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Podocyte loss, which is mediated by podocyte apoptosis, is implicated in the onset of diabetic nephrop-
athy. In this study, we investigated the involvement of interleukin (IL)-6 in high glucose-induced apop-
tosis of rat podocytes. We also examined the pathophysiological role of peroxisome proliferator-activated
receptor gamma coactivator-1 alpha (PGC-1a) in this system. High glucose treatment induced not only
podocyte apoptosis but also podocyte growth arrest. High glucose treatment also increased IL-6 secretion
and activated IL-6 signaling. The high glucose-induced podocyte apoptosis was blocked by IL-6 neutral-
izing antibody. IL-6 treatment or overexpression induced podocyte apoptosis and growth arrest, and IL-6
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PGC-1 . . . . .
Podoqc/xte loss siRNA transfection blocked high glucose-induced podocyte apoptosis and growth arrest. Furthermore,
Cell arrest high glucose or IL-6 treatment increased PGC-1a expression, and PGC-1a overexpression also induced

podocyte apoptosis and growth arrest. PGC-1a siRNA transfection blocked high glucose-induced podo-
cyte apoptosis and growth arrest. Collectively, these findings showed that high glucose promoted apop-
tosis and cell growth arrest in podocytes via IL-6 signaling. In addition, PGC-1a is involved in podocyte
apoptosis and cell growth arrest. Therefore, blocking IL-6 and its downstream mediators such as IL6Ra,
¢p130 and PGC-1a may attenuate the progression of diabetic nephropathy.

Crown Copyright © 2013 Published by Elsevier Inc. All rights reserved.

1. Introduction

Diabetic nephropathy is one of the most serious complications
of both type 1 and type 2 diabetes mellitus, with high mortality.
Among the three intrinsic cells in the glomerulus, the podocyte is
a pivotal component of the filtration barrier, which has specific
cytobiological properties and physiological functions. Podocyte
loss, which is mediated by podocyte apoptosis, is implicated in
the onset of various kidney diseases, including diabetic nephropa-
thy [1]. Podocyte hypertrophy is a major characteristic of diabetic
nephropathy [2], and podocyte loss is preceded by glomerular
hypertrophy [3]. Glomerular hypertrophy caused by hyperglyce-
mia is associated with the alteration of p21Cip or p27Kip expres-
sion, which induces cell cycle arrest [4].

Interleukin (IL)-6 protein consists of 184 amino acids and is pro-
duced by lymphoid cells and a variety of non-lymphoid cells,
including podocytes [5]. The synthesis and release of IL-6 are influ-
enced by various pathological conditions. IL-6 acts on its target
cells via a specific receptor a-subunit, followed by the activation
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of the common receptor subunit, gp130 [6]. However, the involve-
ment of IL-6 in diabetic nephropathy remains unclear.

Peroxisome proliferator-activated receptor gamma coactivator-
1 alpha (PGC-1a), a transcriptional coactivator that plays a role in
mitochondrial biogenesis and energy metabolism, is predomi-
nantly expressed in the kidney [7]. PGC-1a can interact with
diverse nuclear receptors as well as many other transcription fac-
tors [8]. Under pathophysiological conditions, the PGC-1a level is
increased [9]. However, Benton et al. (2010) reported that
PGC-1a improved insulin signaling in the skeletal muscle of insu-
lin-resistant obese Zucker rats [10]. To date, the direct effect of
PGC-1a in diabetic nephropathy remains to be determined. Based
upon these reports, we hypothesized that signaling molecules such
as IL-6 and PGC-1a are associated with high glucose-induced apop-
tosis of podocytes. Therefore, in the present study, we aimed to
elucidate the involvement of IL-6 and PGC-1a in high glucose-
induced apoptosis of rat podocytes.

2. Materials and methods
2.1. Materials
Dulbecco’s Modified Eagle’s Medium (DMEM), Ham'’s nutrient

mixture F-12 and fetal bovine serum (FBS) were purchased from
Life Technologies (Gibco BRL, Grand Island, NY, USA). p-glucose,
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3-(4,5-dimethylthiazol-2-yl1)2,5-diphenyl tetrazolium bromide
(MTT), recombinant rat IL-6 and anti-Goat TRITC conjugated sec-
ondary antibody were obtained from Sigma-Aldrich (St. Louis,
MO, USA). B-Actin antibody, IL-6 antibody, p21Cip antibody,
p27Kip antibody, Bcl-2 antibody, gp130 antibody, IL6Ra antibody,
anti-Goat HRP conjugated secondary antibody and goat-IgG were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
p53 antibody, Caspase-9 antibody, Caspase-3 antibody and anti-
Rabbit HRP conjugated secondary antibody were purchased from
Cell Signaling Technology (Beverly, MA, USA). The PGC-1a rabbit
polyclonal antibody against a chemically synthesized peptide de-
rived from the region of rat PGC-1a was made by us. All reagents
were of the highest purity commercially available.

2.2. Cell cultures

Rat visceral GECs were isolated and characterized as described
by Kreisberg et al. [11] These cells were used between passages
10 and 12. The culture medium for glomerular epithelial cells
was DMEM/Ham’s F-12 (1:1) supplemented with 10% FBS. Glomer-
ular epithelial cells were grown to confluence in 60 mm dishes in
DMEM/Ham’s F-12 (DMEM, Gibco; F-12 Nutrient Mixture, Gibco;
obtained without glucose and then supplemented by adding glu-
cose to the appropriate concentrations) with 15 mM HEPES buffer,
10% FBS, 5.5 mM glucose, 0.35% additional sodium bicarbonate,
2.5 mM r-glutamine and 1% penicillin/streptomycin at 37 °C. The
media were changed every other day. Passaged cells were plated
to yield near-confluent cultures at the end of the experiments.

2.3. TCA precipitation

TCA stock was added to 4 volume of culture medium that final
mixture is 20% TCA. Mixtures were mixed well by vortex and incu-
bated for 30 min on ice. Then the mixtures were centrifuged at
15,000 rpm for 10 min at 4 °C. The supernatants were carefully re-
moved. Leaving pellets were washed with cold acetone then centri-
fuged at 15,000 rpm for 10 min at 4 °C. Pellets were dried in the
room temperature hood. Dried pellets were dissolved with SDS-
PAGE sample buffer.

2.4. RNA isolation and RT-qPCR

Total RNA was extracted from the cells using TRIzol, which is a
monophasic solution of phenol and guanidine isothiocyanate pur-
chased from (Invitrogen, Carlsbad, CA, USA). Reverse transcription
was carried out with 1 pg RNA using an RT Premix reverse tran-
scription system kit (AccuPower, Seoul, Korea) with oligo-dT18
primers. 0.5 Microliter of the RT products was amplified with a
Power SYBR Green (Applied Biosystems, Warrington, UK). The
primers used were 5 -TTGCCTTCTTGGGACTGATG-3' (sense),
5'-GCCATTGCACAACTCTTTTC-3' (antisense) for rat IL-6 and
5-AGGCCCAGAGCAAGAGAG-3' (sense), 5'-TCAACATGATCTGGGT-
CATC-3' (antisense) for rat p-actin. B-Actin was used as a control
to confirm the quantity of the RNA. The RT-qPCR products were
analyzed the values of the high glucose treatment group relative
to the control group, and standardizing the data relative to B-actin.

2.5. Whole cell preparation and western blotting

The medium was then removed and the cells were washed
twice with ice-cold phosphate buffered saline (PBS), scraped and
then harvested by microcentrifugation (13,000 rpm for 10 min)
and removed supernatant. Pellet was resuspended in M-PER Mam-
malian Protein Extraction Reagent (Thermo, IL, USA) containing
protease inhibitor cocktail (Sigma, Missouri, USA) and phosphatase
inhibitor cocktail I+II. (Sigma, Missouri, USA) The resuspended

cells were lysed mechanically on ice by vortex. The protein level
was quantified using the Bradford procedure. The whole cell
(30 pg of protein) were separated by SDS-polyacrylamide gel elec-
trophoresis and transferred to an enhanced nitrocellulose mem-
brane. The blots were then washed with TBST (10 mM Tris-HCI,
pH 7.6, 150 mM Nacl, 0.05% Tween-20), blocked with 5% skim milk
powder in TBST for 1 h and incubated for 15 h at 4 °C with the pri-
mary antibody at the dilutions recommended by the supplier. The
membrane was then washed with TBST, and the secondary anti-
bodies conjugated to horseradish peroxidase were incubated for
1h at room temperature. The bands were visualized using
Amersham ECL™ Western Blotting Detection Reagents (GE Healthcare,
UK) on X-ray film (Kodak BioMax Light Film).

2.6. Immunofluorescence staining

Podocytes were fixed with 0.5% paraformaldehyde in phos-
phate-buffered saline (PBS), permeabilized for 10 min with 0.1%
(v/v) Triton X-100, and washed three times for 10 min each with
PBS. Cells were incubated for 1 h with polyclonal anti-IL-6 primary
antibody (1:500) in a solution containing 1% (v/v) BSA in PBS and
washed three times for 10 min each with PBS. Cells were incubated
with 1% (v/v) BSA for 5 min, incubated for 1 h with TRITC-conju-
gated secondary antibody in PBS containing 1% (v/v) BSA, and
washed three times for 10 min each with PBS. Samples were
mounted on slides and visualized with a confocal microscope (Flu-
oview 300; Olympus, Tokyo; http://www.olympusglobal.com).

2.7. MTT assay

Cells were set up (2 x 103 cells/well) on a 96-well plate and cul-
tured in DMEM/Ham'’s F-12 (1:1) medium supplemented with 5%
FBS. After treatments (see figure legends), the cells were treated
with 500 pg/ml of 3-(4,5-dimethysssl-thiazol-2-yl1)2,5-diphenyl
tetrazolium bromide (MTT; Sigma) and cultured for 3 h in a CO,
incubator. The formazan crystals formed were solubilized in DMSO
(Sigma) and measured with an ELx808 microplate spectrophotom-
eter reader at /=570 nm (BioTek).

2.8. Cloning and DNA transfection

Rat IL-6 was generated by PCR using primers 5'-AAGAATTCAT-
GAAGTTTCTCTCCGCAAG-3' and 5-AACTCGAGCTAGGTTTGCC-
GAGTAGA-3 from cDNA of Rat Kidney Quick Clone™ cDNA
libraly (Clontech) as a template. The amplified fragment was di-
gested with EcoRI and Xhol and inserted into pcDNA3-HA. HA-
PGC-1a was kindly provided by Dr. Choi HS (Hormone Research
Center, School of Biological Sciences and Technology, Chonnam Na-
tional University, Korea). Podocytes were stabilized for 24 h before
they were transfected with the pcDNA3-HA-IL6 and the pcDNA3-
HA vector constructs. The culture medium was exchanged, and
the constructs were transfected into the podocytes using Lipofect-
amine™ 2000 (Invitrogen), as instructed by the manufacturers.

2.9. siRNA transfection

Small interfering RNA (siRNA) motifs were synthesized accord-
ing to the Ambion algorism rule by applying find pattern program
to the rat IL-6 (GenBank number, NM_012589) and rat PGC-1a
(GenBank number, NM_031347) cDNA sequences. The sequences
of the 19-nucleotide (with two 5’ deoxy-thymidine overhangs) siR-
NA were as follows: IL-6, sense 5-AACTTCCAATGCTCTCCTAA-
TCCTGTCTC-3', antisense 5'-AAATTAGGAGAGCATTGGAAGCCTGT- CTC-3
and PGC-1a, sense 5 AAGACTATTGAGCGAACCTTACCTGTCTC-3,
antisense 5-AATAAGGTTCGCTCAATAGTCCCTGTCTC-3. These siR-
NA primers were commercially synthesized (Bioneer, Daejeon,
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Fig. 1. The time dependency of high glucose on apoptotic molecules and growth arrest proteins in podocyte. Western blotting analysis of p53, caspase-9, caspase-3, Bcl-2,
p21Cip, p27Kip and B-actin after the time dependent incubation of rat podocytes with 25 mM glucose. Target expression was normalized to that of B-actin and calculated
relative to that of a control (see to 100%). Data represent the mean * SE of three independent experiments, each performed in triplicate *p < 0.05 vs. control.
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Fig. 2. The involvement of IL-6 on high glucose-induced podocyte apoptosis and growth arrest. (A) Real-time PCR analysis of IL-6 mRNA after the time dependent incubation
of rat podocytes with 25 mM glucose. (B) Western blotting analysis of IL-6 and B-actin after the time dependent incubation of rat podocytes with 25 mM glucose. (C)
Immunofluorescence analysis of IL-6 expression after 12 h incubation of rat podocytes with 25 mM glucose. (D) Western blotting analysis of secreted IL-6 by TCA
precipitation of culture medium after 12 h incubation of rat podocytes with 25 mM glucose. (E) Western blotting analysis of gp130, IL6Ra and B-actin after the time
dependent incubation of rat podocytes with 25 mM glucose. (F) Western blotting analysis of caspase-9, caspase-3 and p-actin after treatment of 25 mM glucose for 24 h with
IL-6 neutralizing antibody or goat IgG. (G) Cell viability of rat podocytes measured by MTT assay after treatment of 25 mM glucose for 24 h with IL-6 neutralizing antibody or
Goat IgG. Data represent the mean + SE of three independent experiments, each performed in triplicate *p < 0.05.
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Korea) and synthesized and purified with Silence™ siRNA Con-
struction Kit (Ambion, Austin, TX, USA). Transfection of IL-6,
PGC-1a or scrambled siRNA was performed using Lipofectamine™
RNAIMAX Reagent (Invitrogen™, Carlsbad, CA, USA) according to
the manufacturer’s instructions. After 24 h, the podocytes were
treated with 25 mM glucose.

2.10. Statistical analysis

The results were expressed as the mean +* the standard error
(S.E.). Values are the mean +S.E. of three or four independent
experiments. All the experiments were analyzed by analysis of var-
iance (ANOVA). In some experiments such as RT-PCR and western
immunoblotting using inhibitors, a comparison of the treatment
means was made with the control using the Bonferroni-Dunn test.
A p value <0.05 was considered significant.

3. Results

3.1. The time-dependent effect of high glucose on podocyte apoptosis
and podocyte growth arrest

To elucidate the effect of high glucose on podocytes, podocytes
were exposed to 25 mM glucose for different time periods. As
shown in Fig. 1, 25 mM glucose treatment significantly increased
p53 protein expression and the cleaved forms of caspase-9 and
caspase-3 in a time-dependent manner, peaking at 24 h, in the

podocytes. Furthermore, 25 mM glucose treatment reduced Bcl-2
protein expression and increased p21Cip and p27Kip expression.
These results suggest that high glucose induces not only podocyte
apoptosis but also podocyte growth arrest.

3.2. The involvement of IL-6 in high glucose-induced podocyte
apoptosis and growth arrest

To determine the effect of high glucose on IL-6 expression,
podocytes were exposed to 25 mM glucose, and the mRNA was ex-
tracted for real-time PCR analysis. As shown in Fig. 2A, 25 mM glu-
cose treatment increased IL-6 mRNA expression, which peaked at
8 h, and increased IL-6 protein expression (Fig. 2B). Increased IL-
6 was detected predominantly around the cell membrane
(Fig. 2C). Because IL-6 is a secreted protein, we extracted and ana-
lyzed the proteins from the medium used for podocyte culture. As
shown in Fig. 2D, 25 mM glucose treatment stimulated podocyte
secretion of IL-6 protein and increased the expression of gp130
and IL-6 receptor alpha (IL6Ra) (Fig. 2E). These data suggest that
high glucose activates the IL-6 signaling cascade. Furthermore,
studies with neutralizing antibody against IL-6 were performed
to examine the involvement of IL-6 in high glucose-induced apop-
tosis. IL-6 antibody, but not IgG, abolished high glucose-induced
stimulation of the cleaved forms of caspase-9 and caspase-3
(Fig. 2F). Additionally, IL-6 antibody, but not IgG, recovered the
high glucose-induced decrease of cell viability (Fig. 2G). These re-
sults suggest that the increase in IL-6 secretion induced by high
glucose mediates podocyte apoptosis.
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Fig. 3. The effect of IL-6 on podocyte apoptosis and growth arrest. (A) Cell viability of rat podocytes measured by MTT assay. (B) Western blotting analysis of indicated
proteins after the time dependent incubation of rat podocytes with 1 nM IL-6. (C) Western blotting analysis of indicated proteins after 24 h incubation of HA (empty vector) or
IL-6 transfected rat podocytes. (D) Western blotting analysis of indicated proteins after 24 h incubation of scramble or IL-6 siRNA transfected rat podocytes with 25 mM

glucose *p < 0.05.
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3.3. The effect of IL-6 on podocyte apoptosis and growth arrest

To further examine the role of IL-6 in apoptosis, podocytes were
treated with recombinant rat IL-6 (rIL-6). Fig. 3A shows that 1 nM
rlL-6 decreased podocyte viability by up to 70% at 24 h and
increased p53 protein expression and the cleaved forms of cas-
pase-9 and caspase-3. In addition, rIL-6 decreased Bcl-2 protein
expression and increased p21Cip and p27Kip expression (Fig. 3B).
Assuming that secreted cellular IL-6 acts in a paracrine and/or
autocrine manner in podocytes, an IL-6 plasmid was used for
transient transfection. Overexpression of IL-6 induced an increase
in p53 expression and the cleaved forms of caspase-9 and cas-
pase-3. Additionally, IL-6 overexpression reduced Bcl-2 expression
and increased p21Cip and p27Kip expression (Fig. 3C). To examine
the loss of IL-6 function, IL-6 siRNA was used. Knockdown of IL-6
by siRNA diminished the high glucose-induced increase in p53
expression and the cleaved forms of caspase-9 and caspase-3.
Moreover, knockdown of IL-6 recovered the high glucose-induced
downregulation of Bcl-2 and upregulation of p21Cip and p27Kip
expression (Fig. 3D).

3.4. The involvement of PGC-1a in high glucose-induced apoptosis and
growth arrest

We also evaluated the involvement of PGC-1a in podocyte
apoptosis and growth arrest. Glucose (25 mM) and rIL-6 each in-
creased PGC-1a expression in a time-dependent manner (Fig. 4A,
B). PGC-1a overexpression increased p53 expression and the
cleaved forms of caspase-9 and caspase-3, reduced Bcl-2 expres-
sion and increased p21Cip and p27Kip expression (Fig. 4C). Knock-
down of PGC-1a by siRNA diminished the high glucose-induced
increase in p53 expression and the cleaved forms of caspase-9
and caspase-3. Additionally, knockdown of PGC-1a recovered the
high glucose-induced downregulation of Bcl-2 and upregulation
of p21Cip and p27Kip expression (Fig. 4D). Thus, PGC-1o. may
mediate high glucose-induced apoptosis and growth arrest.
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4. Discussion

Recent studies have shown that high glucose stimulates the
secretion of IL-6, which induces apoptosis via PGC-1a in a dose-
dependent manner in podocytes. Souza et al. reported that serum
IL-6 concentration is elevated in diabetic patients [12]. In particu-
lar, diabetic patients with nephropathy had a higher level of IL-6
than diabetic patients without nephropathy [13]. However, the
pathophysiological role of IL-6 in podocytes in diabetic nephropa-
thy is unclear. Based upon these reports, we hypothesized that IL-6
is involved in the development of diabetic nephropathy.

Our previous report revealed that high glucose induces podo-
cyte loss, and the activation of CB1R and bradykinin receptor trig-
gers apoptosis [14]. Several studies have reported similar results;
high glucose increased caspase-3 and Bax, and decreased Bcl-2,
suggesting a role in podocyte loss [15,16]. The present results
showed that high glucose induces apoptosis by enhancing IL-6
secretion. First, high glucose and IL-6 induced apoptosis of rat
podocytes. Second, high glucose increased the level of IL-6 mRNA
expression and the levels of secreted IL-6 protein and IL-6 expres-
sion in podocytes. Third, anti-IL-6 antibody, but not IgG, blocked
high glucose-induced apoptosis of podocytes. IL-6 binds to its spe-
cific receptor a-subunit, followed by the activation of the common
receptor subunit, gp130 [6]. To date, the involvement of IL6Ro and
gp130 in diabetes has not been examined simultaneously. Our
present study provides new evidence that high glucose increases
IL6Ra. and gp130 expression in rat podocytes.

Tikoo et al. reported that p53 activation is implicated in the on-
set of diabetic nephropathy in type I diabetes models [17]. Our
present results also demonstrated p53 pathway involvement in
high glucose-induced apoptosis of rat podocytes; this is in agree-
ment with Gao et al., who showed that high glucose-induced acti-
vation of the notch pathway via p53 activation is associated with
podocyte loss [18]. Here, we presented additional evidence that
IL-6 activation by high glucose is linked to the activation of p53,
which eventually results in apoptosis of podocytes. Moreover,
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Fig. 4. The involvement of PGC 1-a on high glucose-induced apoptosis and growth arrest. (A) Western blotting analysis of PGC-1a and B-actin after the time dependent
incubation of rat podocytes with 25 mM glucose. (B) Western blotting analysis of PGC-1a and B-actin after the time dependent incubation of rat podocytes with 1 nM IL-6. (C)
Western blotting analysis of indicated proteins after 24 h incubation of HA (empty vector) or PGC-1a transfected rat podocytes. (D) Western blotting analysis of indicated
proteins after 24 h incubation of scramble or PGC-1a siRNA transfected rat podocytes with 25 mM glucose.
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our results implicate high glucose-induced activation of IL-6 secre-
tion in cell cycle arrest and hypertrophy, as IL-6 siRNA blocked
high glucose-induced stimulation of p21Cip1 and p27Kip1 expres-
sion. Several studies have indicated that high glucose-induced
stimulation of p21Cip1 and p27Kip expression triggers hypertro-
phy in renal proximal tubule cells, suggesting a role in renal hyper-
trophy [19,20]. The result is evident in vivo: p21Cip and p27Kip
expression in glomeruli was increased in kidneys of diabetic mice
[21]. Baba et al. reported that high glucose upregulated p21Cip and
p27Kip in mouse podocytes and that p27Kip1-positive cells in
glomeruli are mainly podocytes in db/db mice [21]. Our results
suggest that IL-6-associated alterations of p21Cip and p27Kip
expression in podocytes may contribute to the onset of diabetic
nephropathy. To our knowledge, this is the first report showing
the stimulation of IL-6 secretion by high glucose-induced hypertro-
phy in podocytes.

Diverse signaling molecules are involved in podocyte loss, and
PGC-1a is potentially important because it is expressed mainly in
the kidney [22]. As the involvement of PGC-1a in the development
of diabetic nephropathy is unclear, the present study examined the
role of PGC-1a in high glucose-induced apoptosis. Our results re-
vealed that PGC-1a was increased in response to high glucose,
and PGC-1a siRNA (but not scrambled siRNA) prevented high glu-
cose-induced apoptosis of rat podocytes. Furthermore, the overex-
pression of PGC-1a induced apoptosis of podocytes. These findings
demonstrate that PGC-1a activation is closely linked to high glu-
cose-induced apoptosis of podocytes. The present results are con-
sistent with the report of Schilling & Kelly that PGC-1a activity is
increased in the early stage of diabetes [23]. Koo et al. also found
that PGC-1a promotes insulin resistance in the liver [24]. However,
Gao et al. reported that high glucose decreased PGC-1o0 mRNA in
3T3-L1 adipocytes [25]. Several investigators have also reported
that PGC-1a is responsible for the beneficial effect on energy
metabolism of various cells [26,27]. This discrepancy among stud-
ies may be attributable to the use of different species (rat vs.
mouse) or cell types (podocyte vs. adipocyte). We speculated that
PGC-1a may have contradictory effects in various cell types and
that PGC-1a has a negative effect in podocyte function. Podo-
cyte-specific PGC-1a knockout mice should be engineered to con-
firm the exact function of PGC-1a in diabetic nephropathy. In this
study, we provide evidence that PGC-1a is an important down-
stream mediator of IL-6 activation induced by high glucose, which
is involved in cell growth arrest and apoptosis of podocytes.

Collectively, these results identified a novel connection be-
tween high glucose and IL-6 activation, which promoted apoptosis
and cell growth arrest in podocytes via IL6Ra and gp130. In addi-
tion to its beneficial role in many cells, PGC-1a expression appears
to be involved in apoptosis under pathophysiological conditions.
Therefore, blocking IL-6 and its downstream mediators such as
IL6Ra, gp130 and PGC-1o. may attenuate the progression of dia-
betic nephropathy. Identifying this pathway will help to elucidate
the molecular events leading to the activation of IL-6-mediated
apoptosis in diabetic nephropathy and may contribute to the de-
sign of new therapeutic strategies for diabetic nephropathy.
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