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Podocytes are the major site of vascular endothe-
lial growth factor (VEGF) production in the kidney,
and up-regulation of VEGF plays a critical role in
the progression of diabetic nephropathy. Using a
differentiated mouse podocyte cell line, we investi-
gated the roles of protein kinase C (PKC) and extra-
cellular signal-regulated kinase (ERK) on the ex-
pression of VEGF under high glucose conditions.
High glucose induced up-regulation of VEGF mRNA
and protein expression in podocytes via activation
of PKC (PKC-a and -bII isoforms) and ERK. High
glucose stimulated [3H]leucine incorporation in the
podocytes. High glucose and the PKC stimulator,
phorbol 12-myristate 13-acetate (PMA) induced acti-
vator protein-1 (AP-1)-dependent transcriptional ac-
tivity and expression of VEGF. In addition, these
phenomena were blocked by specific inhibitors of
PKC (GF10902X) and ERK kinase (PD98059). These
observations suggested that high glucose-induced
VEGF expression in podocytes was largely mediated
through PKC and ERK pathways that may be in-
volved in diabetic nephropathy. © 2002 Elsevier Science
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Nephropathy is one of the most serious complica-
tions in diabetes and is the major basis of chronic renal
failure worldwide (1). Several prospective controlled
studies have shown that hyperglycemia and subse-
quent biochemical events were correlated with the de-
velopment of diabetic complications (2, 3). Vascular
endothelial growth factor (VEGF) is one of the major
factors promoting diabetic complications (4). VEGF is
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an endothelial mitogen and potent vasopermeability
factor, the effects of which are mediated by endothelial
cell-specific receptors (5). A recent study indicated that
an antibody against VEGF treatment decreased hyper-
filtration, albuminuria and glomerular hypertrophy in
diabetic rats (6). These findings suggested that VEGF
plays important roles in the pathogenesis of diabetic
nephropathy and that VEGF may be a good therapeu-
tic target molecule for diabetic nephropathy. However,
the function of VEGF on diabetic nephropathy is not
well established.

The VEGF family is comprised of 34- to 42-kDa
heparin-binding, dimeric, disulfide-bound proteins.
Molecular cloning of cDNAs for the VEGF family has
revealed the existence of at least five isoforms in hu-
man tissues, formed by alternative splicing of mRNA to
yield VEGF transcripts encoding polypeptides of 206,
189, 165, 145, and 121 (7). Although the physiological
roles of each VEGF splicing variant are not well
known, VEGF165 is the most abundant isoform ex-
pressed in the majority of normal human tissues and is
detectable in human serum (7).

It is generally accepted that levels of VEGF and its
receptor are increased in the kidneys of diabetic rats
with glomerular lesions (8, 9). Since podocytes are the
major producers of VEGF within the glomeruli (8, 10–
13) and podocyte injury underlies progressive glomer-
ulosclerosis in diabetes both in humans (14, 15) and
experimental models (17–19), regulation of VEGF ex-
pression in the podocytes may provide novel insight
into the pathogenesis of diabetic nephropathy. Unfor-
tunately, the signaling cascade of VEGF regulation in
the podocytes remains largely unknown due to lack of
appropriate differentiated podocyte cell lines. A re-
cently established immortalized mouse podocyte cell
line is known to express several podocyte-specific char-
acteristics (19) and is considered to be the most appro-
priate cell line mimicking podocytes in vivo. Using this
podocyte cell line, the present study investigated the
effects of high glucose on VEGF production in podo-
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cytes. In addition, we report here that high glucose
induces VEGF expression through PKC and ERK path-
ways in podocytes.

MATERIALS AND METHODS

Cell culture and experimental design. The immortalized mouse
podocyte clone was a generous gift from Dr. Mundel (19) and was
maintained in Dulbecco’s modified Eagle medium (DMEM: Gibco
BRL, Grand Island, NY, USA) supplemented with 10% fetal bovine
serum (FBS) and 10 U/ml recombinant mouse interferon-g (IFN-g,
Sigma Chemical Corporation, St. Louis, MO) at 33°C (permissive
conditions). To induce differentiation, podocytes were seeded
sparsely (5 3 104 cells) on type I-collagen coated dishes (Iwaki glass,
Tokyo, Japan) at 37.5°C without IFN-g (nonpermissive conditions).
Under nonpermissive conditions, the majority of cells had an ar-
borized shape and expressed podocyte specific synaptopodin (19).
After 4 days under non-permissive conditions, they were starved in
DMEM containing 0.2% BSA and 0.4% FBS for 48 h. Then, the cells
were divided into three groups: (1) normal glucose group (NG) as
controls incubated in DMEM containing 5.5 mM glucose, (2) high
glucose group (HG) incubated in DMEM containing 25 mM glucose,
(3) the mannitol osmotic control group (MN) incubated in NG me-
dium supplemented with mannitol (5.5 mM glucose 1 mannitol 19.5
mM) as an osmotic control for HG.

To determine the effects of activated PKC, cells were treated with
100 nM phorbol 12-myristate 13-acetate (PMA, Sigma) incubated in
NG medium. Cells were harvested after 3 days for extraction of
membrane and cytosolic fractions for analysis of PKC activities or
protein for ERK1/2 activity. To evaluate VEGF production, cells were
harvested for extraction of total RNA and culture media were col-
lected for VEGF peptide ELISA. To determine the effects of the PKC
inhibitor, GF10209X (Calbiochem, CA) (20) and MAP/ERK kinase
(MEK) inhibitor, PD98059 (Calbiochem) (21), the cells were pre-
treated with these agents for 2 h before changing to HG or PMA
medium. To evaluate 3H-thymidine or [3H]leucine incorporation,
starved podocytes were incubated with NG, HG or MN for 18 h, and
then added to either [3H]thymidine or [3H]leucine (1 mCi/ml, Amer-
sham Pharmacia Biotech) for 6 h. The incorporation was determined
by liquid scintillation counting (22).

RNA preparation and reverse transcription and quantitative real-
time polymerase reaction for analysis of VEGF mRNA. Total RNA
was extracted using TRI-ZOL reagent (Gibco BRL). The amount of
VEGF mRNA was quantified by the reverse transcription and poly-
merase chain reaction (RT-PCR). Total RNA was reverse transcribed
using a TaqMan Gold RT-kit (P-E Applied Biosystems, Foster City,
CA) and random hexamer. RT was performed for 30 min at 42°C
followed by 5 min at 96°C. The synthesized cDNA was quantified by
TaqMan PCR and PCR reagents and an Applied Biosystems Prism
7700 (P-E Applied Biosystems) according to the manufacturer’s pro-
tocol. The primers used were a forward primer for mouse VEGF164
(59-GAGCAGAAGTCCCATGAAGT G-39) and a reverse primer (59-
GTCTCAATTGGACGGCAGTAG-39). A mouse VEGF164 oligonucle-
otide was used as a probe (Fam-TCAAGTTCATGGACGTCTACC
AGCGAA) (synthesized by P-E Applied Biosystems). We analyzed
the expression of ribosomal RNA using a ribosomal control kit (P-E
Applied Biosystems) as an internal control. The PCR conditions were
as follows: 5 min at 95°C, followed by 40 cycles of 1 min at 94°C, 1
min at 60°C, and 1 min at 72°C.

Analysis of VEGF protein. VEGF protein was assayed in culture
media of the podocytes using a commercial solid phase enzyme-
linked immunosorbent assay (ELISA) (R&D Systems, Oxford, UK).
This assay is specific for mouse VEGF164 (23), the main VEGF
peptide synthesized and secreted by podocytes (13).

Assay for PKC activity. Podocytes were rinsed twice with PBS (2)
and homogenized in ice-cold buffer A (20 mM, Tris–HCl (pH 7.5), 2
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mM DTT, 0.3 M sucrose, 25 mg/ml leupeptin, 25 mg/ml aprotinin)
with a Dounce homogenizer (60 strokes). The homogenates were
ultracentrifuged at 100,000g for 1 h at 4°C. The supernatant was
retained as the cytosolic fraction and pellet were resuspended with
buffer B (buffer A without sucrose) and solubilized with 1% Triton
X-100. After rehomogenization and incubation on ice for 30 min, the
soluble membrane fraction was obtained by ultracentrifugation at
100,000g for 30 min. Protein concentration was quantified using the
Bradford method (Bio-Rad, Hercules, CA) and each fraction was
aliquoted and stored at 280°C until determination of PKC activity
and Western blotting analysis. PKC activities of the membrane and
cytosolic fractions were measured by PKC enzyme assay system
(Amersham Pharmacia Biotech, UK), and defined as the Ca21, phos-
phatidylserine and PMA-stimulated transfer of 32P from [g-32P]ATP
into the PKC-specific substrate (RKRTLRRL). All reactions were
performed at 37°C for 15 min, and the reaction was terminated by
spotting the sample onto binding papers. The papers were immedi-
ately washed 3 times with 75 mM orthophosphoric acid and placed
into scintillation vials, and radioactivity was counted.

Western blotting analysis for PKC isoforms. Proteins from each
fraction were separated on 7.5% SDS gels under reducing conditions
and transferred onto microporous polyvinylidene fluoride (PVDF)
membranes (Immobilon-P, Millipore, Tokyo). Membranes were
blocked overnight with 2% skimmed milk powder in PBS-T (PBS
with 0.05% Tween 20, pH 7.0). PKC-a was detected by a monoclonal
antibody (Transduction Laboratories) and horseradish peroxidase-
linked anti-rabbit IgG antiserum. PKC-bI, -bII and -d were detected
by polyclonal anti-peptide antibodies (Santa Cruz, CA) and horse-
radish peroxidase-linked anti-rabbit IgG antiserum. PKC isoforms
were quantified by a chemiluminescence technique using ECL re-
agent and ECL hyperfilm (Amersham Pharmacia Biotech.).

Assay for ERK1/2 activity. ERK1/2 activity was measured as
reported (18) using p42/p44 MAP kinase enzyme assay system
(Amersham Pharmacia Biotech.). Briefly, cells were rinsed twice
with PBS (2) followed by addition of 0.5 ml of ice-cold lysis buffer
containing 25 mM Tris–HCl (pH 7.5), 25 mM NaCl, 25 mM sodium
phosphate, 25 mM NaF, 2 mM EGTA, 1 mM phenylmethylsulfonyl
fluoride, 10 mg/ml leupeptin, 10 mg/ml aprotinin, 1% Triton X-100.
Cell lysates were incubated on ice for 20 min and centrifuged at
15,000g for 20 min at 4°C. ERK1/2 activity was assayed by addition
of kinase buffer containing 1.0 mCi of [g-32P]ATP and a substrate
peptide containing the phosphorylation site of epidermal growth
factor receptor followed by incubation at 30°C, 30 min.

Assay for AP-1 activity. To study AP-1-dependent transcriptional
activation, the mouse podocyte cell line was stably transfected with
a cis-reporter plasmid containing a placental alkaline phosphatase
(PLAP) reporter gene (24) linked to the mouse plasminogen activator
inhibitor 1 (PAI-1) promoter with tandem repeats of the AP-1 bind-
ing site (25). About 1.3 kb of mouse PAI-1 promoter region DNA (1 to
1320 nucleotides of GenBank Accession No. M33961) was isolated by
PCR and inserted in pUC18. After checking the DNA sequence, the
adapter including three AP-1 elements (59-AATTCTGACTCAAG-
CTTATGAGTCAGACACCTCTGGC TTTCGGAAGGGCTGAGTC-39
and 59-AATTGACTCAGCCCTTCCGAAGCCAG AGGTGTCTGAC-
TCATAAGCTTGAGTCAG-39) were inserted at the EcoRI site of this
promoter. The TNF-a promoter region of TNF-a-PLAP plasmid (24)
replaced with this modified mouse plasminogen activator protein-1
(PAI-1) promoter region was designated as plasmid 3 AP-1-PLAP.
Podocytes were transfected with Lipofectamine (Gibco BRL) and
selected with DMEM containing 1 mg/ml G418 medium under per-
missive conditions for about one month. G418-resitant cells were
seeded at 2 3 103 cells per type I-collagen coated microplate (Iwaki
Glass) under nonpermissive conditions for 4 days. The cells were
starved for 48 h, and then divided into 4 experiment groups as
defined above (NG, HG, MN, PMA). The cells were pretreated with
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inhibitors for 2 h before changing to each medium. Culture superna-
tants were collected after 2 days of cultivation, and alkaline phos-
phatase activity was measured with a microplate luminometer (EG
& G Berthold, Germany) (22).

Statistical analysis. Results are expressed as means 6 SEM. The
significance of differences among experimental groups was deter-
mined by ANOVA. When a significant difference was detected, the
data were further analyzed by Dunnett’s multiple range test. Statis-
tical significance was assumed at P , 0.05 and P , 0.01.

RESULTS

Time Course of HG-Induced VEGF mRNA and
Protein Expression in Podocytes

In NG, podocytes constantly expressed VEGF mRNA
by low levels. The levels of VEGF mRNA were un-
changed under MN. By contrast, HG induced a time-
dependent increase in VEGF mRNA levels (Fig. 1A).
Quantitative analysis of HG-induced VEGF mRNA re-
vealed 1.60 6 0.13-fold at 2 h (P , 0.01) and 1.24 6

FIG. 1. Effects of normal glucose (5.5 mM; NG), high glucose (25
mM; HG) or normal glucose with mannitol (5.5 mM glucose 1 man-
nitol 19.5 mM; MN) on the expression of VEGF (A) mRNA and
protein (B) in podocytes. (A) Podocytes were cultured under NG, HG,
or MN. VEGF mRNA was quantified by TaqMan PCR analysis.
Results are shown as VEGF mRNA levels normalized to that of
rRNA and expressed as the ratio to NG. (B) MPC was cultured under
NG, HG, or MN for up to 3 days. VEGF protein levels in culture
media were determined by specific mouse VEGF164 ELISA. n 5 4,
**P , 0.01, *P , 0.05 vs NG.
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0.08-fold at 4 h (P , 0.05) compared to the baseline of
NG at 0 h. The podocytes continuously secreted VEGF
protein into the culture media up to 3 days under NG.
In HG condition, podocytes showed a significant in-
crease in VEGF protein secretion compared to that of
NG by 1.82 6 0.11-fold at 1 day. This increased pro-
duction was sustained for 3 days. No difference was
observed between the NG and MN groups (Fig. 1B).

Increase of Protein Kinase C (PKC) Activity
by High Glucose in Podocytes

Following culture in HG media for 3 days, podocytes
showed a significant increase of PKC activity in the
membrane fraction (1.43 6 0.09, P , 0.05) (Fig. 2A),
whereas the activity of PKC in the cytosolic fraction
was unchanged. MN had no effect on the PKC activity.
Western blotting analysis with specific antibodies
against PKC isoforms revealed that PKC-a, -bI, -bII,
and -d isoforms were detected in the podocyte mem-
brane and cytosolic fractions, while PKC-e and -u iso-
forms were undetectable (data not shown). PKC-a iso-
form was found preferentially in the cytosolic fraction.
By contrast, PKC-bI and -bII isoforms were found pref-

FIG. 2. Protein kinase C (PKC) activity (A) and PKC isoform
expression (B) in podocytes exposed to NG, HG or MN. (A) PKC
activity in membrane and cytosolic fractions. Results represent
means 6 SEM of four independent experiments. *P , 0.05 vs NG. (B)
Representative Western blot analysis with PKC isoform-specific an-
tibodies in membrane and cytosolic fractions.
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erentially in membrane fraction. Levels of membra-
nous PKC-a and -bII isoforms, which are the active
forms of PKC, were increased in the presence of high
glucose conditions (Fig. 2B).

Increase of ERK 1/2 Activity by High Glucose
in Podocytes

Podocytes cultured with HG showed a significant
increase in ERK 1/2 activity compared with those cul-
tured with NG (2.66 6 0.87, P , 0.05), whereas MN
had no effect on ERK 1/2 activity (Fig. 3A).

Increase of [3H]Leucine Incorporation by High
Glucose and Effects of GF109203X and
PD98059 in Podocytes

[3H]Thymidine incorporation was unchanged among
the three groups of NG, HG, and MN (data not shown).
By contrast, [3H]leucine incorporation in HG was sig-
nificantly elevated compared to the cells treated with
NG or MN (NG; 14929 6 180 dpm, HG; 18458 6 339

FIG. 3. Increases in ERK1/2 activity (A) and [3H]leucine incor-
poration (B) by HG in mouse podocytes. (A) ERK1/2 activity in
podocytes exposed to NG, HG, or MN for 3 days. Results represent
means 6 SEM of four independent experiments. (B) [3H]Leucine
incorporation in podocytes incubated for 18 h in the presence of PKC
inhibitor, GF1090203X (3 mM; GFX) or MEK inhibitor; PD98059 (3
mM, PD) containing HG. Results represent means 6 SEM of four
independent experiments. *P , 0.05 vs NG. #P , 0.05 vs HG.
180
dpm, MN; 15841 6 381, NG vs HG; P , 0.05, n 5 4).
Increase of [3H]leucine incorporation by HG was sig-
nificantly blocked by GF109203X or PD98059 (P ,
0.05) (Fig. 3B).

Time Course of PMA-Induced VEGF mRNA and
Protein Expression in Podocytes

PMA significantly elevated VEGF mRNA and pro-
tein expression compared with that of NG. Time course
changing of VEGF mRNA and protein expression by
PMA are shown in Figs. 4A and 4B, which were similar
to those under HG as shown in Fig. 2. VEGF mRNA
expression was increased to 1.84 6 0.21-fold after 1 h
(P , 0.01), 4.18 6 0.16-fold after 2 h (P , 0.01), 2.22 6
0.22-fold after 4 h (P , 0.01) and 1.20 6 0.08-fold after
8 h (P , 0.05) compared with the baseline levels under
NG at 0 h. VEGF protein secretion was significantly
increased after 1 day exposure to PMA medium com-
pared with NG.

FIG. 4. Effects of PMA on expression of VEGF mRNA (A) and
protein (B) in podocytes. (A) Podocytes were cultured under PMA
(100 nM) for various periods. The mRNA was quantified by TaqMan
PCR analysis. Results are shown as VEGF mRNA levels normalized
to that of rRNA and expressed as the ratio to NG. (B) Podocytes were
cultured under PMA for up to 3 days. VEGF protein levels in culture
media were determined by a specific mouse VEGF 164 ELISA. n 5 4,
**P , 0.01, *P , 0.05 vs NG.
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Effects of GF109203X and PD98059 on AP-1-
Dependent Transcriptional Activity
under HG and PMA in Podocytes

As shown in Fig. 5, HG or PMA significantly in-
creased AP-1 activity compared with NG (HG; 1.41 6
0.05-fold, P , 0.05, PMA; 2.19 6 0.03-fold, P , 0.01),
whereas MN had no effect. Pretreatment with
GF109203X and PD98059 diminished the HG-induced
(P , 0.05) or PMA-induced AP-1 activation (P , 0.01).
Neither GF109203X nor PD98059 had any effect on
AP-1 activity under NG.

Effects of GF109203X and PD98059 on
HG- and PMA-Induced VEGF mRNA
Expression in Podocytes

Preincubation with GF109203X or PD98059 for 2 h
significantly suppressed HG or PMA-induced VEGF
mRNA expression at 2 h (Fig. 6A) and VEGF protein
secretion at 3 days (Fig. 6B). GF109203X or PD98059
alone had no effect on VEGF expression under NG
conditions.

DISCUSSION

The roles of VEGF in diabetic nephropathy are still
unknown. VEGF is a potent cytokine enhancing micro-
vascular permeability in the skin, peritoneal wall, sub-
cutaneous tissue and skeletal muscles. In diabetes,
expression of VEGF was increased in the kidney in
association with hyperfiltration and that it was sup-
pressed by blocking of VEGF (4, 6, 8, 26). Hence, it is
likely to speculate that VEGF acts to promote vascular

FIG. 5. Effects of HG, MN, or PMA, and PKC or MEK inhibitors
on AP-1-dependent transcriptional activity in podocytes. Podocytes
transfected with AP-1-dependent PLAP construct were pretreated
with PKC inhibitor, GF1090203X (3 mM; GFX) or MEK inhibitor,
PD98059 (3 mM, PD) for 2 h, and exposed to NG, HG, MN, or PMA
for 2 days. Determinations were performed independently five times.
Results represent means 6 SEM as fold of NG. **P , 0.01, *P , 0.05
vs NG; ##P , 0.01, #P , 0.05 vs corresponding values without
inhibitors.
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permeability in the diabetic kidneys and is involved in
its nephropathy.

The initial and one of the important symptoms in
diabetic nephropathy is proteinuria, which is the result
of deregulation of glomerular permeability. Glomeru-
lar permeability is determined by glomerular endothe-
lial cells, basement membrane and largely by podo-
cytes (27); the latter of which are the predominant sites
of VEGF production (9). Of note, expression of VEGF
was increased in podocytes in diabetic rats and human
diabetes. In addition, Del Prete et al. proposed that
diabetes increased glomerular permeability by VEGF
resulting in albuminuria and in matrix accumulation
in the glomeruli (28). Thus, it is tempting to speculate
that podocytes are responsible for an up-regulation of
VEGF in the diabetic millieu and involved in the in-
crease of glomerular permeability, i.e., microalbumin-
uria or proteinuria as nephropathy.

Despite their role as the major sites of VEGF pro-
duction and that they are the most important regula-

FIG. 6. Effects of PKC inhibitor or MEK inhibitor on HG-induced
and PMA-induced VEGF mRNA (A) and protein expression (B). (A)
Podocytes were pretreated with GF1090203X (3 mM; GFX) or
PD98059 (3 mM, PD) for 2 h, and exposed to HG or PMA for 2 h.
Results are shown as VEGF mRNA levels normalization to that of
rRNA and expressed as the ratio to NG. n 5 4, **P , 0.01 vs NG;
##P , 0.01 vs corresponding values without inhibitor. (B) Podo-
cytes were pretreated with GF1090203X (3 mM; GFX) or PD98059
(3 mM, PD) for 2 h, and exposed to HG, MN, or PMA for 3 days.
Results are expressed as the ratio of the NG. n 5 4, **P , 0.01
vs NG; ##P , 0.01, #P , 0.5 vs corresponding values without
inhibitors.
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tors of glomerular permeability, the role of podocytes in
VEGF expression and intracellular signaling pathway
in the diabetic milieu has not been investigated. The
present study showed that high glucose media up-
regulated VEGF164 homologue mRNA and protein lev-
els in podocytes in a time-dependent manner. In addi-
tion, high glucose-induced VEGF mRNA and protein
expression were completely abolished by a specific in-
hibitor of PKC. These results indicated that high
glucose-induced VEGF production in podocytes is a
PKC-dependent mechanism. This cellular response of
PKC dependent VEGF up-regulation under high glu-
cose was similar to that of human vascular smooth
muscle cells (29) and mesangial cells (26).

PKC is not a single molecular entity, but consists of
a family of closely related isoenzymes that differ in
their structure, cofactor requirements, and substrate
specificity (30). The family of PKCs includes at least
eleven isoforms. Among the various PKC isoforms,
PKC-b and -d appeared to be preferentially activated in
the aorta and the heart in diabetic rats (31), and in
cultured vascular smooth muscle cells under high glu-
cose conditions (32). On the other hand, levels of
PKC-a, -bII and -e isoforms were increased in the
retina of diabetic rats (33). In addition, levels of
PKC-a, -bI and -d were shown to be elevated in the
glomeruli of diabetic rats and mesangial cells in high
glucose medium (34), indicating that activation of PKC
isoforms in the diabetic milieu is cell type-specific. In
this context, the present study showed for the first time
that high glucose increased PKC activity in the podo-
cytes compared to the controls cultured with NG. Fur-
thermore, we found that levels of DAG-sensitive
PKC-a and -bII isoforms were increased in the mem-
brane fraction under high glucose conditions, whereas
PKC-bI and -d isoforms were unchanged. PKC-e and -u
isoforms were not detected in the podocytes by Western
blotting analysis. Thus, PKC-a and -bII are the specific
isoforms expressed in podocytes in the setting of high
glucose environment. Interestingly, a specific inhibitor
of PKC-b prevented hyperfiltration and proteinuria in
the early phase of streptozotocin-induced diabetes (35).
This supports our notion that PKC-a and -b isoforms
play some roles in diabetic nephropathy.

The mechanism responsible for up-regulation of PKC
under high glucose conditions in podocytes is un-
known. Previously, King et al. proposed that levels of
diacylglycerol (DAG), an endogenous PKC activator,
were increased in cells exposed to high glucose through
de novo synthesis, which involves the progressive step-
wise acylation of glycolytic intermediates (36, 37).
Since anatomical localization of podocytes is well likely
exposed to urine, which contains high glucose concen-
trations in diabetic patients, the hypothesis of DAG-
PKC pathway may be appropriate for podocytes.

The intracellular signaling cascade between PKC
activation and VEGF expression in podocytes under
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diabetic milieu is an additional important point to be
elucidated. ERK is a member of the mitogen-activated
protein kinase (MAP) family (38). The activation of
ERK is involved in regulating proliferation and protein
synthesis by stimulating transcription factors that in-
duce the activation of AP-1 and other growth-
responsive genes (39, 40). Moreover, PKC and ERK are
known to regulate AP-1 (c-fos/c-jun) activation (39–
41). In this context, our results indicated that high
glucose-induced PKC and ERK activation in podocytes
did not result in cell proliferation, but cell hypertrophy
with VEGF production. In addition MEK inhibitor,
PD98059 completely abolished high glucose-induced
VEGF expression. These results indicated that the
PKC-ERK pathway plays an essential role in high
glucose-induced VEGF expression in podocytes. Fur-
thermore, PMA-induced AP-1 activation and VEGF ex-
pression were significantly suppressed by PD98059,
suggesting that ERK and AP-1 were activated mainly
through the PKC pathway. Importantly, the promoter
region of the VEGF gene contains the AP-1 binding
consensus sequence (23, 42). These observations sup-
port the notion that the PKC- ERK-mediated AP-1
pathway plays an important role in VEGF regulation
in podocytes.

In conclusion, the present study demonstrated for
the first time that high ambient glucose induced VEGF
mRNA and protein through a PKC-ERK dependent
mechanism in podocyte cell line. In addition, we found
that PKC-a and -bII were the isoforms activated by
high glucose in podocytes. These observations may fa-
cilitate the development of novel strategies for treat-
ment of diabetic nephropathy targeting PKC pathway.

ACKNOWLEDGMENTS

The authors are grateful to Dr. Mundel for providing the condi-
tionally immortalized podocyte cell line. This work was supported by
a research grant from of Tsukuba University, Health Sciences Re-
search grants of Japan (Research on Specific Diseases of Nephro-
urological Study Group), and research grants of from Showa Univer-
sity.

REFERENCES

1. Ritz, E., Stefanski, A. (1996) Diabetic nephropathy in type II
diabetes. Am. J Kidney. Dis. 27, 167–194.

2. The Diabetes Control and Complications Trial Research Group.
(1993) The effect of intensive treatment of diabetes on the devel-
opment and progression of long-term complications in insulin
dependent diabetes mellitus. N. Engl. J. Med. 329, 977–986.

3. United Kingdom Prospective Diabetes Study 33 (1998) Intensive
blood control with sulphonylurea or insulin compared with con-
ventional treatment and the risk of complication in patients with
type 2 diabetes. Lancet 40, 836–853.

4. Aiello, L. P., and Wong, J. S. (2000) Role of vascular endothelial
growth factor in regulation of angiogenesis. Kidney Int. 58,
S113–S119.

5. Ferrara, N. (1999) Role of vascular endothelial growth factor in
regulation of angiogenesis. Kidney Int. 56, 794–814.



6. Vriese, A. N. S. D. E., Tilton, R. G., Elger, M., Stephan, C. C., tion of mitogen-activated protein kinase in vitro and in vivo. J.

Vol. 290, No. 1, 2002 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
Kriz, W., and Lameire, N. H. (2001) Antibodies against vascular
endothelial growth factor improve early dysfunction in experi-
mental diabetes. J. Am. Soc. Nephrol. 12, 993–1000.

7. Ferrara, N., Houck, K., Jakeman, L., and Leung, D. W. (1992)
Molecular and a biological properties of the vascular endothelial
growth factor family of proteins. Endocr. Rev. 13 18–32.

8. Cooper, M. E., Vranes,D., Youssef, S., Stacker, S. A., Cox, A. J.,
Rizkalla, B., Casley, D. J., Leon, A. B., Kelly, D. J., and Gilbert,
R. E. (1999) Increased renal expression of vascular endothelial
growth factor (VEGF) and its receptor VEGFR-2 in experimental
diabetes. Diabetes 48, 2229–2239.

9. Tsuchida, K., Makita, Z., Yamagishi, S., Atsumi, T., Miyoshi, H.,
Obara, S., Ishida, M., Ishikawa, S., Yasumura, K., and Koike, T.
(1999) Suppression of transforming growth factor beta and vas-
cular endothelial growth factor in diabetic nephropathy in rats
by a novel advanced glycation end product inhibitor, OPB-91485.
Diabetologia 42, 579–588.

10. Monacci, W. T., Merrill, M. J., and Oldfield, E. H. (1993) Expres-
sion of vascular permeability factor/vascular endothelial growth
factor in normal renal tissue. Am. J. Physiol 264, C995–C1002.

11. Brown, L. F., Berse,Tonganizzi, K., Manseau, E. J., Van De
Water, L., Senger, D. R., Dvorak, H. F., and Rosen, S.(1992)
Vascular permiabilty factor mRNA and protein expression in
human kidney. Kidney. Int.42,1457–1461.

12. Simon, M., Rocckl, W., Hoening, C., Grone, E. F., Theis, H.,
Weich, H. A., Fuch, E., Yayon, A., and Grone, H. J. (1998)
Receptor of vascular permiability factor (VEGF/VPF) in fetal and
adult human kidney: Localization and [125I]VEGF binding sites.
J. Am. Soc. Nephrol. 9, 1032–1044.

13. Kretzler, M., Schroppel, B., Merkle, M., Huber, S., Mundel, P.,
Horster, M., and Schlondorff, D. (1998) Detection of multiple
vascular endothelial growth factor splice isoforms in glomerular
podocyte. Kidney Int. 54, S159–S161.

14. Pagtalumn, M. E., Miller, P. L., Jumping-Eagles, S., Nelson,
R. G., Myers, B. D., Rennke, H. G., Coplon, N. S., Sun, L., and
Meyer, T. W.(1997) Podocytes loss and progressive glomerular
injury in type II diabetes. J. Clin. Invest. 15, 342–348.

15. Nelson, R. G., Meyer, T. W., Myers, B. D., and Bennett, P. H.
(1997) Clinical and pathological course of renal disease in non-
insulin-dependent diabetes mellitus: The Pima Indian experi-
ence. Semin. Nephrol. 17, 124–131.

16. Coimbra, T. M., Janssen, U., Groene, J. H., Ostendorf, T.,
Kunter, U., Schimidts, H., Brabant, G., and Floege, J. (2000)
Early events leading to renal injury in obese Zucker (fatty) rats
with type II diabetes. Kidney Int. 57, 167–182.

17. Phillips, A. O., Janssen, U., and Floege, J. (1999) Progression of
diabetic nephropathy. Insights from cell culture studies and
animal models. Kidney Blood Press. Res. 22,81–97.

18. Hoshi, S., Shu, Y., Yoshida, F., Inagaki, T., Sonoda, J., Wa-
tanabe, T., Nomoto, K., and Nagata M. (2001) Podocyte injury
promotes progressive nephropathy in Zucker diabetic fatty rats.
Lab. Invest., in press.

19. Mundel, P., Reiser, J., Zuniga, M. B. A., Pavenstadt, H., David-
son, G. R., Kriz, W., and Zeller, R. (1997) Rearrangements of the
cytoskeleton and cell contacts induce process formation during
differentiation of conditionally immortalized mouse podocytes
cell lines. Exp. Cell. Res. 236, 248–258.

20. Toullec, D., Pianetti, P., Coste, H., Bellevergue, P., Perret, T. G.,
Ajakane, M., Baudet, V., Boissin, P., Boursier E., Loriolle, F.,
Duhant,L., Charon, D., and Kiriolvsky, J.(1991) The bisindoly-
maleimide GF109203X is a potent and selective inhibitor of
protein kinase C. J. Biol. Chem. 266, 15771–15781.

21. Alessi, D. R., Cuenda, A., Cohen, P., David, T., Dudley, D. T., and
Saltiel, A. R (1995) PD98059 is a specific inhibitor of the activa-
183
Biol. Chem. 270, 27489–27494.
22. Hoshi, S., Goto, M., Koyama, N., Nomoto, K., and Tanaka, H.

(2000) Regulation of vascular smooth muscle cell proliferation by
nuclear factor-kB and its inhibitor, I-kappaB. J. Biol. Chem. 275,
883–889.

23. Shima, D. T., Kuroki, M, Deutsch, U., Ng, Y. S., Adamis, A. P.,
and D’ Amore, P. A. (1996) The mouse gene for vascular endo-
thelial growth factor. Genomic structure, definition of transcrip-
tional unit, and characterization of transcriptional and post-
transcriptional regulatory sequence. J. Biol. Chem. 271, 3877–
3883.

24. Goto, M., Yamada, K., Katayama, K., and Tanaka, I. (1996)
Inhibitory effect of E3330, a novel quinone derivative able to
suppress tumor necrosis factor-a generation, on activation of
nuclear factor-kB. Mol. Pharmacol. 49, 860–873.

25. Wrana, J. L., Attisano, L., Carcamo, J., Zentella, A., Doody, J.,
Laiho, M., Wang, X.-F., and Messagu, J. (1992) TGF-b signals
through a heteroeric protein kinase receptor complex. Cell 71,
1003–1014.

26. Cha, D. R., Kim, N. H., Yoon, J. W., Cho, W. Y., Kim, H. K., and
Won, N. H. (2000) Role of vascular endothelial growth factor in
diabetic vascular complications. Kidney Int. 58, S104-S112.

27. Daniels, B. S. (1993) The role of the glomerular epithelial cell in
the maintenance of the glomerular filtration barrier. Am. J.
Nephol. 13, 318–323.

28. Del Prete, D., Anglani, F., Ceol, M., D’Angero, A., Forino, M.,
Vianello, D., Baggio, B., and Gambaro, G. (1998) Molecular bi-
ology of diabetic glomerulosclerosis. Nephrol. Dialysis Trans-
plant. 13(Suppl. 8), 20 –25.

29. Williams, B., Gallacher, B., Patel, H., and Orme, C. (1997)
Glucose-induced protein kinase C activation regulates vascular
permiability factor mRNA expression and peptide production by
human vascular smooth muscle cells in vitro. Diabetes 46, 1497–
1503.

30. Nishizuka, Y. (1995) Protein kinase C and lipid signaling for
sustained cellular responses. FASEB J. 9, 484 – 496.

31. Inoguchi, T., Battan, R., Handler, E., Sportsman, J. R., Heath,
W., and King, G. L. (1992) Preferential elevation of protein
kinase C isoform bII diacylglycerol levels in the aorta and heart
of diabetic rats: Differential reversibility to glycemic control by
islet cell transplantation. Proc. Natl. Acad. Sci. USA 89, 11059–
11063.

32. Kunisaki, M., Bursell, S-E., Umeda, F., Nawata, H., and King,
G. L. (1994) Normalization of diacylglycerol-protein kinase C
activation by vitamin E in aorta of diabetic rats and cultured rat
smooth muscle cells exposed to elevated glucose levels. Diabetes
43, 1372–1377.

33. Craven, P. A., Davidson, C. M., and DeRubertis, F. R. (1990)
Increase in diacylglycerol mass in isolated glomeruli by glucose
from de novo synthesis of glycerolipids. Diabetes 39, 667–674.

34. Koya, D., Jiousek, M. R., Lin, Y.-W., Ishii, H., Kuboki, K., and
King, G. L.(1997) Characterization of protein kinase C b isoform
activation on the gene expression of transforming growth
factor-b, extracellular matrix components, and prostanoids in
the glomeruli of diabetic rats. J. Clin. Invest. 100, 115–126.

35. Ishii, H., Jirousek, M. R., Koya, D., Takagi, C., Clermont P. X. A.,
Bursell, S-E., Kern, T. S., Ballas, L. M., Heath, W. F., Stramm,
L. E., Feener, E. P., and King, G. L. (1996) Amelioration of
vascular dysfunction in diabetic rat by an oral PKC b inhibitor.
Science 272, 728–731.

36. King, G. L. (1996) The role of hyperglycemia and hyperinsulin-
aemia in causing vascular dysfunction in diabetes. Ann. Med. 28,
427–432.

37. Koya, D., and King, G. L. (1998) Protein kinase C activation in



the development of diabetic complications. Diabetes 47, 859– 40. Karin, M. (1995) The regulation of AP-1 activity by mitogen-

Vol. 290, No. 1, 2002 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
866.
38. Segar, R., and Krebs, E. G. (1995) The MAPK signaling cascade.

FASEB J. 9, 726–735.
39. Jaknecht, R., Ernst, W. H., Pingous, V., and Nordheim, A. (1993)

Activation of ternary complex factor Elk-1 by MAP kinase.
EMBO J. 12, 5097–5104.
184
activated protein kinases. J. Biol. Chem. 270, 16483–16486.
41. Karin, M., Liu, Z., and Zandai, E. (1997) AP-1 function and

regulation. Curr. Opin. Cell Biol. 9, 240–246.
42. Tiscerr, E., Mitchel, R., Hartman, T., Silva, M., Gospodarowicz,

D., Fiddes, J. C., and Abraham, J. A. (1991) The human gene for
vascular endothelial growth factor. 266, 11947–11954.


	MATERIALS AND METHODS
	FIG. 1

	RESULTS
	FIG. 2
	FIG. 3
	FIG. 4
	FIG. 5

	DISCUSSION
	FIG. 6

	ACKNOWLEDGMENTS
	REFERENCES

