mechanism
In light of recent findings that insulin and HG
increase podocyte permeability to albumin in a
PKGIa-dependent manner (18), we hypothesized that
VASP is part of this signalling pathway. Both insulin
and HG markedly increased podocyte permeability.
The transmembrane flux for albumin markedly
increased 43.7% in podocytes incubated with insulin.
Moreover, under HG conditions, albumin permeation
was significantly elevated, by 40% (Fig. 9). The

combined action of insulin and HG had no additional
effect on albumin permeability (Fig. 9).

To characterize the role of VASP in the regulation
of podocyte permeability to albumin, we knocked
down VASP protein expression using siRNA. Cells
transfected with VASP siRNA exhibited a significant
reduction in podocyte permeability to albumin under
both hyperinsulinaemic (32.536 2.72 versus
55.566 3.02lg/ml, n¼ 13–14, P< 0.05) and hypergly-
caemic (32.836 2.43 versus 52.186 4.43lg/ml,
n¼ 12–14, P< 0.05) conditions (Fig. 9). These results
suggest that insulin- and HG-triggered PKGIa/VASP

Fig. 8. VASP mediates remodelling of the actin cytoskeleton in podocytes. Podocytes were seeded on coverslips and cultured in SG (11mM)
or HG (30mM) medium in the presence or absence of insulin (INS, 300 nM) for 5 days. The F-actin network was labeled with isothiocyanate
phalloidin (1:200) and visualized by fluorescence microscopy (A). The analysis of fluorescence intensity profile (measured from the basal
membrane to the nucleus) was performed using NIS-Elements software (Nikon) (B). Values are mean 6 SEM, n¼ 17–20. Scale bars:
5000 nm.
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signalling to the actin cytoskeleton, resulting in its re-
organization and increases permeability to albumin
across the podocyte filtration barrier.

Discussion

This study revealed a new mechanism for the regula-
tion of podocyte barrier permeability through
PKGIa-dependent phosphorylation of VASP at
Ser239 under hyperinsulinaemic and hyperglycaemic
conditions. Activation of the PKGIa/VASP pathway
may disturb the permeability of the glomerular filtra-
tion barrier and mediate the development of DN. The
proposed mechanism is shown in Fig. 10.
Short incubation with insulin rapidly increased

PKGIa-dependent pVASP Ser239 in podocytes. Next,
long-term incubation with insulin and HG induced a
decrease of VASP Ser239 phosphorylation via
PKGIa-dependent manner in cultured rat podocytes.
VASP mediated reorganization of the actin cytoskel-
eton in podocytes cultured under hyperinsulinaemic
or hyperglycaemic conditions, and insulin and HG
increased podocyte barrier permeability through
stimulation of VASP signalling pathways.
Podocytes regulate glomerular filtration barrier

permeability via their contractile properties, which are
closely related to dynamic actin cytoskeleton reorgan-
ization. A high concentration of insulin- and glucose-
mediated podocyte injury, which altered FP actin or-
ganization, resulting in increased glomerular barrier
permeability (18, 40). We showed that both insulin
and HG mediate regulation of the contractile appar-
atus and filtration barrier permeability through activa-
tion of PKGIa signalling pathways in cultured rat
podocytes (18, 37). This study confirmed the pivotal
role of PKGIa in regulation of the contractile appar-
atus in podocytes under hyperinsulinaemic and hyper-
glycaemic conditions. Furthermore, for the first time,
we demonstrated that VASP interacts with PKGIa
and is involved in the regulation of actin organization

and albumin permeability in cultured rat podocytes in
response to insulin and HG.

It is thought that insulin induces a dynamic re-
organization of podocyte FPs after meal to deal with
transiently elevated filtration load (12). Our recent
studies showed that insulin induces PKGIa activation
and increases permeability of both podocytes and glo-
meruli (14, 37). Therefore, we examined the contribu-
tion of insulin in PKGI-dependent phosphorylation of
VASP at Ser239 in podocytes. We demonstrated that
short exposure of cells to either insulin or cGMP ana-
logue 8-Br-cGMP quickly increases pVASP Ser239,
and this effect was abolished by the PKG inhibitor.
Moreover, immunofluorescent staining confirmed that
the short-term incubation of podocytes with insulin
significantly increases the interaction between PKGIa
and VASP. These results confirmed that phosphoryl-
ation of VASP at Ser239 is PKGIa specific.

Based on our findings that disulphide activation of
PKGIa is a relevant factor that increases podocyte
permeability to albumin during hyperinsulinemia (14)
and hyperglycaemia (19), we researched the effect of
insulin and HG on VASP expression, its phosphory-
lated state and localization in podocytes. This study
demonstrated that insulin and HG augment VASP ex-
pression and change its localization in podocytes.
Perhaps diabetic conditions alter the VASP phosphor-
ylation state, which in turn may change VASP local-
ization and affect actin filament dynamics. The level
of pVASP Ser239 protein was also significantly ele-
vated by insulin and HG, which is consistent with
increased expression of PKGIa under the same experi-
mental conditions. Inhibition of PKGIa activity by
specific gene silencing or Rp-8-Br-cGMPS decreased
the amount of total VASP and its phosphorylated
form in podocytes, confirming the interaction between
VASP and PKGIa. We also found that podocyte
transfection with VASP siRNA decreased pVASP
Ser239 under hyperinsulinaemic and hyperglycaemic
conditions. Surprisingly, VASP gene silencing signifi-
cantly diminished the basal level of PKGIa protein in
insulin- and HG-stimulated podocytes, suggesting

Fig. 9. Effect of VASP on the insulin- and HG-dependent increase

in podocyte permeability to albumin. Transepithelial permeability to
albumin was assessed by measuring the diffusion of FITC-labelled
albumin across the podocyte monolayer. Podocytes were cultured
in SG (11mM) medium or HG (30mM) medium in the presence
or absence of insulin (INS, 300 nM) for 5 days. Values are mean 6

SEM, n¼ 12–14. *P< 0.05 compared with SG scrambled siRNA,
#P< 0.05 compared with appropriate scrambled siRNA.

Fig. 10. The proposed mechanism for podocyte permeability through

insulin- and HG-dependent activation of the PKGIa/VASP signal-

ling pathway in cultured rat podocytes.
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that a negative feedback regulatory mechanism be-
tween VASP and PKGIa exist. In another study, HG
treatment resulted in an opposite effect on pVASP
Ser239 in VSMCs. However, the experiment incorpo-
rated different cell types, duration of incubation with
HG, and assumed impairment of cGMP-mediated
pVASP Ser239 through oxidative stress (41). In podo-
cytes, oxidative stress activates PKGIa independently
of cGMP signalling (17).
PKGIa is implicated in the regulation of the podo-

cyte contractile apparatus via MLC phosphatase-
dependent dephosphorylation of MLC at Ser19 (16,
17). In this study, we demonstrated that insulin and
HG regulate the podocyte contraction apparatus
through activation of the PKGIa/VASP signalling
pathway. siRNA-mediated knockdown of VASP abol-
ished the effect of insulin and HG on pMLC.
Therefore, active PKGIa phosphorylated VASP at
Ser239, resulting in signal transduction to the con-
tractile apparatus, and may promoted dephosphoryla-
tion of MLC under diabetic conditions. In VSMCs,
relaxation was also determined by PKG/VASP signal-
ling, including increased pVASP Ser239 (42, 43).
Studies performed on mouse VASP-deficient cardiac
fibroblasts showed that basal pMLC is significantly
increased (22).
Podocyte function as main regulator of glomerular

filtration barrier permeability relies on dynamic re-
organization of the actin cytoskeleton. More than 100
proteins are involved in controlling actin dynamics
(44), including VASP, which acts as the actin filament
elongation factor (28). In VSMCs, knockdown of
VASP diminished cell contractility, which was associ-
ated with limited elongation of actin filaments (29). In
this study, we demonstrated that insulin and HG in-
duce filamentous actin (F-actin) reorganization by
affecting VASP function. siRNA-mediated knock-
down of VASP prevented the accumulation of F-actin
close to the plasma membrane in podocytes cultured
in medium supplemented with a high concentration of
insulin or glucose. Recent studies have shown that
Ena/VASP proteins reduce F-actin branching, and
actin filaments are longer (45). These results suggest
that VASP signalling to the actin cytoskeleton may be
part of a significant dysfunctional pathway in insulin-
resistant states. In addition, podocytes incubated with
nephrotic plasma have increased VASP phosphoryl-
ation and enhanced cell migration, which is associated
with dynamic actin remodelling (33). In another
study, authors suggested that NO-induced pVASP
Ser239 leads to drastically decreased F-actin in cell
processes of PTECs, retraction of lamellipodia, and
cell rounding (46). Thus, the opposite effect of VASP
phosphorylation on cell migration may be cell type-
dependent and differ due to activators and activated
pathways.
Improper podocyte cytoskeletal reorganization

causes not only insulin resistance, but also increased
albumin permeability. Our findings indicate that
VASP is involved in the insulin- and HG-dependent
increase in podocyte permeability to albumin.
Downregulation of VASP expression greatly reduced
the albumin permeability induced by high

concentrations of both insulin and glucose. Insulin
and HG had no synergistic effect on podocyte perme-
ability to albumin. It may indicate that the main role
in insulin- and HG-dependent regulation of podocyte
permeability plays PKGIa/VASP pathway. Combined
usage of insulin and HG had no additional effect also
on PKGIa protein expression and on the phosphoryl-
ation of MLC. Moreover, these experimental condi-
tions did not affect further increase of pVASP Ser239.
Piwkowska et al. (18) have previously showed that
simultaneous treatment of podocytes with insulin and
HG does not have additive effects on PKGIa and
MLC activation or expression, compared with both
insulin and HG alone. However, they hypothesized
that insulin- and HG-dependent activation of PKGIa
may be responsible, at least partially, for an increased
podocyte permeability to albumin. Studies conducted
on brain endothelial cells have shown that increased
pVASP Ser239 is associated with an increased blood-
brain barrier permeability under hypoxic conditions
(47). Davis et al. (47) has also suggested that VASP
phosphorylation followed hypoxia is mediated by acti-
vation of vascular endothelial growth factor (VEGF)
and its receptor VEGFR2. In podocytes, insulin stim-
ulates the production of VEGF-A (48), which is an
important autocrine factor that preserves the integrity
of the glomerular filtration barrier through a modifi-
cation of podocyte structure and function (49, 50).
Unfortunately, the role of VASP phosphorylation in
changes of podocyte permeability induced by VEGF-
A is largely unknown. In pulmonary artery endothe-
lial cells, VASP phosphorylation has a protective ef-
fect on barrier permeability (51). However, this effect
is mediated by cGMP, which is thought to indicate a
protective influence on endothelial barrier function. In
hyperglycaemic conditions, the concentration of
cGMP decreased (52–54), and this may be a cause of
podocyte injury. Moreover, Hohenstein et al. (55)
showed that, in podocytes, VASP expression is signifi-
cantly increased during crescentic nephritis and corre-
lates with a loss of podocytes. The data suggest that
enhanced VASP expression may play an important
role in podocyte pathophysiology and impair the
function of the glomerular filtration barrier.
Unfortunately, the underlying mechanism in the regu-
lation of podocyte permeability is less understood and
could involve changes in actin organization mediated
by VASP phosphorylation. Therefore, the precise
regulatory mechanisms between VASP and PKGIa
and the role of VASP phosphorylation by PKG in the
control of podocyte function under diabetic condi-
tions will require further study.

In conclusion, the results suggest that the insulin-
and HG-induced increase in podocyte barrier perme-
ability may be due to activation of PKGIa/VASP
signalling to the actin cytoskeleton. This mechanism
may be responsible for increased glomerular filtration
barrier permeability, resulting in albuminuria in
patients suffering from elevated insulin or glucose.
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B.M., and Illenberger, S. (2000) Phosphorylation of the
vasodilator-stimulated phosphoprotein regulates its
interaction with actin. J. Biol. Chem. 275, 30817–30825

29. Kim, H.R., Graceffa, P., Ferron, F., Gallant, C.,
Boczkowska, M., Dominguez, R., and Morgan, K.G.
(2010) Actin polymerization in differentiated vascular
smooth muscle cells requires vasodilator-stimulated
phosphoprotein. Am. J. Physiol. Cell Physiol. 298,
C559–C571

30. Smolenski, A., Bachmann, C., Reinhard, K., Hönig-
Liedl, P., Jarchau, T., Hoschuetzky, H., and Walter, U.
(1998) Analysis and regulation of
vasodilator-stimulated phosphoprotein serine 239

Insulin and HG regulate PKGIa/VASP pathway in podocytes

587



phosphorylation in vitro and in intact cells using a
phosphospecific monoclonal antibody. J. Biol. Chem.
273, 20029–20035

31. Barzik, M., Kotova, T.I., Higgs, H.N., Hazelwood, L.,
Hanein, D., Gertler, F.B., and Schafer, D.A. (2005)
Ena/VASP proteins enhance actin polymerization in
the presence of barbed end capping proteins. J. Biol.
Chem. 280, 28653–28662

32. Defawe, O.D., Kim, S., Chen, L., Huang, D., Kenagy,
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43. Schäfer, A., Burkhardt, M., Vollkommer, T.,
Bauersachs, J., Münzel, T., Walter, U., and Smolenski,
A. (2003) Endothelium-dependent and -independent re-
laxation and VASP serines 157/239 phosphorylation by
cyclic nucleotide-elevating vasodilators in rat aorta.
Biochem. Pharmacol. 65, 397–405

44. Insall, R.H., and Machesky, L.M. (2009) Actin dynam-
ics at the leading edge: from simple machinery to com-
plex networks. Dev. Cell 17, 310–322

45. Bear, J.E., Svitkina, T.M., Krause, M., Schafer, D.A.,
Loureiro, J.J., Strasser, G.A., Maly, I.V., Chaga, O.Y.,
Cooper, J.A., Borisy, G.G., and Gertler, F.B. (2002)
Antagonism between Ena/VASP proteins and actin fila-
ment capping regulates fibroblast motility. Cell 109,
509–521

46. Lindsay, S.L., Ramsey, S., Aitchison, M., Renné, T.,
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