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Abstract. High glucose (HG) in peritoneal dialysates has been 
demonstrated to induce extracellular matrix (ECM) synthesis 
by peritoneal mesothelial cells (PMCs) and to contribute to 
peritoneal fibrosis during continuous ambulatory peritoneal 
dialysis (CAPD). In the present study, we investigated the 
effects of pioglitazone, a peroxisome proliferator-activated 
receptor γ (PPARγ) agonist, on HG-induced ECM accumula-
tion and the underlying mechanism in rat PMCs (RPMCs). 
In cultured RPMCs, HG treatment increased the expression 
of fibronectin (FN), collagen I and plasminogen activation 
inhibitor-1 (PAI-1) at the mRNA and protein levels, while 
it downregulated the expression of PPARγ in a time- and 
concentration-dependent manner. Pretreatment with piogli-
tazone not only decreased the expression of PAI-1 and matrix 
proteins (FN and collagen I), but prevented the downregula-
tion of PPARγ in RPMCs under HG conditions. HG treatment 
activated the nuclear factor-κB (NF‑κB) and activator 
protein‑1 (AP‑1) pathways. In addition, the NF‑κB inhibitor, 
pyrrolidine dithiocarbamate (PDTC), and the AP-1 inhibitor, 
SP600125, decreased the protein levels of FN, collagen I and 
PAI‑1, suggesting a role for the NF‑κB and AP-1 pathways 

in the regulation of ECM accumulation induced by HG in 
RPMCs. Notably, we demonstrated that pretreatment with 
pioglitazone significantly inhibited HG‑induced NF‑κB and 
AP-1 activation. Collectively, these results suggest that piogli-
tazone inhibits HG-induced ECM accumulation in RPMCs by 
increasing PPARγ expression, and by inhibiting the NF‑κB 
and AP-1 pathways.

Introduction

Peritoneal fibrosis is one of the most serious complications in 
patients undergoing continuous ambulatory peritoneal dialysis 
(CAPD), and is a primary cause of the discontinuation of 
peritoneal dialysis treatment. A high concentration of glucose 
in the peritoneal dialysates, which is the key driving force in 
peritoneal dialysis, is considered to be an important initial 
factor in the development of peritoneal fibrosis (1). Extracellular 
matrix (ECM) accumulation and peritoneal thickening are 
the major pathological hallmarks of peritoneal fibrosis (2). 
Fibronectin (FN) and collagen I are the main components of the 
ECM; ECM accumulation results from an imbalance between 
the synthetic and degradative pathways of these proteins. 
ECM degradation is regulated by the cytokine, plasminogen 
activation inhibitor-1 (PAI-1). In vitro and in vivo studies have 
demonstrated that high glucose (HG) conditions are able to 
increase the synthesis of FN, collagen I and PAI‑1 in peritoneal 
mesothelial cells (PMCs) (3,4). Downregulation of the synthesis 
of ECM proteins (FN and collagen I) and PAI-1 expression may 
be effective in preventing or delaying peritoneal fibrosis.

Peroxisome proliferator-activated receptor γ (PPARγ), a 
member of the nuclear hormone receptor superfamily, has 
been implicated in the regulation of lipid homeostasis, energy 
metabolism and inflammation, as well as cellular differentia-
tion and proliferation (5). Thiazolidinediones (TZDs), such as 
pioglitazone, rosiglitazone and troglitazone, are PPARγ agonists 
that control hyperglycemia by improving insulin sensitivity, 
which has lead to their use in the treatment of type 2 diabetes. 
In addition to glucose-lowering effects, PPARγ agonists have 
also demonstrated antifibrotic effects in several experimental 
models. A previous study demonstrated that, in the opossum 
kidney model of proximal tubular cells, pioglitazone reduced 
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production of the profibrotic and inflammatory cytokines, 
transforming growth factor β1 (TGF‑β1) and monocyte 
chemoattractant protein-1 (MCP-1), by the tubular cells (6). 
Pioglitazone has also been demonstrated to reduce the expres-
sion of FN, PAI‑1 and collagen Ⅳ in mesangial cells (7) and 
renal tubular cells (8) exposed to HG. PPARγ agonists may 
further attenuate glomerulosclerosis, as suggested by studies 
in the 5/6-nephrectomy model (9). PMCs are the cells most 
likely to contribute to peritoneal fibrosis, and they exhibit 
constitutive expression of PPARγ (10,11). However, the effect 
of PPARγ on peritoneal fibrosis has not been investigated in 
detail. In rat models of encapsulating peritoneal sclerosis and 
dialysis fluid exposure, rosiglitazone has been demonstrated to 
ameliorate certain adverse peritoneal functional and morpho-
logical changes (12,13); however, the mechanisms underlying 
PPARγ-mediated protection of the peritoneal membrane remain 
largely unknown. In the present study, we investigated the direct 
effects of pioglitazone on ECM accumulation and the under-
lying mechanism in rat PMCs (RPMCs) under HG conditions.

Materials and methods

Reagents. D-glucose, nuclear factor-κB (NF‑κB) inhibitor 
[pyrrolidine dithiocarbamate (PDTC)] and activator 
protein-1 (AP-1) inhibitor (SP600125) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modified 
Eagle’s medium (DMEM)/F12 cell culture medium and fetal 
calf serum (FCS) were obtained from Gibco‑BRL (Invitrogen 
Life Technologies, Carlsbad, CA, USA). Rabbit polyclonal 
antibodies against IκBα, NF‑κB-p65 and PPARγ; mouse 
monoclonal antibodies against c‑Fos, c‑Jun and β-actin; and 
ECL chemiluminescence reaction detection reagents were 
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, 
CA, USA). TRIzol, a two-step RT-PCR kit and primers 
were obtained from Takara Biotechnology (Dalian, China). 
Pioglitazone was provided by Hangzhou Huadong Medicine 
Group Co., Ltd. (Hangzhou, China).

Isolation and culture of RPMCs. RPMCs were isolated 
and cultured as described previously (14). Brief ly, to 
harvest RPMCs, the surgically resected omentum from 
Sprague-Dawley rats (120±20 g) was enzymatically digested 
with 0.125% trypsin/0.01% ethylenediamine tetraacetic 
acid (EDTA) for 25 min at 37˚C. Following addition of 10% 
FCS to stop the digestion, the tissue‑free cell suspension 
was centrifuged at 60 x g for 5 min at 4˚C. The supernatant 
was removed and the cell pellet was resuspended in a final 
volume of 4 ml DMEM/F12 medium supplemented with 
10% FCS, 2 mM L-glutamine, 100 U/ml penicillin and 
100 µg/ml streptomycin (Invitrogen Life Technologies, Grand 
Island, NY, USA). Cells were then seeded into 25-cm2 tissue 
culture flasks. Following incubation for 1‑3 days at 37˚C, the 
media were replaced for the first time. Cells were passaged 
when they reached 80% confluence. Passage 2 cells were 
observed under a phase contrast inverted microscope and 
subsequently identified by immunocytochemistry. Cells 
were positive for cytokeratin and vimentin, and negative for 
the factor VIII-related antigen and leukocyte CD45 antigen. 
Cells from passages 3-6 were used in the experiments. Cells 
were cultured for 24 h in serum-free DMEM/F12 medium 

prior to each experiment. Control cells were treated with 
serum-free DMEM/F12 medium only. Cells were analyzed 
by reverse transcription-polymerase chain reaction (RT-PCR) 
and western blot analysis, and the supernatant was used for 
enzyme-linked immunosorbent assay (ELISA).

The RPMC experimental treatment protocol was as 
follows: i) untreated (control); ii) RPMCs treated with different 
concentrations of glucose (1.5, 2.5 and 4.25%) for 24 h; 
iii) RPMCs treated with HG (2.5%) for 0, 3, 6, 12, 24 and 36 h; 
iv) RPMCs pre-incubated with pioglitazone (10 or 20 µM), 
PDTC (25 or 50 µM) or SP600125 (10 or 20 µM) for 2 h, 
followed by HG (2.5%) for 24 h; and v) RPMCs co-transfected 
with 0.5 µg pNF‑κB-Luc or pAP-1-Luc and then treated with 
control medium, HG or HG + pioglitazone as described above, 
24 h following transfection.

Semi‑quantitative RT‑PCR analysis. Total RNA was 
extracted from RPMCs using TRIzol (Takara Biotechnology), 
according to the manufacturer's instructions. Total RNA 
(2 µg) was subjected to DNase digestion, and total digested 
RNA was used for the RT reaction with the oligo-dT 
primer. Following cDNA synthesis, PCR amplification was 
performed using the cDNA template with the specific primer 
in the GeneAmp PCR system 9700 (Applied Biosystems, 
Carlsbad, CA, USA). The primer sequences used were as 
follows: sense, 5'-TTATGACGACGGGAAGACCT-3' and 
antisense, 5'‑GCTGGATGGAAAGATTACTC‑3' for FN 
(209 bp); sense, 5'-GCGAGGACATGAGGAGTAGC-3' and 
antisense, 5'-CCTGTGACCAGGGATGATGTCTT-3' for 
collagen Ⅰ (308 bp); sense, 5'‑TCGGCACAATCCAACAGA‑3' 
and antisense, 5'-TGCTGAGTGAAGGCGTAG-3' for PAI-1 
(383 bp); sense, 5'-TGGGACGATATGGAGAAGAT-3' and 
antisense, 5'-ATTGCCGATAGTGATGACCT-3' for glycer-
aldehyde phosphate dehydrogenase (GAPDH; 452 bp). PCR 
conditions included denaturation at 94˚C for 2 min; 35 ampli-
fication cycles consisting of denaturation at 94˚C for 30 sec, 
annealing at 55˚C for 30 sec and extension at 72˚C for 45 sec; 
and a final extension at 72˚C for 10 min. Amplified products 
were detected by electrophoresis in a 1.5% agarose gel and 
visualized by ethidium bromide (EB) staining and ultraviolet 
transillumination. The optical densities of the PCR products 
were measured with ImageJ software (National Institutes of 
Health). RNA expression was quantified by comparison with 
the internal control, GAPDH.

ELISA analysis. Protein levels of FN, collagen I and PAI-1 in 
the supernatants of RPMC cultures were measured by ELISA 
according to the instructions of the manufacturer (Shanghai 
Sun Bio‑Tech Co., Ltd., Shanghai, China). Briefly, the samples 
and standard were transferred to 96-well microplates, which 
had been pre‑coated with specific polyclonal antibodies at 4˚C 
overnight. Plates were incubated with the reaction mixture 
at room temperature for 2 h. After washing each well four 
times, biotinylated rat antibodies were added to each well and 
incubated at room temperature for 1 h. Following four further 
washes, streptavidin-peroxidase conjugate was added and 
incubated for 30 min. Subsequently, the chromogenic substrate 
was added to each well and the absorbence at 492 nm was 
measured using a microplate reader (Bio-Rad 3550; Bio-Rad 
Laboratories, Hercules, CA, USA).
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Western blot analysis. Cultured RPMCs were lysed in radio-
immunoprecipitation assay (RIPA) buffer. Nuclear proteins 
were extracted from cells using a commercial nuclear extrac-
tion kit (Active Motif, Carlsbad, CA, USA) for NF‑κB-p65 
western blot analysis. Protein concentration was determined 
using the bicinchoninic acid (BCA) protein assay kit (Bio-Rad 
Laboratories). The lysates were subjected to electrophoretic 
separation by 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and then transferred to a 
nitrocellulose membrane. The membrane was then blocked 
and incubated with antibodies specific for PPARγ (1:400), 
IκBα (1:1,000), NF‑κB‑p65 (1:1,000), c‑Fos (1:1,000), c‑Jun 
(1:1,000) and β-actin (1:2,000). Membranes were subsequently 
washed, incubated with specific secondary horseradish 
peroxidase-conjugated antibodies and developed with an ECL 
chemiluminescence detection kit (Santa Cruz Biotechnology, 
Inc.). Membranes were visualized by exposure to X‑ray film. 
The films were then scanned and quantified with ImageJ soft-
ware. The results are presented as relative to β-actin.

Luciferase assay. NF‑κB and AP-1 reporter activity were 
measured using the Dual-Luciferase Reporter Assay system 
(Promega, Fitchburg, WI, USA). RPMCs were co‑transfected 
with 0.5 µg NF‑κB or AP-1 responsive reporter gene construct 
carrying two copies of the sequences linked to the luciferase 
gene (pNF‑κB-Luc or pAP-1-Luc; Stratagene, La Jolla, CA, 
USA) along with 0.01 µg Renilla luciferase (Prl-TK; Promega), 
using Lipofectamine (Invitrogen, Grand Island, NY, USA). 
Cells were treated with or without pioglitazone for 2 h, 24 h 
following transfection, and then incubated with or without HG 
for an additional 24 h. Subsequently, the activity of luciferase 
and Renilla luciferase was measured using the Dual-Luciferase 
Reporter Assay system. Results are presented as the luciferase 
activity normalized to the Renilla luciferase activity.

Statistical analysis. Data are expressed as the mean ± stan-
dard deviation. Statistical analysis of the difference 
among groups was performed by ANOVA followed by the 
Student-Newman-Keuls multiple comparisons test. P<0.05 
was considered to indicate a statistically significant difference.

Results

Pioglitazone reduces HG‑induced synthesis of FN, collagen I 
and PAI‑1 at the mRNA and protein levels in RPMCs. To deter-
mine the effects of pioglitazone on ECM accumulation induced 
by HG in RPMCs, we analyzed the mRNA and protein expres-
sion of FN, collagen I and PAI‑1 using RT‑PCR or ELISA, 
as appropriate. The mRNA (Fig. 1A) and protein (Fig. 1B) 
expression levels of FN, collagen I and PAI‑1 were significantly 
increased following stimulation of RPMCs with HG (P<0.05 
vs. control). Pretreatment with 10 µM pioglitazone significantly 
inhibited the induction of FN, collagen I and PAI‑1 under HG 
conditions (P<0.05 vs. HG) and 20 µM pioglitazone exerted an 
even greater inhibitory effect (P<0.01 vs. HG).

Pioglitazone inhibits HG‑induced downregulation of PPARγ 
in RPMCs. Although pioglitazone directly activates PPARγ, 
it has also been demonstrated to upregulate the expression 
of PPARγ in certain tissue and cells. To explore the poten-

tial mechanism whereby pioglitazone regulates the effect of 
HG on RPMCs, we analyzed the PPARγ protein expression 
levels of RPMCs by western blot analysis. HG significantly 
decreased the PPARγ protein expression levels in a time- and 
concentration‑dependent manner (Fig. 2A and B, respectively). 
Pretreatment with 10 or 20 µM pioglitazone prevented the 
downregulation of PPARγ protein (Fig. 2C; P<0.05 vs. HG).

NF‑κB and AP‑1 are involved in regulating the synthesis of 
FN, collagen I and PAI‑1 in RPMCs under HG conditions. 
To explore the role of the NF‑κB and AP-1 signaling path-
ways in the regulation of FN, collagen I and PAI‑1 synthesis 
in RPMCs under HG conditions, we investigated the effect of 
an NF‑κB inhibitor (PDTC) and an AP‑1 specific inhibitor 
(SP600125) on the protein levels of FN, collagen I and PAI‑1 
in the cell culture supernatant. As demonstrated in Fig. 3, 
RPMCs secreted a limited quantity of FN, collagen I and 
PAI-1 protein when cultured conventionally. Exposure to HG 
(2.5%) significantly upregulated the levels of these proteins in 
the culture supernatants. Following pretreatment with PDTC 
or SP600125 for 2 h, the protein levels of FN and PAI‑1 were 
significantly decreased relative to the HG group. SP600125 

Figure 1. Pioglitazone reduced the mRNA and protein levels of fibro-
nectin (FN), collagen I and plasminogen activation inhibitor‑1 (PAI‑1) 
induced by high glucose (HG) in rat peritoneal mesothelial cells (RPMCs). 
RPMCs were preincubated with pioglitazone (Pio; 10 or 20 µM) for 2 h and 
then treated with HG (2.5%) for 24 h. Cells and supernatants were collected 
and subsequently assayed for FN, collagen I and PAI‑1. (A) The mRNA 
expression was measured by reverse transcription-polymerase chain reac-
tion (RT-PCR). (B) The protein levels in supernatants were measured by 
enzyme-linked immunosorbent assay (ELISA). *P<0.01 vs. control; #P<0.05 
and ▲P<0.01 vs. HG; n=3 independent experiments, each performed in trip-
licate. GAPDH, glyceraldehyde phosphate dehydrogenase (internal control).
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markedly inhibited the HG-induced upregulation of collagen I 
protein (P<0.05 vs. HG), whereas collagen I protein was not 
affected by PDTC pretreatment.

Pioglitazone inhibits HG‑induced activation of NF‑κB. To 
explore the possible mechanisms for the protective effect 
of pioglitazone on RPMCs, we investigated the effect of 
pioglitazone on the NF‑κB pathway in RPMCs. Western blot 
analysis results revealed that HG induced the degradation of 

IκBα and increased NF‑κB-p65 protein expression. However, 
these actions were attenuated by 10 and 20 µM pioglitazone, 
with 20 µM pioglitazone being the more effective (Fig. 4A). 
The luciferase assay indicated that NF‑κB activity was 
increased 7.65-fold in the HG group compared with that in 
the control group, and pioglitazone treatment significantly 
suppressed NF‑κB activity (Fig. 4B). These results indicate 
that pioglitazone inhibited NF‑κB transcriptional activity in 
RPMCs under HG conditions.

Pioglitazone inhibits HG‑induced activation of AP‑1. AP-1 
has been demonstrated to be involved in the effect of piogli-
tazone in certain tissues and cells. Therefore, we investigated 
the effect of pioglitazone on the activation of the AP-1 pathway 
in RPMCs. Western blot analysis revealed that the protein 
expression levels of c‑Fos and c‑Jun (two components of AP‑1) 
were significantly upregulated in RPMCs exposed to HG, and 
this upregulation was markedly suppressed by pioglitazone 
treatment (Fig. 5A). The luciferase assay further revealed that 
AP-1 activity was increased 5.16-fold in the HG-treated cells 
compared with that in the control cells, and pioglitazone treat-

Figure 3. Effects of nuclear factor-κB (NF‑κB) and activator protein-1 
(AP‑1) inhibitors on the protein secretion of fibronectin (FN), collagen I, 
and plasminogen activation inhibitor-1 (PAI-1) in supernatants from high 
glucose (HG)-stimulated rat peritoneal mesothelial cells (RPMCs). RPMCs 
were pre-incubated with pyrrolidine dithiocarbamate (PDTC; 25 or 50 µM) 
or SP600125 (SP; 10 or 20 µM) for 2 h, followed by HG (2.5%) for 24 h. 
Supernatants were analyzed for protein levels by enzyme-linked immunosor-
bent assay (ELISA). (A) FN, (B) collagen I and (C) PAI‑1. *P<0.01 vs. control; 
#P<0.05 and ▲P<0.01 vs. HG; n=3 independent experiments, each performed 
in triplicate.

Figure 2. Effects of high glucose (HG) and pioglitazone on the protein expres-
sion of peroxisome proliferator-activated receptor γ (PPARγ). The protein 
expression of PPARγ was determined by western blot analysis as described 
in Materials and methods. (A) Rat peritoneal mesothelial cells (RPMCs) were 
treated with glucose (2.5%) for 0-36 h. *P<0.05 and #P<0.01 vs. 0 h. (B) RPMCs 
were treated with different concentrations of glucose (1.5, 2.5 and 4.25%). 
*P<0.05 and #P<0.01 vs. control. (C) RPMCs were pretreated with pioglitazone 
(Pio; 10 and 20 µM) for 2 h and then exposed to HG (2.5%) for 24 h. *P<0.01 
vs. control; #P<0.05 vs. HG. All data are expressed as the mean ± standard 
deviation (n=3 independent experiments, each performed in triplicate).
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ment significantly suppressed the increase in AP‑1 activity 
(Fig. 5B). These results indicate that pioglitazone inhibited the 
HG-induced activation of the AP-1 pathway in RPMCs.

Discussion

In the present study, we demonstrated that pioglitazone 
reduces the HG-induced synthesis of PAI-1 and the accumula-
tion of ECM. Furthermore, our results suggest that the effect 
of pioglitazone may be mediated by inhibition of HG-induced 
downregulation of PPARγ expression and NF‑κB and AP-1 
pathway activation.

Long‑term peritoneal dialysis is limited by ultrafiltration 
failure due to physiological and functional alterations of the 
peritoneal membrane; 9-27% of patients with peritoneal dial-
ysis cease therapy due to ultrafiltration failure (15). The main 
cause of ultrafiltration failure is peritoneal fibrosis. RPMCs 
have the capacity to produce matrix proteins and pro‑fibrotic 
cytokines when affected by various stimuli, including HG 
concentrations (16), glucose degradation products (17) and pH 
or osmolality changes (18).

The present study focused on HG bioincompatible dialysis 
solutions, which are typically 1.5, 2.5 or 4.25% glucose. We 

used a 2.5% glucose concentration, which is most widely 
used in CAPD patients, to stimulate the RPMCs. Our results 
revealed that an HG concentration significantly increased the 
expression of FN, collagen and PAI-1 at the mRNA and protein 
levels. The increase in matrix is due to the presence of collagen 
and non‑collagen proteins, including FN. Matrix degradation 
is largely inhibited by PAI-1, which prevents plasmin genera-
tion and plasmin-mediated matrix metalloproteinase (MMP) 
activation (19). Upregulated PAI-1 expression is correlated 
with the development of peritoneal fibrosis (20). In the present 
study, pretreatment with the PPARγ agonist, pioglitazone, 
effectively reduced the HG‑induced synthesis of FN, collagen I 
and PAI-1 in RPMCs. These data are in accordance with the 
results of a previous study in which troglitazone reduced the 
expression of ECM proteins (FN and type IV collagen) and 
PAI-1 in glomeruli from streptozotocin-induced diabetic 
rats (21). In conclusion, these results demonstrate that PPARγ 
agonists have a direct effect on RPMCs, resulting in a reduced 
accumulation of collagen- and non-collagen-containing matrix 
proteins; and further, that this effect is correlated with a reduc-
tion in PAI-1, which normally inhibits matrix degradation.

In the present study, we observed that D-glucose reduces 
the expression of PPARγ in a time- and concentration-depen-
dent manner. Furthermore, we observed that pioglitazone 
prevented the downregulation of PPARγ in cultured RPMCs. 
To the best of our knowledge, this is the first study to 
investigate the effects of HG and pioglitazone on PPARγ 
expression in RPMCs. The results suggest that PPARγ may 
be significant in PMC biology. Consistent with this finding, 

Figure 4. Effects of pioglitazone on the activation of the nuclear factor-κB 
(NF‑κB) pathway induced by high glucose (HG) in rat peritoneal mesothe-
lial cells (RPMCs). (A) RPMCs were pre-incubated with pioglitazone (Pio; 
10 and 20 µM) for 2 h and then treated with HG (2.5%) for 24 h. The protein 
expression levels of IκBα (total protein) and NF‑κB-p65 (nuclear protein) 
were measured by western blot analysis. (B) RPMCs were co-transfected 
with 0.5 µg pNF‑κB-Luc. RPMCs were treated with control medium, HG 
or HG + pioglitazone, 24 h following transfection. Luciferase assay was per-
formed for NF‑κB activity. *P<0.01 vs. control; #P<0.05 and ▲P<0.01 vs. HG; 
n=3 independent experiments, each performed in triplicate.

Figure 5. Effects of pioglitazone on the activation of the activator protein‑1 
(AP-1) pathway induced by high glucose (HG) in rat peritoneal meso-
thelial cells (RPMCs). (A) RPMCs were pre-incubated with pioglitazone 
(Pio; 10 and 20 µM) for 2 h and then treated with HG (2.5%) for 24 h. The 
protein expression levels of c‑Fos and c‑Jun were measured by western blot 
analysis. (B) RPMCs were co-transfected with 0.5 µg pAP-1-Luc. RPMCs 
were treated with control medium, HG or HG + pioglitazone, 24 h following 
transfection. Luciferase assay was performed for AP-1 activity. *P<0.01 vs. 
control; #P<0.05 and ▲P<0.01 vs. HG; n=3 independent experiments, each 
performed in triplicate.
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a previous study demonstrated that PPARγ expression was 
downregulated in the hearts of Zucker diabetic fatty rats, and 
its downregulation contributed to the fibrotic pathogenesis of 
diabetic cardiomyopathy (22). In addition, pioglitazone has 
been observed to inhibit the advanced glycation end products 
(AGE)-induced downregulation of PPARγ in vascular smooth 
muscle cells (23). It should be noted that TZDs have also 
been demonstrated to elicit PPARγ‑independent effects. For 
example, in PPARγ‑deficient embryonic stem cells, TZDs 
have been demonstrated to suppress cell proliferation (24). 
Galli et al studied collagen deposition in a rat model of liver 
fibrosis using two TZD PPARγ agonists, pioglitazone and 
rosiglitazone. PPARγ‑specific DNA binding was significantly 
impaired in the nuclear extracts of hepatic stellate cells that 
were isolated from rats with liver fibrosis compared with those 
that were isolated from control rats. Administration of either 
type of TZD restored PPAR-DNA binding in the hepatic stel-
late cell nuclei (25). TZD-induced PPARγ activation inhibited 
collagen and FN synthesis induced by TGF‑β1 in subsequent 
in vitro studies using these cells (25). These findings suggest 
that the antifibrotic effect of pioglitazone is PPARγ-dependent 
in RPMCs.

HG concentrations in cell cultures may activate transcrip-
tion factors, such as NF‑κB and AP-1, and subsequently 
regulate the expression of various genes that mediate growth, 
inflammation and fibrosis. NF‑κB and AP-1 are present in 
numerous cell types, including endothelial cells, vascular 
smooth muscle cells, glomerular mesangial cells and PMCs. 
Normally, inactive NF‑κB resides in the cytoplasm, and 
is bound to the inhibitory protein IκB. IκB is hydrolyzed 
following stimulation, whereby the p50/p65 NF‑κB dimer 
translocates to the nucleus and initiates the transcription 
of various genes (26-30). Re-synthesis of IκB, induced by 
NF‑κB, allows for sequestration of NF‑κB in the cytoplasm 
and termination of the NF‑κB response (26-28). AP-1 consists 
of homodimers of Jun or heterodimers of Fos and Jun (31,32), 
and may be regulated by cellular stress. In the present study, 
we observed that the activation of NF‑κB and AP-1 was stimu-
lated by HG as demonstrated by the degradation of IκBα, the 
induction of NF‑κB-p65 in the nucleus, the upregulation of 
c‑Fos and c‑Jun proteins and an increased luciferase activity in 
RPMCs. Our results were concordant with previous studies in 
cultured vascular smooth muscle cells (33,34) and glomerular 
mesangial cells (35). However, it remains unknown whether 
NF‑κB and AP-1 are involved in regulating the synthesis of 
FN, collagen I and PAI-1 in PMCs in an HG environment. 
NF‑κB and AP-1-binding sites have been identified in the 
promoters of FN, collagen I and PAI‑1 (33‑36). The NF‑κB 
inhibitor PDTC (34) and the transcription factor decoy for 
AP-1 (33) both attenuated HG-induced PAI-1 gene expression 
in cultured vascular smooth muscle cells. PDTC and the AP-1 
inhibitor curcumin reduced FN expression in human umbilical 
vein endothelial cells (HUVECs) and human microvascular 
endothelial cells (HMECs) treated with HG (37). Our study 
showed that pretreatment of RPMCs with either PDTC or 
SP600125 (a specific inhibitor of AP‑1) significantly decreased 
the protein levels of FN and PAI‑1 in cultured RPMC super-
natants stimulated by HG, suggesting that NF‑κB and AP-1 
participate in the HG‑induced upregulation of FN and PAI‑1. 
Notably, SP600125, but not PDTC, inhibited the expression of 

collagen I, indicating that only the AP-1 pathway is involved in 
collagen I regulation in RPMCs under HG conditions.

Activated PPARγ regulates the expression of downstream 
cytokines via two different mechanisms: i) ligand-activated 
PPARγ induced gene expression by binding with PPAR reac-
tion elements (PPRE) in the promoter region of target genes; 
ii) ligand-activated PPARγ regulated target gene expression 
by antagonizing other transcription factors, such as NF‑κB 
and AP-1. The activation of PPARγ has been demonstrated 
to inhibit the expression of proinflammatory chemokines 
(TNF‑α and MCP-1) and adhesion molecules (ICAM-1 and 
VCAM‑1) by suppressing the activation of NF‑κB and AP-1 
in both in vitro and in vivo studies (38,39). In the present 
study, pioglitazone pretreatment significantly decreased the 
IκBα protein degradation and NF‑κB-p65 protein expression, 
downregulated the expression of c‑Fos and c‑Jun proteins, 
and suppressed the luciferase activity of NF‑κB and AP-1 in 
RPMCs in an HG environment. These findings suggest that 
pioglitazone directly inhibited the HG-induced activation of 
the NF‑κB and AP-1 pathways in the RPMCs. Our results are 
consistent with those of previous studies in which pioglitazone 
downregulated the expression of FN, collagen Ⅳ and PAI‑1, 
by suppressing NF‑κB and AP-1 activation in cultured renal 
mesangial cells (7) and tubular cells (8).

In conclusion, the present study demonstrated that the 
PPARγ agonist, pioglitazone, reduced ECM accumulation by 
inhibiting the expression of FN, collagen I and PAI-1, thereby 
exerting anti‑fibrotic effects in RPMCs exposed to HG. The 
effect may be mediated by the activation of PPARγ, and the 
inhibition of NF‑κB and AP-1 activation. Our results suggested 
that PPARγ agonists may provide a novel therapeutic approach 
to the treatment of peritoneal fibrosis.

Acknowledgements

This study was supported by the Natural Science Foundation 
of Liaoning, China (No. 20101143) and the Scientific Research 
Foundation of Shengjing Hospital of China Medical University.

References

 1. Dobbie JW: Ultrastructure and pathology of the peritoneal 
dialysis. In: The Textbook of Peritoneal Dialysis. Gokal R and 
Nolph KD (eds). 3rd edition. Kluwer Academic Publishers, New 
York, NY, pp17-44, 1994.

 2. Dobbie JW: Peritoneal ultrastructure and changes with 
continuous ambulatory peritoneal dialysis. Perit Dial Int 13 
(Suppl 2): S585-S587, 1993.

 3. Chan TM, Leung JK, Tsang RC, Liu ZH, Li LS and Yung S: 
Emodin ameliorates glucose- induced matrix synthesis in human 
peritoneal mesothelial cells. Kidney Int 64: 519-533, 2003.

 4. Katsutani M, Ito T, Masaki T, Kohno N and Yorioka N: 
Glucose-based PD solution, but not icodextrin-based PD solution, 
induces plasminogen activator inhibitor-1 and tissue-type plas-
minogen activator in human peritoneal mesothelial cells via 
ERK1/2. Ther Apher Dial 11: 94-100, 2007.

 5. Brown JD and Plutzky J: Peroxisome proliferator-activated 
receptors as transcriptional nodal points and therapeutic targets.
Circulation 115: 518-533, 2007.

 6. Zafiriou S, Stanners SR, Polhill TS, Poronnik P and Pollock CA: 
Pioglitazone increases renal tubular cell albumin uptake but 
limits proinflammatory and fibrotic responses. Kidney Int 65: 
1647-1653, 2004.

 7. Ko GJ, Kang YS, Han SY, Lee MH, Song HK, Han KH, 
Kim HK, Han JY and Cha DR: Pioglitazone attenuates diabetic 
nephropathy through an anti‑inflammatory mechanism in type 2 
diabetic rats. Nephrol Dial Transplant 23: 2750-2760, 2008.



MOLECULAR MEDICINE REPORTS  7:  1336-1342,  20131342

 8. Panchapakesan U, Sumual S, Pollock CA and Chen X: 
PPARgamma agonists exert antifibrotic effects in renal tubular 
cells exposed to high glucose. Am J Physiol Renal Physiol 289: 
F1153‑F1158, 2005.

 9. Ma LJ, Marcantoni C, Linton MF, Fazio S and Fogo AB: 
Peroxisome proliferator-activated receptor-gamma agonist 
troglitazone protects against nondiabetic glomerulosclerosis in 
rats. Kidney Int 59: 1899-1910, 2001.

10. Peng Y, Liu H, Liu F, Liu Y, Li J and Chen X: Troglitazone 
inhibits synthesis of transforming growth factor-beta1 and 
reduces matrix production in human peritoneal mesothelial cells. 
Nephrology (Carlton) 11: 516-523, 2006.

11. Zhang YF, Yang X, Zhang YJ, Sun YL, Zou XL, Kong QY, 
Dong XQ, Ye XQ and Yu XQ: Peroxisome proliferator‑activated 
receptor-gamma is expressed by rat peritoneal mesothelial 
cells: its potential role in peritoneal cavity local defense. Am J 
Nephrol 26: 602-611, 2006.

12. Bozkurt D, Taskin H, Sezak M, Biçak S, Sen S, Ok E and 
Duman S: Rosiglitazone, a peroxisome proliferator-activated 
receptor agonist, improves peritoneal alterations resulting from 
an encapsulated peritoneal sclerosis model. Adv Perit Dial 24: 
32-38, 2008.

13. Yao Q, Pawlaczyk K, Ayala ER, Kuzlan M, Styszynski A, 
Breborowicz A, Heimburger O, Qian J, Stenvinkel P, 
Axelsson J and Lindholm B: Peroxisome proliferator-activated 
receptor-gamma agonists diminish peritoneal functional and 
morphological changes induced by bioincompatible peritoneal 
dialysis solution. Blood Purif 24: 575-582, 2006.

14. Hjelle JT, Golinska BT, Waters DC, Steidley KR, McCarroll DR 
and Dobbie JW: Isolation and propagation in vitro of peritoneal 
mesothelial cells. Perit Dial Int 9: 341-347, 1989.

15. Davies SJ, Phillips L, Griffiths AM, Russell LH, Naish PF and 
Russell GI: What really happens to people on long-term peri-
toneal dialysis? Kidney Int 54: 2207-2217, 1998.

16. Ha H and Lee HB: Effect of high glucose on peritoneal meso-
thelial cell biology. Perit Dial Int 20 (Suppl 2): S15-S18, 2000.

17. Devuyst O, Topley N and Williams JD: Morphological and func-
tional changes in the dialysed peritoneal cavity: impact of more 
biocompatible solutions. Nephrol Dial Transplant 17 (Suppl 3): 
12-15, 2002.

18. Jorres A, Williams JD and Topley N: Peritoneal dialysis solution 
biocompatibility: inhibitory mechanisms and recent studies with 
bicarbonate-buffered solutions. Periton Dial Int 17: S42-S46, 
1997. 

19. Huang Y, Haraguchi M, Lawrence DA, Border WA, Yu L and 
Noble NA: A mutant, noninhibitory plasminogen activator 
inhibitor type 1 decreases matrix accumulation in experimental 
glomerulonephritis. J Clin Invest 112: 379-388, 2003.

20. Higuchi C, Tanihata Y, Nishimura H, Naito T and Sanaka T: 
Effects of glucose and plasminogen activator inhibitor-1 on 
collagen metabolism in the peritoneum. Ther Apher Dial 9: 
173-181, 2005.

21. Isshiki K, Haneda M, Koya D, Maeda S, Sugimoto T and 
Kikkawa R: Thiazolidinedione compounds ameliorate 
glomerular dysfunction independent of their insulin-sensitizing 
action in diabetic rats. Diabetes 49: 1022-1032, 2000.

22. Pelzer T, Jazbutyte V, Arias-Loza PA, Segerer S, Lichtenwald M, 
Law MP, Schäfers M, Ertl G and Neyses L: Pioglitazone reverses 
down-regulation of cardiac PPARgamma expression in Zucker 
diabetic fatty rats. Biochem Biophys Res Commun 329: 726-732, 
2005.

23. Yuan X, Zhang Z, Gong K, Zhao P, Qin J and Liu N: Inhibition 
of reactive oxygen species/extracellular signal-regulated kinases 
pathway by pioglitazone attenuates advanced glycation end 
products-induced proliferation of vascular smooth muscle cells 
in rats. Biol Pharm Bull 34: 618-623, 2011.

24. Palakurthi SS, Aktas H, Grubissich LM, Mortensen RM and 
Halperin JA: Anticancer effect of thiazolidinediones are inde-
pendent of peroxisome proliferator-activated receptor gamma 
and mediated by inhibition of translation initiation. Cancer 
Res 61: 6213-6218, 2001.

25. Galli A, Crabb DW, Ceni E, Salzano R, Mello T, Svegliati-Baroni G, 
Ridolfi F, Trozzi L, Surrenti C and Casini A: Antidiabetic thia-
zolidinediones inhibit collagen synthesis and hepatic stellate cell 
activation in vivo and in vitro. Gastroenterology 122: 1924-1940, 
2002.

26. Bowie A and O'Neill LA: Oxidative stress and nuclear 
factor-kappaB activation: a reassessment of the evidence in the 
light of recent discoveries. Biochem Pharmacol 59: 13-23, 2000.

27. Chen F, Castranova V and Shi X: New insights into the role of 
nuclear factor-kappaB in cell growth regulation. Am J Pathol 159: 
387-397, 2001.

28. Henkel T, Machleidt T, Alkalay I, Krönke M, Ben-Neriah Y and 
Baeuerle PA: Rapid proteolysis of I kappa B-alpha is necessary 
for activation of transcription factor NF‑kappa B. Nature 365: 
182-185, 1993.

29. Mohamed AK, Bierhaus A, Schiekofer S, Tritschler H, Ziegler R 
and Nawroth PP: The role of oxidative stress and NF‑kappaB acti-
vation in late diabetic complications. Biofactors 10: 157-167, 1999.

30. Nishio Y, Kashiwagi A, Taki H, Shinozaki K, Maeno Y, 
Koj i ma H,  Maegawa H,  Ha neda  M,  H ida ka  H, 
Yasuda H, et al: Altered activit ies of t ranscr iption 
factors and their related gene expression in cardiac tissues of 
diabetic rats. Diabetes 47: 1318-1325, 1998.

31. Chinenov Y and Kerppola TK: Close encounters of many kinds: 
Fos‑Jun interactions that mediate transcription regulatory speci-
ficity. Oncogene 20: 2438‑2452, 2001.

32. Shaulian E and Karin M: AP-1 in cell proliferation and survival. 
Oncogene 20: 2390-2400, 2001.

33. Ahn JD, Morishita R, Kaneda Y, Lee KU, Park JY, Jeon YJ, 
Song HS and Lee IK: Transcription factor decoy for activator 
protein-1 (AP-1) inhibits high glucose-and angiotensin II-induced 
type 1 plasminogen activator inhibitor (PAI-1) gene expression in 
cultured human vascular smooth muscle cells. Diabetologia 44: 
713-720, 2001.

34. Jeong IK, Oh da H, Park SJ, Kang JH, Kim S, Lee MS, Kim MJ, 
Hwang YC, Ahn KJ, Chung HY, et al: Inhibition of NF‑κB 
prevents high glucose-induced proliferation and plasminogen 
activator inhibitor-1 expression in vascular smooth muscle cells. 
Exp Mol Med 43: 684-692, 2011.

35. Chen S, Khan ZA, Cukiernik M and Chakrabarti S: Differential 
activation of NF‑kappa B and AP‑1 in increased fibronectin 
synthesis in target organs of diabetic complications. Am J Physiol 
Endocrinol Metab 284: E1089-E1097, 2003.

36. Chen J and Mehta JL: Angiotensin II-mediated oxidative stress 
and procollagen‑1 expression in cardiac fibroblasts: blockade 
by pravastatin and pioglitazone. Am J Physiol Heart Circ 
Physiol 291: H1738-H1745, 2006.

37. Chen S, Mukherjee S, Chakraborty C and Chakrabarti S: High 
glucose-induced, endothelin-dependent fibronectin synthesis 
is mediated via NF‑kappa B and AP‑1. Am J Physiol Cell 
Physiol 284: C263-C272, 2003.

38. Arnold R and König W: Peroxisome-proliferator-activated 
receptor‑gamma agonists inhibit the release of proinflammatory 
cytokines from RSV-infected epithelial cells. Virology 346: 
427-439, 2006.

39. Wang N, Verna L, Chen NG, Chen J, Li H, Forman BM and 
Stemerman MB: Constitutive activation of peroxisome prolif-
erator‑activated receptor‑gamma suppresses pro‑inflammatory 
adhesion molecules in human vascular endothelial cells. J Biol 
Chem 277: 34176-34181, 2002.


