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Abstract

Excess mesangial extracellular matrix (ECM) and mesangial cell proliferation is the major pathologic feature of
diabetic nephropathy (DN). Fenofibrate, a PPARα agonist, has been shown to attenuate extracellular matrix
formation in diabetic nephropathy. However, the mechanisms underlying this effect remain to be elucidated. In this
study, the effect of fenofibrate on high-glucose induced cell proliferation and extracellular matrix exertion and its
mechanisms were investigated in cultured rat mesangial cells by the methylthiazoletetrazolium (MTT) assay, flow
cytometry and western blot. The results showed that treatment of mesangial cells (MCs) with fenofibrate repressed
high-glucose induced up-regulation of extracellular matrix Collagen-IV, and inhibited entry of cell cycle into the S
phase. This G1 arrest and ECM inhibition was caused by the reduction of phosphorylation and activation of
extracellular signal-regulated kinase 1/2 (ERK1/2) and AKT. On the contrary, PPARα siRNA accelerated high
glucose-induced cell cycle progression by ERK1/2 and AKT activation. Taken together, fenofibrate ameliorated
glucose-induced mesangial cell proliferation and matrix production via its inhibition of PI3K/AKT and ERK1/2
signaling pathways. Such mechanisms may contribute to the favorable effects of treatment using fenofibrate in
diabetic nephropathy.
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Introduction

Mesangial cell (MC) proliferation and excessive deposition of
extracellular matrix proteins has been identified contributing to
the progression of chronic kidney disease, including diabetic
nephropathy (DN) [1]. Therefore, developing effective
approaches to inhibit mesangial cell proliferation and
extracellular matrix accumulation is of great importance for
prevention of glomerular sclerosis in diabetes.

Fenofibrate is a peroxisome proliferator-activated receptor α
(PPARα) agonist that has been widely used to treat
dyslipidemia [2]. Interestingly, several studies revealed that
fenofibrate ameliorated diabetes mellitus and diabetic
microvascular damage beyond its lipid-lowering properties
[3-6]. Fenofibrate has been identified to reduce levels of
fibrinogen, C-reactive protein, and various pro-inflammatory

markers, and improve flow-mediated dilatation [4], suggesting
that fenofibrate exerts its clinical efficacy through PPARα-
dependent and -independent mechanisms. Recent studies
showed that fenofibrate plays a protective role in diabetic
nephropathy [7,8]. It was identified to attenuate renal
mesangial extracellular matrix formation [9], the pathological
hallmark of diabetic nephropathy [10]. It was also demonstrated
that fenofibrate significantly inhibited cell proliferation [11].
However, the underlying renoprotective mechanisms of
fenofibrate in diabetic nephropathy have not been widely
investigated.

There is growing evidence that mesangial cell proliferation
and ECM accumulation play an important role in the
pathogenesis of diabetic nephropathy, and that PI3K/AKT and
ERK1/2 signaling pathways have been identified as key
mediators of these events [11-14]. PI3-K/Akt and MAPKs
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pathways promote cell cycle progression by regulating cell
cycle regulatory proteins cyclin-dependent kinase (CDK) 2 and
CDK4 expression, which act in G1-S phase of cell cycle to
induce cell proliferation in high glucose induced cell
proliferation [15]. Fenofibrate was an ameliorator of PI3K/Akt
signaling pathway [16,17]. Recently, Lee et al [11] had reported
fenofibrate also inhibits mitogen-activated protein kinase
(MAPK) signaling pathways such as ERK 1/2. Given the role of
PPARα played in the regulation of PI3K/AKT and ERK/MAPK
signaling, we therefore sought to more closely investigate the
renoprotective effect of PPARa agonist, fenofibrate, in diabetic
nephropathy by (1) determining its inhibition of glucose-induced
mesangial cell proliferation and extracellular matrix
accumulation; (2) examining its anti-proliferative and anti-ECM-
secreting effects by an inhibitory effect of both the
phosphorylation and activity of PI3K/AKT and ERK1/2 signaling
pathways.

Materials and Methods

Reagents and Cell Culture
HBZY-1 cells (MCs), a rat mesangial cell line (purchased

from Chinese Center for Typical Culture Collection, Wuhan,
China), were cultured in DMEM supplemented with 10% fetal
calf serum, 2mM glutamine, 100U/ml penicillin, and 100µg/ml
streptomycin. After pre-incubation in DMEM supplemented with
0.1% fetal calf serum for 24 h, the cells were treated with
indicated concentrations of glucose along with fenofibrate or
MK886, a selective PPAR-α antagonist. The experiments were
divided into following groups: normal glucose group (NG, 5mM
glucose); high glucose group (HG, 40 mM glucose); high
glucose and fenofibrate group (HG+FN, 40mM glucose and
100µM fenofibrate); high glucose and MK886 group (HG+ MK,
40mM glucose and 1µmol MK886). The cells were cultured for
additional 12 h, 24 h or 48 h before harvesting. All cells were
maintained in a 5% CO2 incubator at 37 °C. DMEM was
purchased from GIBCO BRL (GIBCO, USA).

PPAR-α Luciferase Reporter Assay
To measure activation of PPARα, a consensus PPAR

response element (PPRE) fused to the upstream of the PGL2-
basc luciferase reporter (p4xPPRE-Luc), a gift from molecular
cancer research laboratory of University of Chicago, was used.
MCs were seeded in a 24-well plate at a density of 5×104 cells/
well and incubated in DMEM low-sugar medium without
antibiotics. The next day, the cells were transfected with 100ng
of pRL-TK vector and 500ng of p4xPPRE-Luc using
lipofectamine 2000 (Invitrogen) and OPTI-MEM (Invitrogen).
Five hours later, the cells were treated with indicated
concentration of fenofibrate or MK886 for 24 h, followed by
analysis of Firefly luciferase and Renilla luciferase activities
using a dual-luciferase reporter assay kit (Promega, USA).

Cell proliferation assay
The MTT assay was used as a qualitative index of cell

proliferation. We cultured MCs cells in 96-well plates (5 × 103

cells/well). After 12 h, 24 h or 48 h incubation with above

indicated compounds, 20µl MTT (5 mg/ml, Invitrogen, USA)
was added and the cells were cultured for additional 4h.
Subsequently, the cells were lysed using dimethylsulfoxide
(150μl/well, Sigma, USA). When the formanzan crystals were
completely dissolved, the optical density (OD) was measured
at 570 nm using a Microplate Reader (Biotek synergy, USA).

Flow cytometry
Cell cycle analysis was performed by flow cytometry. The

cells were harvested 24h after treatment and fixed with −20°C
70% ethanol. After washes the cells were treated with RNase
(25 µg/ml) at 37 °C for 30 min, followed by staining with
propidium iodide (PI, 50µg/ml) at 4°C for 30 min in the dark.
The cells were analyzed using a FACS Calibur Flow Cytometer
(BD, USA) to determine the proportion of cells within the G1, S,
and G2/M phases.

RT-PCR
Cell total RNA was extracted with TRIZOL reagent

(Invitrogen) according to the manufacturer’s directions. One
microgram of total RNA was reverse transcripted into cDNA
according to the manufacture’s instruction (Promega, USA).
Primers for rat PPARα are 5' GCCGTTTCCACAAGTGCC 3'
and 5' TGCTAGTCTTTCCTGCGAGTATG 3', and primers for
rat CDK-4 are 5' CCCAATGTTGTACGGCTGAT 3' and 5'
GAGGTGCTTTGTCCAGGTATGT 3', and primers for rat Beta-
actin are 5' TCTTCCAGCCTTCCTTCCTG 3' and 5'
AGAGCCACCAATCCACACA 3'. A two-step PCR was
performed for 35 cycles. Denaturation was performed at 95°C
for 10 s, annealing/extension at 55°C for 30 s. Measurements
were standardized to the expression of the beta-actin. Relative
gene expression is reported after normalizing to that cultured in
low glocuse.

ELISA assay
Collagen-IV secretions were measured using an ELISA kit

(R&D Systems) according to the manufacturer’s instructions.
Each sample was analyzed in triplicates, and the absorbance
was measured at 450 nm wavelength and calculated in the
linear.

Western blotting
The cells were lysed with RIPA lysis buffer containing PMSF

protease inhibitors. Protein concentrations were determined
using the BCA method (Beyotime Institute of Biotechnology,
China). The proteins were first separated by SDS-PAGE, and
transferred onto nitrocellulose membranes. After blocked with
5% non-fat milk in Tris-buffered saline-Tween20 (TBS-T,
pH7.6) at room temperature, the membranes were incubated
overnight at 4 °C with indicated primary antibodies (PPARα,
1:500,; GAPDH,1:1000; Collagen-IV,1:50;phosphor-ERK1/2,
1:500; ERK1/2 1:500; phosphor-AKT,1:200; and AKT,1:500).
After washing, the membranes were incubated with
corresponding secondary antibodies and then developed using
the ECL western blotting reagents. The relative intensity of
each target band was quantified by the BioSpectrum UVP
imaging system, and normalized by the intensity of GAPDH.

Fenofibrate and Mesangial Cell Proliferation
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ERK1/2 and AKT activation was assessed by the ratio of
phosphorylated form among its corresponding total protein
levels.

SiRNA.  HBZY-1 cells were transfected with 100nM PPARα-
specific siRNA (Invitrogen, 5’-3’
GAGAUCGGCCUGGCCUUCUAAACAU) using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions.
Briefly, HBZY-1 cells (1×105/mL) were seeded in 6-well plates
with siRNA-Lipofectamine complexes. 5 h after transfection,
cells were treated with high glucose and/or LY294002 (10
µmol/L), or U0126 (10 µmol/L) for another 24 hours. Total RNA
and protein were extracted from the cells for analysis of
PPARα, Col-IV, p-Akt and pERK1/2 expression. A nonsilencing
siRNA oligonucleotide that does not recognize any known
homology to mammalian genes (Invitrogen) was used as a
negative control. All experiments were repeated three times.

Statistical analysis
All data are expressed as mean ± SD and were compared by

one-way ANOVA with post-hoc Bonferroni’s correction
(GraphPad Prism 5.0; GraphPad Software). In all cases, p <
0.05 was considered statistical significance.

Results

PPARα was upregulated and activited in rat mesangial
cells treated with high glucose and/or fenofibrate

To explore the role of fenofibrate on high glucose induced
mesangial cell proliferation and extracellular matrix
accumulation, we first assessed the presence of PPARα in high
glucose treated MCs by mRNA and Western blot. As is shown
in Figure 1A, PPARα messenger RNA and protein was
detectable in non-stimulated cells. High glucose stimulation
(40mmol/L for 24h) induced a slight increase of PPARα mRNA
and protein in MCs. However, treatment with fenofibrate
resulted in a significant dose-dependent induction of PPARα
expression in high glucose treated MCs, with a maximum of
induction after 24 h with 100 µM (Figure 1A). The enhancing
effect was reversed by the administration of 1 or 10 µmol/L
MK886 (Figure 1A), a selective PPAR-α antagonist.

In addition, we estimated the activity of PPARα by transiently
transfecting MCs with a PPRE-luciferase reporter construct
(Figure 1B). MCs were transfected with the p4XPPRE-Luc
expression vector, treated with high glucose in the absence or
presence of fenofibrate (1, 10, 100µM) or MK886 for 24 h, and
then analysed for luciferase activity as PPRE-mediated
transcriptional activity, specific PPARα activity. As shown in
Figure 1B, treatment with fenofibrate enhanced PPRE-
mediated transcriptional activity compared to that without
fenofibrate treatment. This enhancing activity was inhibited by
the administration of MK886 (Figure 1B). Those data
suggested the presence of a functioning PPARα protein and its
actual activation by fenofibrate in high glucose treated MCs.

Fenofibrate Suppressed HG-Induced Rat Mesangial Cell
Proliferation

MTT assay was employed to assess the impact of
Fenofibrate on MC proliferation. It was interestingly noted that
administration of Fenofibrate, no matter for 12h, 24 h or 48h,
significantly suppressed high glucose induced MC proliferation,
with a maximum of inhibition in 100 µmol/L (Figure 2). The
inhibition was inhibited by the administration of MK886 (1 or 10
µmol/L).

Fenofibrate arrested HG-induced cell-cycle progression
in rat mesangial cells

To further examine the role of fenofibrate in MC cell cycle
progression, we did flow cytometry analysis. As shown in
Figure 3, high-glucose induced decrease of cells in G1 phase,
but increased cells in S phase, indicating that high glucose
promotes cell cycle progression. In contrast, fenofibrate dose-
dependently arrested cells in G1 phase (p<0.05), and
therefore, the number of cells in S phase was significantly
lower (p<0.05). This fenofibrate-induced cell growth arrest was
reversed by MK886 (Figure 3). These results suggest that
fenofibrate could block high glucose induced cell cycle

Figure 1.  Expression and activity of PPARα in rat
mesangial cells (MCs) treated with high glucose and/or
fenofibrate.  Mesangial cells were stimulated with high glucose
40mmol/L, in the absence or presence of fenofibrate (10–100
µM), or 100 µM fenofibrate plus MK886 (1 or 10 µM) for 24 h.
(A) After incubation, PPARα mRNA and protein levels were
determined by real time RT-PCR and Western Blot, normalized
to β-actin or GAPDH. (B) For detection of PPARα activity, MCs
were transfected with a PPRE-luciferase reporter vector for 5 h
before treatment. Its activity was measured using the luciferase
assay system. Data in the bar graphs represent the average
values ± SE of experiments performed in triplicate. *P<0.05 vs
NG; # p<0.05 vs HG. NG, normal glucose (5mM); HG, high
glucose (40 mM); FN, fenofibrate; MK, MK886.
doi: 10.1371/journal.pone.0076836.g001
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Figure 2.  MTT assay for cell proliferation
analysis.  Fenofibrate inhibited mesangial cell proliferation
induced by high glucose for 12h, 24 h or 48h, at a final
concentration 1, 10, 50, 100µM, respectively. The maximum
inhibition was reversed by the administration of MK886 (1 or 10
µmol/L). The result is average values ± SE of representative
data from experiments in triplicate. *P<0.05 vs NG; # p<0.05 vs
HG. NG, normal glucose (5mM); HG, high glucose (40 mM);
FN, fenofibrate; MK, MK886.
doi: 10.1371/journal.pone.0076836.g002

progression by inhibiting the G1-S phase transition and
arresting cells in G1 phase.

Fenofibrate suppressed high glucose induced
expression of Collagen-IV in rat mesangial cells

As matrix accumulation was a consequence of mesangial
cells proliferation, matrix components expressions and
secretions in MC cells were measured. Western blot analysis
revealed that high glucose induced high levels of Collagen-IV
expression in MCs as compared with that of control cells
(Figure 4A). Administration of fenofibrate significantly
attenuated the expression of Collagen-IV induced by high
glucose. Collagen-IV secretions were detected by ELISA assay
in culture supernatants. In consistent with the above results,
the levels of Collagen-IV in HG-treated cells were significantly
higher than that of control cells (Figure 4B), but attenuated by
fenofibrate treatment (P < 0.05). The inhibition of matrix
component expression and secretion by fenofibrate was
reversed by the administration of MK886 (Figure 4). Those
data suggested fenofibrate suppressed high glucose induced
matrix accumulation in rat mesangial cells through the
activation of PPARα protein.

Figure 3.  Fenofibrate reduced mesangial cell proliferations stimulated by high glucose.  MCs were preincubated for 2h with
various concentrations of fenofibrate, and then stimulated with high glucose for 24h. Fenofibrate inhibits mesangial cell proliferation
induced by high glucose at a final concentration 1, 10, 50, 100µM, respectively. Cells were analyzed by flow cytometry after PI
staining and the relative percentage of cells in different cell cycle phases are reported, while the percentage of apoptotic events was
ignored. Data in the bar graphs represent the average values ± SE of experiments performed in triplicate. *P<0.05 vs NG; # p<0.05
vs HG. NG, normal glucose (5mM); HG, high glucose (40 mM); FN, fenofibrate; MK, MK886.
doi: 10.1371/journal.pone.0076836.g003
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Fenofibrate suppressed ERK1/2 and AKT activation in
rat mesangial cells

Given the role of ERK1/2 and AKT signaling played in
mesangial cell growth and proliferation, we examined the
impact of fenofibrate on ERK1/2 and AKT activation. It was
noted that high glucose induced ERK1/2 and AKT activation as
manifested by that the relative amount of phosphorylated
ERK1/2 and AKT is significantly higher than that of control cells
(Figure 5). However, treatment of fenofibrate significantly
suppressed high glucose induced ERK1/2 and AKT activation.
This inhibition was reversed by MK886.

Figure 4.  Effect of fenofibrate on the expression and
secretions of extracellular matrix component in high
glucose treated mesangial cells.  (A) Representative western
blot of Collagen-IV. (B) Collagen-IV secretion in culture media
by ELISA assay. Protein levels were determined by Western
Blot, normalised to GAPDH. Values are given as mean ±S.D.
from 3 independent experiments in triplicate and p<0.05 is
considered statistically significant. *P<0.05 vs NG; # p<0.05 vs
HG. NG, normal glucose (5mM); HG, high glucose (40 mM);
FN, fenofibrate; MK, MK886.
doi: 10.1371/journal.pone.0076836.g004

Figure 5.  Effect of fenofibrate on the phosphorylation of
ERK1/2 and PI3K-AKT in rat mesangial cells.  (A)
Representative western blot of p-AKT. (B) Representative
western blot of p-ERK1/2. The figure shows the average
volume density of phosphorylated ERK1/2 and AKT corrected
for the loading control, total ERK1/2 and AKT. Values are given
as mean±S.D. from 3 separate experiments. *P<0.05 vs NG; #

p<0.05 vs HG. NG, normal glucose (5mM); HG, high glucose
(40 mM); FN, fenofibrate; MK, MK886.
doi: 10.1371/journal.pone.0076836.g005

We further investigated the effect of PPARα siRNA on high
glucose-induced ERK1/2 and PI3K-AKT activation, and
Collagen-IV expression. Treatment with PPARα siRNA
significantly inhibited PPARα expression (Figure 6A), and
resulted in an increased phosphorylation of AKT (Figure 6B)
and ERK1/2 (Figure 6C) in high glucose treated mesangial
cells. These phosphorylations were reversed by AKT inhibitor,
LY294002, and ERK inhibitor, U0126 (Figure 6B and 6C).
PPARα siRNA further upregulated the expression of Collagen-
IV, compared to that of high glucose treated cells (Figure 6D).
Administration of either AKT inhibitor or ERK inhibitor
attenuated the expression of Collagen-IV induced by high
glucose and PPARα knockdown (Figure 6D). Those data
suggested PPARα siRNA accelerated high glucose-induced
ERK1/2 and PI3K-AKT activation in rat mesangial cells.

We further examined cell cycle progression in these cells. As
shown in Figure 7, PPARα siRNA promoted G1 phase cell
cycle progression during high glucose treatment, and the
number of cells in S phase increased (p<0.05). This PPARα
siRNA-induced cell growth was inhibited by treatment of either
AKT inhibitor or ERK inhibitor (Figure 7).

Figure 6.  Effect of PPARα siRNA on ERK1/2 and PI3K-AKT
pathways, and the Collagen-IV expression in high glucose
treated mesangial cells.  (A) Representative western blot of
PPARα. (B) Representative western blot of p-AKT. (C)
Representative western blot of p-ERK1/2. (D) Representative
western blot of Collagen-IV. Protein levels were determined by
western Blot, normalised to GAPDH. Phosphorylated ERK1/2
and AKT were corrected for the loading control, total ERK1/2
and AKT. Values are given as mean ±S.D. from 3 independent
experiments in triplicate and p<0.05 is considered statistically
significant. *P<0.05 vs NG; # p<0.05 vs HG. NG, normal
glucose; HG, high glucose.
doi: 10.1371/journal.pone.0076836.g006
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In view of the fact that PPARα directly or indirectly affects
transcription of genes such as CDK-4, which is essential for
cell cycle progression, we investigated the CDK-4 expression
in these cells by real time RT-PCR. As is shown in Figure 8,
high glucose stimulation induced an increase of CDK-4 mRNA
in MCs. Treatment with fenofibrate inhibited high glucose-
induced CDK-4 upregulation (Figure 8), which was accelerated
by PPARα siRNA. Administration of AKT inhibitor or ERK
inhibitor attenuated the expression of CDK-4 induced by high
glucose and/or PPARα knockdown (Figure 8). It suggested that
CDK4 inhibition is one of the mechanisms of PPARα regulated
mesangial cell proliferation.

As PI3K/AKT and ERK1/2 signaling pathways have been
identified as key mediators of CDK-4 expression, cell
proliferation and ECM accumulation, these results suggest that
PPARα regulates glucose-induced mesangial cell proliferation
and matrix production via PI3K/AKT and ERK1/2 pathways.

Discussion

Although fenofibrate has been identified to have renal
protective effects in diabetic nephropathy [18], it is not clear
which role fenofibrate plays in glucose induced mesangial cells
(MCs) proliferation, a characteristic for early stage of diabetic
nephropathy [19]. In this study, we identified the inhibitory
effect of fenofibrate on high glucose induced rat MCs
proliferation. We found treatment of mesangial cells (MCs) with
fenofibrate repressed high-glucose induced up-regulation of
extracellular matrix Collagen-IV, and inhibited entry of cell cycle
into the S phase.

Fenofibrate arrested cell cycle of high glucose treated MCs
from G1 to S phase transition in a time and dose-dependent
manner. During cell cycle progression, S-phase is synthesis

Figure 7.  PPARα siRNA accelerated high glucose-induced
mesangial cell proliferations via ERK1/2 and PI3K-AKT
pathways.  PPARα siRNA was transfected into mesangial cells
for 5h, followed by stimulating with high glucose for 24h, or
high glucose plus Ly294002 (10µmol/L), or high glucose plus
U0126 (10µmol/L). Cells were analyzed by flow cytometry after
PI staining. Data in the bar graphs represent the average
values ± SE of experiments performed in triplicate. *P<0.05 vs
NG; # p<0.05 vs HG. NG, normal glucose; HG, high glucose.
doi: 10.1371/journal.pone.0076836.g007

phase in which DNA is replicated, after which, the cells enter
into G2 phase, and finally mitosis occurs in M phase.
Compared with cells cultured under normal concentration of
glucose, cells under high-glucose condition showed
significantly higher population at S phase, but lower proportion
of cells at G1-phase. Treatment of fenofibrate (100µM for 24h),
almost completely blocked the high glucose induced G1 to S
phase progression of the cell cycle.

Extracellular matrix production (ECM) is a key event in the
progression of renal failure [20]. When exposed to a variety of
high glucose, mesangial cells synthesize extracellular matrix
proteins, which lead to the development of progressive renal
disease and finally glomerulosclerosis in humans and animal
diabetic models [21]. Our results demonstrated that high
glucose enhanced MCs proliferation accomplishing an increase
of ECM production rate. Treatment of fenofibrate time- and
dose-dependently ameliorated HG-induced cell proliferation
and expression of Collagen-IV protein, suggesting that
fenofibrate is an effective agent for preventing the development
of glomerulus sclerosis in diabetes.

Despite extensive efforts in research during recent years, the
molecular mechanisms underlying anti-proliferation and anti-
ECM production effects of fenofibrate in mesangial cells remain
poorly understood. Our obsevations in this study were
reflecting the specific action of fenofibrate on cell cycle

Figure 8.  Expression CDK4 in rat mesangial cells (MCs)
treated with high glucose.  Mesangial cells were stimulated
with high glucose 40mmol/L, in the absence or presence of
fenofibrate (100 µM), or PPARα siRNA plus Ly294002
(10µmol/L), or high glucose plus U0126 (10µmol/L) for 24 h.
CDK4 mRNA levels were determined by real time RT-PCR,
normalised to β-actin. Data in the bar graphs represent the
average values ± SE of experiments performed in triplicate.
*P<0.05 vs NG; # p<0.05 vs HG. NG, normal glucose; HG, high
glucose; FN, fenofibrate.
doi: 10.1371/journal.pone.0076836.g008
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progression rather than induction of apoptosis, implying that
the antiproliferative properties of fenofibrate were caused by
the modulation of signaling pathway involved in cell cycle
progression.

The serine/threonine kinase Akt and extracellular signal-
regulated kinase (ERK) 1/2 are the two major signaling
molecules in the regulation of ECM protein synthesis and cell
proliferation [22,23]. It has been reported that the PI3K-AKT
and ERK1/2 signaling pathways were activated in glomeruli of
diabetic rats as well as in mesangial cells cultured under high-
glucose conditions [12,24]. These observations prompted us to
examine the impact of fenofibrate on PI3K-AKT and ERK1/2
MAP kinase signaling. We found that high glucose enhanced
the levels of phosphorylated AKT and ERK1/2 in mesangial
cells. Fenofibrate treatment significantly decreased the levels
of p-ERK and p-AKT in high-glucose treated MCs. Recently,
Lee JJ et al demonstrated fenofibrate suppressed the G0/G1 to
S phase of cell cycle in neointimal formation through ERK 1/2
signaling pathway, which resulted in the downregulation of
cyclin D, cyclin E, CDK2, CDK4, PCNA proteins, and finally
induced the G0/G arrest [11]. However, they hadn’t observed
the PI3K-Akt signaling cascade, another important G1 phase
arrest signaling pathway [25], was involved. Our results
indicate that fenofibrate not only inhibited the activation of
MAPK signaling pathways, but also suppressed the
phosphorylation of Akt protein in high glucose treated MCs.

Through knockdown of PPARα by siRNA, we found PPARα
inhibition accelerated high glucose-induced mesangial cell
proliferation and phosphorylation of ERK and AKT, and was
accomplished with upregulated CDK4 expression, compared to
the inhibitory effect of fenofibrate. All these were attenuated by
either AKT inhibitor or ERK inhibitor, suggesting PPARα
regulates glucose-induced mesangial cell proliferation via both
PI3K/AKT and ERK1/2 pathways. Thus, fenofibrate, as a
PPARα agonist, may be sufficient to achieve cell cycle arrest in
the inhibitory action of high glucose-mediated proliferation of
MCs.

In summary, our data provided novel insight into the
understanding of the molecular and signaling pathway
mechanism, in which fenofibrate suppresses high glucose
induced activation of both ERK1/2 and AKT, and by which it
arrests MCs at G1 phase. Thus, fenofibrate is a potential
therapeutics for prevention and treatment of early stage
diabetic nephropathy in the clinical setting.

Author Contributions

Conceived and designed the experiments: RZ GX YY.
Performed the experiments: RZ YX FMZ. Analyzed the data:
RZ YX FMZ. Contributed reagents/materials/analysis tools:
ZFM WHL YH JSH WL JY QL. Wrote the manuscript: RZ YX.

References

1. Lee S, Sharma K (2004) The pathogenesis of fibrosis and renal
disease in scleroderma: recent insights from glomerulosclerosis. Curr
Rheumatol Rep 6(2): 141–148. doi:10.1007/s11926-004-0059-3.
PubMed: 15016345.

2. Issemann I, Green S (1990) Activation of a member of the steroid
hormone receptor superfamily by peroxisome proliferators. Nature 347:
645–650. doi:10.1038/347645a0. PubMed: 2129546.

3. Hiukka A, Maranghi M, Matikainen N, Taskinen MR (2010) PPARα: an
emerging therapeutic target in diabetic microvascular damage. Nat.
Rev Endocrinal (6): 454–463.

4. Keating GM (2011) Fenofibrate: a review of its lipid-modifying effects in
dyslipidemia and its vascular effects in type 2 diabetes mellitus. Am J
Cardiovasc Drugs 11(4): 227-247. doi:
10.2165/11207690-000000000-00000. PubMed: 21675801.

5. Portilla D, Dai G, Peters JM, Gonzalez FJ, Crew MD et al. (2000)
Etomoxir-induced PPARα-modulated enzymes protect during acute
renal failure. Am J Physiol 278(4): 667–675.

6. Kono K, Kamijo Y, Hora K, Takahashi K, Higuchi M et al. (2009)
PPARalpha attenuates the proinflammatory response in activated
mesangial cells. Am J Physiol Renal Physiol 296: F328–F336.
PubMed: 19036849.

7. Ansquer JC, Foucher C, Rattier S, Taskinen MR, Steiner G et al.
(2005) Fenofibrate reduces progression to microalbuminuria over 3
years in a placebo-controlled study in type 2 diabetes: Results from the
Diabetes Atherosclerosis Intervention Study (DAIS). Am J Kidney Dis
45(3): 485–493. doi:10.1053/j.ajkd.2004.11.004. PubMed: 15754270.

8. Kono K, Kamijo Y, Hora K, Takahashi K, Higuchi M et al. (2009)
PPARalpha attenuates the proinflammatory response in activated
mesangial cells. Am J Physiol Renal Physiol 296: F328–F336.
PubMed: 19036849.

9. Park CW, Kim HW, Ko SH, Chung HW, Lim SW et al. (2006)
Accelerated diabetic nephropathy in mice lacking the peroxisome
proliferator-activated receptor alpha. Diabetes 55(4): 885-893. doi:
10.2337/diabetes.55.04.06.db05-1329. PubMed: 16567507.

10. Marks JB, Raskin P (1998) Nephropathy and hypertension in diabetes.
Med Clin North Am 2: 877–907. PubMed: 9706125.

11. Lee JJ, Yu JY, Zhang WY, Kim TJ, Lim Y et al. (2011) Inhibitory effect
of fenofibrate on neointima hyperplasia via G(0)/G(1) arrest of cell
proliferation. Eur J Pharmacol 650(1): 342-349. doi:10.1016/j.ejphar.
2010.10.046. PubMed: 21040719.

12. Ingrom A, Ly H, Thai K, Kang MJ, Scholey JW (1999) Mesangial cell
signaling cascade in response to mechanical strain and glucose.
Kidney Int 56: 1721–1731. doi:10.1046/j.1523-1755.1999.00743.x.
PubMed: 10571780.

13. Hirasawa Y, Sakai T, Ito M, Yoshimura H, Feng Y et al. (2011)
Advanced glycation end product cholesterol aggregated protein
accelerates the proliferation of mesangial cells mediated by
transforming-growth-factor-beta 1 receptors and the ERK-MAPK
pathway. Eur J Pharmacol 672(1-3): 159-168. doi:10.1016/j.ejphar.
2011.09.185.

14. Ohashi N, Urushihara M, Satou R, Kobori H (2010) Glomerular
angiotensinogen is induced in mesangial cells in diabetic rats via
reactive oxygen species--ERK/JNK pathways. Hypertens Res 33(11):
1174-1181. doi:10.1038/hr.2010.143. PubMed: 20686488.

15. Heo JS, Han HJ (2006) High glucose increase cell cycle regulatory
proteins level of mouse embryonic stem cells via PI3-K/Akt and MAPKs
signal pathways. J Cell Physiol 209(1): 94-102. doi:10.1002/jcp.20706.
PubMed: 16775839.

16. Goetze S, Eilers F, Bungenstock A, Kintscher U, Stawowy P et al.
(2002) PPAR activators inhibit endothelial cell migration by targeting
Akt. Biochem Biophys Res Commun 239: 1431–1437. PubMed:
12054675.

17. Grabacka M, Plonka PM, Urbanska K, Reiss K (2006) Peroxisome
proliferator-activated receptor alpha activation decreases metastatic
potential of melanoma cells in vitro via down-regulation of Akt. Clin
Cancer Res 12(10): 3028-3036. doi:10.1158/1078-0432.CCR-05-2556.
PubMed: 16707598.

18. Park CW, Zhang Y, Zhang X, Wu J, Chen L et al. (2006) PPARalpha
agonist fenofibrate improves diabetic nephropathy in db/db mice.
Kidney Int 69(9): 1511-1517. doi:10.1038/sj.ki.5000209. PubMed:
16672921.

19. Cosio FG (1995) Effects of high glucose concentrations on human
mesangial cell proliferation. J Am Soc Nephrol 5: 1600–1609. PubMed:
7756594.

20. Lee S, Lee S, Sharma K (2004) The pathogenesis of fibrosis and renal
disease in scleroderma: recent insights from glomerulosclerosis. Curr
Rheumatol Rep 6(2): 141–148. doi:10.1007/s11926-004-0059-3.
PubMed: 15016345.

Fenofibrate and Mesangial Cell Proliferation

PLOS ONE | www.plosone.org 7 October 2013 | Volume 8 | Issue 10 | e76836

http://dx.doi.org/10.1007/s11926-004-0059-3
http://www.ncbi.nlm.nih.gov/pubmed/15016345
http://dx.doi.org/10.1038/347645a0
http://www.ncbi.nlm.nih.gov/pubmed/2129546
http://dx.doi.org/10.2165/11207690-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/21675801
http://www.ncbi.nlm.nih.gov/pubmed/19036849
http://dx.doi.org/10.1053/j.ajkd.2004.11.004
http://www.ncbi.nlm.nih.gov/pubmed/15754270
http://www.ncbi.nlm.nih.gov/pubmed/19036849
http://dx.doi.org/10.2337/diabetes.55.04.06.db05-1329
http://www.ncbi.nlm.nih.gov/pubmed/16567507
http://www.ncbi.nlm.nih.gov/pubmed/9706125
http://dx.doi.org/10.1016/j.ejphar.2010.10.046
http://dx.doi.org/10.1016/j.ejphar.2010.10.046
http://www.ncbi.nlm.nih.gov/pubmed/21040719
http://dx.doi.org/10.1046/j.1523-1755.1999.00743.x
http://www.ncbi.nlm.nih.gov/pubmed/10571780
http://dx.doi.org/10.1016/j.ejphar.2011.09.185
http://dx.doi.org/10.1016/j.ejphar.2011.09.185
http://dx.doi.org/10.1038/hr.2010.143
http://www.ncbi.nlm.nih.gov/pubmed/20686488
http://dx.doi.org/10.1002/jcp.20706
http://www.ncbi.nlm.nih.gov/pubmed/16775839
http://www.ncbi.nlm.nih.gov/pubmed/12054675
http://dx.doi.org/10.1158/1078-0432.CCR-05-2556
http://www.ncbi.nlm.nih.gov/pubmed/16707598
http://dx.doi.org/10.1038/sj.ki.5000209
http://www.ncbi.nlm.nih.gov/pubmed/16672921
http://www.ncbi.nlm.nih.gov/pubmed/7756594
http://dx.doi.org/10.1007/s11926-004-0059-3
http://www.ncbi.nlm.nih.gov/pubmed/15016345


21. Mason RM, Wahab NA (2003) Extracellular matrix metabolism in
diabetic nephropathy. J Am Soc Nephrol 14: 1358–1373. doi:
10.1097/01.ASN.0000065640.77499.D7. PubMed: 12707406.

22. Shiojima I, Walsh K (2002) Role of Akt signaling in vascular
homeostasis and angiogenesis. Circ Res 90: 1243–1250. doi:
10.1161/01.RES.0000022200.71892.9F. PubMed: 12089061.

23. Mebratu Y, Tesfaigzi Y (2009) How ERK1/2 activation controls cell
proliferation and cell death: Is subcellular localization the answer? Cell
Cycle 8(8): 1168-1175. doi:10.4161/cc.8.8.8147. PubMed: 19282669.

24. Heljić M, Brazil DP (2011) Protein kinase B/Akt regulation in diabetic
kidney disease. Front Biosci (Schol Ed) Volumes 3: 98–104. doi:
10.2741/s135.

25. Yoo KD, Park ES, Lim Y, Kang SI, Yoo SH et al. (2012) Clitocybin A, a
novel isoindolinone, from the mushroom Clitocybe aurantiaca, inhibits
cell proliferation through G1 phase arrest by regulating the PI3K/Akt
cascade in vascular smooth muscle cells. J Pharmacol Sci 118(2):
171-177. doi:10.1254/jphs.11159FP. PubMed: 22343364.

Fenofibrate and Mesangial Cell Proliferation

PLOS ONE | www.plosone.org 8 October 2013 | Volume 8 | Issue 10 | e76836

http://dx.doi.org/10.1097/01.ASN.0000065640.77499.D7
http://www.ncbi.nlm.nih.gov/pubmed/12707406
http://dx.doi.org/10.1161/01.RES.0000022200.71892.9F
http://www.ncbi.nlm.nih.gov/pubmed/12089061
http://dx.doi.org/10.4161/cc.8.8.8147
http://www.ncbi.nlm.nih.gov/pubmed/19282669
http://dx.doi.org/10.2741/s135
http://dx.doi.org/10.1254/jphs.11159FP
http://www.ncbi.nlm.nih.gov/pubmed/22343364

	Fenofibrate Attenuated Glucose-Induced Mesangial Cells Proliferation and Extracellular Matrix Synthesis via PI3K/AKT and ERK1/2
	Introduction
	Materials and Methods
	Reagents and Cell Culture
	PPAR-α Luciferase Reporter Assay
	Cell proliferation assay
	Flow cytometry
	RT-PCR
	ELISA assay
	Western blotting
	Statistical analysis

	Results
	PPARα was upregulated and activited in rat mesangial cells treated with high glucose and/or fenofibrate
	Fenofibrate Suppressed HG-Induced Rat Mesangial Cell Proliferation
	Fenofibrate arrested HG-induced cell-cycle progression in rat mesangial cells
	Fenofibrate suppressed high glucose induced expression of Collagen-IV in rat mesangial cells
	Fenofibrate suppressed ERK1/2 and AKT activation in rat mesangial cells

	Discussion
	Author Contributions
	References


