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Abstract. Emerging evidence has suggested that human 
peritoneal mesothelial cells (HPMCs) undergo epithe-
lial-mesenchymal transition (EMT) in peritoneal fibrosis. 
The molecular mechanisms underlying peritoneal fibrosis 
and the key molecules involved are not yet fully elucidated. 
In order to enhance the understanding of peritoneal fibrosis, 
the present study investigated the roles of integrin-linked 
kinase (ILK) and glycogen synthase kinase 3β (GSK-3β) in 
high glucose-induced phenotypic alterations of HPMCs. It was 
observed that HPMCs exhibited a cobblestone morphology 
under normal glucose conditions, whereas under high glucose 
conditions they had a spindle morphology. Additionally, under 
high glucose conditions it was found that E-cadherin expres-
sion was decreased and vimentin expression was increased in 
HPMCs, suggesting HPMCs underwent EMT. ILK expression 
in high glucose conditions was also increased in a dose- and 
time-dependent manner. The role of ILK in the induction of 
EMT in HPMCs was further investigated using small inter-
fering RNA (siRNA). Following knockdown of ILK gene 
expression by siRNA, low vimentin expression as well as high 
E-cadherin expression were observed, suggesting that EMT 
was inhibited. ILK-knockdown also inhibited phosphoryla-
tion of GSK-3β. These results indicate that ILK-knockdown 
inhibits EMT of HPMCs through inhibition of GSK-3β phos-
phorylation. These findings suggest that ILK may be used as 
a novel diagnostic and therapeutic target for HPMC fibrosis in 
the future.

Introduction

In the past decades peritoneal dialysis (PD) has become an 
established alternative therapy to hemodialysis for the treat-
ment of end-stage renal disease. The number of patients who 
receiving PD therapy has increased progressively worldwide, 
particularly in Asian countries. However, peritoneal fibrosis is 
an inevitable consequence of PD and is one of the most impor-
tant causes of ultrafiltration failure (1‑3). Previous studies have 
found that the epithelial-mesenchymal transition (EMT) of 
human peritoneal mesothelial cells (HPMCs) is an early event 
during PD and is associated with high peritoneal transport. 
HPMC EMT is a key process leading to peritoneal fibrosis and 
function deterioration (4-7). During dialysis, the peritoneum is 
exposed to continuous inflammatory stimuli, including hyper-
osmotic, hyperglycemic and acidic dialysis solutions, as well 
as peritonitis and hemoperitoneum. These factors may cause 
acute and chronic inflammation of the peritoneum, and may 
progressively lead to fibrosis, angiogenesis and hyalinizing 
vasculopathy (8-10). The mechanism by which high glucose 
levels elicit EMT has been a major focus of current research 
on fibrosis.

Integrin-linked kinase (ILK) is a protein discovered in 
1996 using a yeast two-hybrid screen in which the cytoplasmic 
tail of β1 integrin was used as the bait (11). ILK consists of 
an N-terminal domain that contains four ankyrin repeats, a 
central pleckstrin homology-like domain and a C-terminal 
kinase domain (12). ILK is a protein that has an important 
role in extracellular matrix (ECM)-mediated signaling. It is a 
key molecule in the mediation of several biological functions, 
including cell-matrix interactions, angiogenesis and invasion. It 
is also involved in the EMT of podocytes and renal interstitial 
fibrosis (13,14). Aberrant regulation of ILK is implicated in the 
pathogenesis of various proteinuric kidney diseases, including 
diabetic nephropathy, congenital nephritic syndrome and 
experimental models of glomerular disease (15-17). In addition, 
ILK has been shown to be an important intracellular mediator 
that controls EMT in tubular epithelial cells (18). Furthermore, 
it has been proposed that ILK regulates the phosphorylation of 
Akt at Ser 473 and the phosphorylation of glycogen synthase 
kinase 3β (GSK-3β) in various cell types (19,20), which suggests 
that ILK may have a role in EMT.

In the present study, a preliminary experiment revealed 
that there was a large and complex network of molecular 
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signals in EMT. Among these key molecules, ILK, a down-
stream factor of transforming growth factor β1 (TGF-β1), 
participates in multiple signaling pathways, including the 
integrin, TGF-β1/Sma- and Mad-related protein (Smad), 
mitogen-activated protein kinases (MAPK), connective tissue 
growth factor (CTGF), phosphoinositide 3-kinase (PI3K)/AKT 
and extracellular signal-regulated kinase 1/2 (ERK1/2) path-
ways (21-24). To date, to the best of our knowledge, there have 
been no published data on ILK expression patterns in HPMCs. 
Therefore, in this study, the role of ILK in the regulation of 
HPMC EMT induced by high glucose conditions was inves-
tigated.

Materials and methods

Cell culture. HPMCs were provided by Dr Pierre Ronco 
(Tenon Hospital, Paris, France). The isolation, primary culture 
and immortalization of HPMC cell line were performed as 
previously described (25,26). The cell line was established 
following infection of a fully characterized primary culture 
of human peritoneal mesothelial cells with an amphotropic 
recombinant retrovirus that encodes SV40 large-T Ag under 
the control of the Moloney virus long terminal repeat and 
resistance to the antibiotic G418. Briefly, cells were cultured in 
low-glucose Dulbecco's modified Eagle medium supplemented 
with 10% fetal bovine serum (FBS; Gibco®-BRL, Carlsbad, 
CA, USA) and 100 U/ml penicillin-streptomycin (Solarbio, 
Beijing, China) at 37˚C in an incubator with 5% CO2. The 
present study was approved by the ethics committee of Central 
South University (Changsha, Hunan, China).

Experimental design. Cells were seeded at 80‑90% conflu-
ence in FBS-containing medium. HPMCs were cultured 
for 24 h in medium containing 5.6 mmol/l D-glucose and 
10% FBS prior to being exposed to the various experimental 
conditions. To study the effect of different concentrations of 
glucose, the HPMCs were cultured in a medium containing 
0, 30, 60 and 90 mmol/l D-glucose for 24 h. To study the 
effect of time, HPMCs were exposed to high glucose levels 
(60 mmol/l) for 0, 12, 24 and 48 h. Cells were then used for 
further analysis.

Immunofluorescence. Conditioned cells were grown on 
chamber slides. The cells were then washed twice with 
phosphate‑buffered saline (PBS) and fixed with 2‑4% para-
formaldehyde for 15 min. Cells were permeabilized 
with 0.3% Triton X-100 (Beijing Dingguochangsheng 
Biotechnology Co., Ltd., Beijing, China) for 10 min and then 
blocked with 5% bovine serum albumin (Proliant Biologicals 
Inc., Ankeny, IA, USA) for 1 h. The primary antibodies, 
including mouse monoclonal anti-human vimentin antibody 
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and 
goat monoclonal anti‑human E‑cadherin antibody (Santa Cruz 
Biotechnology, Inc.) were incubated with the cells overnight at 
4˚C. The cells were then incubated with secondary antibodies 
of fluorescein isothiocyanate-labeled rabbit anti-goat immuno-
globulin G (IgG; 1:200; ZSGB-BIO, Beijing, China) and goat 
anti-mouse IgG (1:200; Zymed, San Francisco, CA, USA) for 
1 h at room temperature. The cells were washed with PBS and 
4',6‑diamidino‑2‑phenylindole (Santa Cruz Biotechnology, 

Inc.) was used to stain the nuclei. Cells were then analyzed 
using a confocal microscope (Zeiss LSM 510; Carl Zeiss, 
Oberkochen, Germany).

Quantitative polymerase chain reaction (qPCR). Total RNA 
was extracted using an RNAiso Plus reagent (Takara Bio, Inc., 
Shiga, Japan), and cDNA was synthesized using a RevertAid™ 
First Strand cDNA Synthesis kit (MBI Fermentas, Amherst, 
NY, USA). qPCR was performed using an ABI PRISM® 7300 
real-time PCR system (Applied Biosystems®, Carlsbad, CA, 
USA). Primers were based on human sequences, and the 
amplification efficiencies of all of the genes were similar. The 
primers used for qPCR are shown in Table I.

Western blot analysis. Total protein was extracted from 
HPMCs and separated using sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (Beijing Dingguochangsheng 
Biotechnology Co.). The polyvinylidene difluoride membrane 
(Millipore, Billerica, MA, USA) was blocked using 5% nonfat 
milk in Tris-buffered saline with 1% Tween 20 (Amresco Inc., 
Solon, Ohio, USA) for 2 h at room temperature. The membrane 
was subsequently incubated with the primary antibodies 
[mouse monoclonal anti-human vimentin, mouse monoclonal 
anti‑human fibronectin (FN), goat monoclonal anti‑human 
E-cadherin, rabbit polyclonal anti-human ILK, rabbit mono-
clonal anti-human p-GSK-3β, mouse monoclonal anti-human 
cyclin D1 and rabbit polyclonal anti-human collagen, type I 
(COL-1)] overnight at 4˚C, followed by incubation with 
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (rabbit anti-goat, goat anti-rabbit and goat anti-mouse 
antibodies) for 1 h. The signals were detected using a Kodak 

Table I. Primer sequences used for qPCR.

Genes Primer sequences

E-cadherin 5'-TCATGAGTGTCCCCCGGTAT-3'
  5'-TCTTGAAGCGATTGCCCCAT-3'
Vimentin 5'-GCTACGTGACTACGTCCACC-3'
  5'-TAGTTGGCGAAGCGGTCATT-3'
FN  5'-AACTGGTAACCCTTCCACACCC-3'
  5'-AGCTTCTTGTCCTACATTCGGC-3'
ILK 5'-CAACACGGAGAACGACCTCA-3'
  5'-GTGTCATCCCCACGGTTCAT-3'
GSK-3β 5'-GGAACTCCAACAAGGGAGCA-3'
  5'-TTCGGGGTCGGAAGACCTTA-3'
Cyclin D1 5'-GATGCCAACCTCCTCAACGA-3'
  5'-GGAAGCGGTCCAGGTAGTTC-3'
COL-1 5'-GCCAAGACGAAGACATCCCA-3'
  5'-GGCAGTTCTTGGTCTCGTCA-3'
GAPDH 5'-CAATGACCCCTTCATTGACC-3'
  5'-GACAAGCTTCCCGTTCTCAG-3'

qPCR, quantitative polymerase chain reaction; FN, fibronectin; 
ILK, integrin-linked kinase; GASK-3β, glycogen synthase kinase 3β; 
COL-1, collagen, type I.
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Digital Imaging System (4000MM; Kodak, Rochester, NY, 
USA).

Small interfering RNA (siRNA) transfection. siRNA against 
ILK was purchased from Qiagen (Valencia, CA, USA) whilst 
negative control siRNA was purchased from Dharmacon (siGE-
NOME® Non‑Targeting siRNA #1; Thermo Fisher Scientific, 
Waltham, MA, USA). At 60% confluence, cells were washed 
with Opti-MEM® (Gibco®-BRL) and transfected with targeted or 
control siRNA (at a final concentration of 25 nM) in accordance 
with the manufacturer's instructions. Six hours post-transfection, 
Opti-MEM was replaced with normal medium and cells were 
further incubated for 24 or 48 h. The sequences of siRNA for ILK 
were as follows: 5'-CCUCUACAAUGUACUACAUTT dTdT 
and 3'-AUGUAGUACAUUGUAGAGGTT dGdT.

Statistical analysis. All of the data are expressed as the 
mean ± standard deviation and were analyzed by one‑way 
analysis of variance using SPSS 13.0 statistical software 
(SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to 
indicate a statistically significant difference.

Results

High glucose levels induce morphological changes in HPMCs. 
To determine the effect of high-glucose incubation on the 
morphology of HPMCs, cells were incubated with 30, 60 and 
90 mM glucose for 24 h and observed using phase-contrast 
microscopy. Representative images are shown in Fig. 1. In 
the control group not treated with glucose, HPMCs were 
tightly packed with polygonal or oval morphology and were 
arranged in a paving stone-like manner. Following incuba-
tion with 30 mM glucose for 24 h, certain cells demonstrated 
an elongated morphology. However, following incubation 
with 60 mM glucose for 24 h, HPMCs exhibited a series of 

phenotypic changes compared with the control cells, including 
elongation, branching and loss of the paving stone appearance. 
The phenotypic changes were similar but more evident in cells 
incubated with 90 mM glucose compared with those incubated 
with 30 mM for 24 h. Therefore, cell morphology of HPMCs 
was markedly affected by glucose incubation, and these 
morphological changes were induced in a dose-dependent 
manner.

High glucose levels induce EMT in HPMCs. To investigate 
the effect of high-glucose incubation on peritoneal EMT, an 
in vitro EMT study was performed in HPMCs. In order to 
induce EMT in the HPMCs, cells were incubated with 60 mM 
glucose for 0, 12, 24 and 48 h, respectively. The markers for 
EMT were then analyzed using western blot analysis and 
qPCR. The detected markers included FN, COL-1, E-cadherin 
and vimentin. Representative results from the western blot 
analysis are shown in Fig. 2A. Following incubation for 24 h, 
the expression level of E-cadherin, an epithelial phenotype 
marker, was downregulated and reached the lowest level at 
48 h. The expression level of vimentin, a mesenchymal marker, 
was almost undetectable at 0 h of incubation; however, expres-
sion was upregulated from as early as 12 h and peaked at 48 h. 
FN expression also increased from 12 h of incubation. COL-1 
protein levels changed in a time-dependent manner, increasing 
from 12 h of incubation and peaking at 48 h of incubation. The 
representative qPCR results are shown in Fig. 2B. The qPCR 
results indicate that E-cadherin mRNA expression levels 
decreased in a time‑dependent manner, and significant differ-
ences were observed at 24 h (P<0.05). FN mRNA expression 
levels increased in time‑dependent manner. Significant differ-
ences were observed at 12 h (P<0.05). COL-1 and vimentin 
mRNA expression levels were both significantly increased at 
12 h (P<0.05) and 24 h (P<0.01). These results suggest that 
incubation at high glucose levels increases the expression 

Figure 1. Morphological analysis of HPMCs cultured at high glucose levels. Cells were incubated with 30, 60 and 90 mM glucose for 24 h and observed under 
phase‑contrast microscopy. (A) Control cells; (B‑D) cells treated with (B) 30 mM glucose, (C) 60 mM glucose and (D) 90 mM glucose (magnification, x200). 
HMPCs, human peritoneal mesothelial cells.

  A   B

  C   D
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of the ECM components and induces EMT in HPMCs in a 
time-dependent manner.

To further determine the effects of high glucose levels on 
peritoneal EMT, HPMCs were incubated in media containing 
5, 30, 60 and 90 mM glucose for 24 h. The protein expression 
levels of E‑cadherin and vimentin were analyzed using western 
blot analysis and the mRNA expression levels of FN, COL-1, 
E-cadherin and vimentin were determined using qPCR. 
Representative results from the western blot analysis are shown 
in Fig. 2C. Glucose treatment downregulated E-cadherin 
expression, with E-cadherin expression being lowest following 
treatment with 90 mM glucose. The expression of vimentin was 
almost undetectable following treatment with 5 mM glucose; 
however, expression increased following treatment with 30 and 
60 mM glucose and peaked at 90 mM glucose. qPCR yielded 
similar results. As shown in Fig. 2D, mRNA expression levels 
of E-cadherin decreased in a dose-dependent manner and there 
was a significant decrease in expression levels following treat-

ment with 60mM glucose compared with expression following 
treatment with 5 mM glucose (P<0.05). The mRNA expres-
sion levels of vimentin, COL-1 and FN also increased in a 
dose‑dependent manner. Significant differences were observed 
at 60mM of treatment (P<0.05; P<0.01). These results suggest 
that expression of ECM components and the EMT of HPMCs 
were induced by glucose in dose-dependent manner.

ILK expression is increased during EMT in HPMCs. In 
order to examine the changes in ILK expression following 
incubation with glucose in HPMCs, western blot analysis and 
qPCR were performed. Prior to analysis, cells were incubated 
with 60 mM glucose for 0, 12, 24 and 48 h, respectively. As 
shown in Fig. 3A, ILK expression was upregulated in response 
to incubation at high glucose levels. The upregulation was 
observed from 12 h and peaked following 24 h of treatment. 
This was further confirmed by the results from the qPCR. As 
shown in Fig. 3B, ILK mRNA expression levels increased 

  A   B

  C   D

Figure 2. Expression analysis of EMT marker proteins at the protein and mRNA level following treatment with high levels of glucose. The analyzed proteins 
were FN, COL-1, E-cadherin and vimentin. GAPDH was used as an internal control. (A and B) Cells were incubated with 60 mM glucose for 0, 12, 24 and 
48 h, respectively, prior to analysis. Representative results from the western blot analysis and qPCR are shown. (C and D) Cells were incubated with 5, 30, 60 
and 90 mM glucose for 24 h prior to analysis. Representative results from the western blot analysis and qPCR are shown. Experiments were performed three 
times and data are expressed as the mean ± standard deviation. *P<0.05 and  #P<0.01, compared with cells incubated for 0 h. EMT, epithelial to mesenchymal 
transition; FN, fibronectin; COL‑1, collagen, type I; qPCR, quantitative polymerase chain reaction; E‑cad, E‑cadherin.

Figure 3. Analysis of ILK protein and mRNA expression levels following treatment with high levels of glucose. Cells were incubated with 60 mM glucose for 
0, 12, 24 and 48 h prior to analysis. GAPDH was used as an internal control. Protein and mRNA expression levels of ILK were detected using (A) western blot 
analysis and (B) qPCR, respectively. The data are expressed as the mean ± standard deviation of three independent experiments. *P<0.05, compared with cells 
incubated for 0 h. ILK, integrin-linked kinase; qPCR, quantitative polymerase chain reaction.

  A   B
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between 12 and 48 h of treatment. These results indicate that 
ILK expression was induced during EMT in HPMCs.

Distribution of ILK and E‑cadherin in HPMCs induced by 
high glucose levels. In order to further elucidate the observed 
changes in ILK expression, the distribution of ILK in the normal 
HPMCs and during the development of fibrosis in the HPMCs 
was investigated using an immunofluorescence assay. Under 
normal glucose conditions, differentiated HPMCs exhibited a 
typical spreading cobblestone-like morphology with processes 
and expressed little ILK in the cytoplasm (Fig. 4A). In the 
HPMCs induced by high glucose levels (60 mM), however, 
a significant increase in ILK staining was observed, and the 
staining was equally distributed in the cytoplasm. HPMCs 
were then transfected with ILK-specific siRNAs to knock 
down ILK expression. In cells with ILK-knockdown, it was 

observed that ILK staining was abolished and the cells showed 
an epithelial morphology. 

The distribution of E-cadherin in HPMCs was also 
observed using an immunofluorescence assay. As shown in 
Fig. 4B, strong staining for E-cadherin was visible in the plasma 
membrane of normal HPMCs. However, E-cadherin staining 
largely disappeared in the HPMCs induced by high glucose 
levels. By contrast, the E-cadherin staining markedly increased 
in response to ILK siRNA. In addition, the staining further 
confirmed the phenotypic transition of HPMCs from a spindle 
morphology with processes to a cobblestone appearance under 
high glucose conditions. This result further indicates that ILK 
was involved in HPMC EMT induced by high glucose levels.

Knockdown of ILK expression blocks EMT of HPMCs and 
suppresses high glucose‑induced downstream signaling. To 

Figure 4. Immunofluorescence analysis of (A) ILK and (B) E‑cadherin. ILK expression was knocked down using siRNA. Control cells and cells with 
ILK-knockdown were then treated with 60 mM glucose for 24 h prior to analysis. ILK, integrin-linked kinase; siRNA, small interfering RNA; E-cad, E-cadherin.

Figure 5. Expression analysis of EMT-associated proteins and downstream signal transduction proteins following ILK-knockdown. ILK expression was 
knocked down using siRNA. Control and ILK-knockdown cells were treated with 60 mM glucose for 24 h prior to analysis. E-cadherin, vimentin, FN, ILK, 
GSK-3β and cyclin D1 protein and mRNA expression levels were detected using (A) western blot analysis and (B) quantitative polymerase chain reaction, 
respectively. GAPDH was used as an internal control. Experiments were performed in triplicate and data are presented as the mean ± standard deviation. 
*P<0.05 and #P<0.01, compared with the cells treated with 60 mM glucose. EMT, epithelial to mesenchymal transition; ILK, integrin-linked kinase; siRNA, 
small interfering RNA; FN, fibronectin; GSK‑3β, glycogen synthase kinase 3β; p-GSK-3β, phos‑phorylated GSK-3β; E‑cad, E‑cadherin. 

  A

  B
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further characterize the potential function of ILK in HPMCs, 
the effect of the knockdown of endogenous ILK on the expres-
sion levels of EMT-associated proteins and downstream signal 
transduction proteins were investigated. siRNA was used to 
knock down endogenous ILK expression. Protein and mRNA 
expression of E-cadherin, vimentin, FN, ILK, phosphorylated 
GSK-3β (p-GSK-3β) and cyclin D1 were detected using western 
blot analysis and qPCR, respectively. GAPDH was used as 
an internal control. The expression levels of EMT-associated 
proteins were first analyzed. As shown in Fig. 5A and B, trans-
fection of HPMCs with specific siRNA resulted in a significant 
reduction in endogenous ILK expression at the protein and 
mRNA level, respectively (P<0.01). The results from the 
western blot analysis and the qPCR analysis demonstrated that 
knockdown of ILK significantly restored E‑cadherin expres-
sion (P<0.05). However, downregulation of ILK significantly 
reduced vimentin and FN expression (P<0.05), preventing FN 
overproduction in response to stimulation by high glucose 
levels. These findings further show that EMT of HPMCs may 
be inhibited by ILK-knockdown. 

GSK-3β is a known ILK downstream target. It was then 
investigated whether inhibition of ILK activity by siRNA 
leads to a reduction in GSK-3β phosphorylation induced by 
high glucose conditions. As shown in Fig. 5A, phosphoryla-
tion of GSK-3β induced by high glucose levels was inhibited 
by ILK-knockdown. However, the expression of GSK-3β at 
the mRNA level was not significantly affected (Fig. 5B), 
suggesting that ILK‑knockdown by siRNA specifically blocks 
GSK-3β phosphorylation in HPMCs. Cyclin D1 is a key 
downstream target of activated canonical Wnt signaling. As 
demonstrated by the results from the western blot analysis 
and qPCR, cyclin D1 expression was also increased by high 
glucose treatment, but was significantly decreased following 
ILK-knockdown (P<0.01). In combination, these results 
suggest that ILK may inhibit EMT in HPMCs through phos-
phorylation of GSK-3β.

Discussion 

In this study, high glucose levels were found to increase ILK 
expression in HPMCs. Under normal glucose conditions, 
HPMCs exhibited a spreading arborized morphology, whereas 
they had a cobblestone morphology under high glucose 
conditions. Furthermore, in the high-glucose environment, 
E-cadherin expression was found to be decreased, accompa-
nied by an increased expression of the mesenchymal marker 
vimentin. These findings demonstrate that HPMCs underwent 
EMT in high glucose conditions.

It is known that ILK has a key role at the interface between 
the ECM, integrins, actin-based cytoskeleton and cellular 
phenotype in kidney diseases (27). In addition, ILK acts as an 
adaptor protein that interacts with nephrin and α-actinin-4 to 
form a ternary complex, which is essential for the maintenance 
of podocyte function and glomerular filter integrity (28). 
Previous studies have suggested that TGF-β1 and high glucose 
levels induce HPMCs to undergo EMT (1,2). Additionally, 
ILK inhibition with a small molecule inhibitor, QLT-0267, 
prevented EMT of podocytes and ameliorated proteinuria, 
suggesting that ILK was a key intracellular mediator in EMT. 
Of note, the inhibitor had no adverse effect on normal kidney 

structure and function (29). The disruption of the interac-
tion between integrin and ILK may contribute to podocyte 
dysfunction, leading to EMT. In accordance with these 
results, in the present study it was demonstrated that high 
glucose levels induced ILK overexpression and EMT in 
HPMCs. Previous studies have demonstrated that particularly 
interesting new cysteine-histidine rich protein 1 (PINCH-1), 
an adaptor protein that interacts with ILK, is dysregulated in 
the fibrotic kidney following obstructive injury. The concom-
itant induction of PINCH-1 (30) and ILK (18) suggests that 
the PINCH-1-ILK complex may have a fundamental role in 
mediating tubular EMT. Tissue-type plasminogen activator 
(tPA) exerts its fibrogenic function by a novel signal transduc-
tion pathway. It binds to the membrane receptor low-density 
lipoprotein receptor-related protein 1 (LRP-1) and triggers 
the receptor tyrosine phosphorylation that, in turn, recruits 
β1 integrin and subsequently activates ILK signaling (31). 
ILK induction by TGF-β1 is clearly dependent upon intact 
Smad signaling in tubular epithelial cells, since overexpres-
sion of inhibitory Smad-7 abolishes Smad-2 phosphorylation 
and ILK induction. ILK signaling is also implicated in Snail 
expression. The kinase-dead form of ILK largely abolishes 
TGF-β1-induced tubular EMT and inhibition of ILK expres-
sion by hepatocyte growth factor (HGF), blocks tubular EMT 
and reduces renal fibrosis. ILK strategically bridges the inte-
grins and actin cytoskeleton-associated proteins, including 
calponin homology domain-containing ILK binding protein 
and paxillin, and transmits signal exchanges between 
the intracellular and extracellular compartments (32-34). 
Consistently, a previous study also demonstrated that ILK 
induces an invasive phenotype in brain tumor cell lines via 
activator protein 1 (AP-1)-dependent upregulation of matrix 
metalloproteinase-9 (MMP-9) expression (35). Similarly, 
ILK directly phosphorylates GSK-3 on Ser 9, causing its 
inhibition, which leads to the stabilization of β-catenin and 
stimulation of the activity of AP-1 and cyclic adenosine 
monophosphate response element binding protein (20,36,37). 
Since GSK-3β is a downstream substrate for Akt, ILK also 
induces GSK-3β phosphorylation indirectly via the Akt 
pathway (14). The results of the present study found that the 
inhibition of ILK by siRNA inhibited ILK expression and 
attenuated EMT, suggesting that ILK is involved in the EMT 
of HPMCs, which is consistent with the results found in 
previous studies.

It has been reported that overexpression of active ILK 
in podocytes induces translocation of β-catenin to the cell 
nucleus, as well as nuclear colocalization of β-catenin with 
lymphoid enhancer-binding factor 1 (LEF-1) (38). In patients 
with primary focal segmental glomerulosclerosis (FSGS), 
the activation of ILK activated the Wnt signaling pathway 
and GSK-3β in damaged podocytes (37). The results of the 
present study showed that incubation of HPMCs at high 
glucose levels led to the acquisition of fibrotic characteristics 
and initiation of EMT. Additionally, high glucose condi-
tions were demonstrated to upregulate ILK expression in a 
GSK-3β-dependent manner. In cultured podocytes, ILK has 
been shown to orchestrate a wide array of functions, including 
membrane proximal initiation of signal transduction via Akt, 
GSK-3β and β-catenin (15,16) and regulating cell phenotype 
and survival (15,16,39). A previous study demonstrated that 
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Dp71f modulates GSK3-β recruitment to the β1-integrin adhe-
sion complex in PC12 cells (40).

Previous studies have shown that ILK inhibition blocks 
phosphorylated Akt (p-Akt), p-GSK-3β, β-catenin and Snail 
expression, as well as MMP9 and Twist expression (41). 
Changes in ECM composition may alter the balance between 
apoptosis and survival (42). ILK links the ECM with the intra-
cellular compartment through interaction with the cytoplasmic 
domains of β1 and β3 integrins (43). As a central part of the 
ILK/PINCH/parvin complex, ILK connects the ECM with the 
actin cytoskeleton and transmits signals to the inner region 
of the cell through its serine/threonine kinase activity. The 
kinase activity of ILK is stimulated by integrins and soluble 
mediators, including growth factors and chemokines, and is 
regulated in a PI3K-dependent manner (44,45). EMT is medi-
ated through several transcription repressors, including Snail, 
Slug, Twist, MMP‑2, MMP‑9 and zinc finger E‑box‑binding 
homeobox 1 (ZEB1), which induce EMT by suppressing 
the transcription of the E-cadherin gene, an epithelial cell 
marker and a potent suppressor of cell invasion and metas-
tasis (46-48). Furthermore, it was demonstrated in the present 
study that downregulation of ILK also inhibits phosphoryla-
tion of GSK-3β in HPMCs. ILK regulates phosphorylation 
of its downstream targets Akt and GSK-3β on Ser 473 and 
Ser 9, respectively (49). GSK-3β, which is known as the 
‘guardian of the epithelial state’, regulates Snail degradation 
through its phosphorylation on Ser 246. ILK and Akt are 
known to phosphorylate and inactivate GSK-3β, which in turn 
suppresses phosphorylation of Snail and leads to EMT (50,51). 
Maseki et al (52) demonstrated that EMT was mediated by 
activation of the Akt/GSK-3β/Snail pathway. Akt phosphory-
lates GSK-3β at Ser 9, leading to inactivation of its kinase 
activity. GSK-3β also interacts with ILK, and ILK phosphory-
lates GSK-3β at Ser 9 in an Akt-independent manner (53).

The phosphorylation of GSK-3β by ILK signaling path-
ways leads to the activation of transcription factors, including 
AP1 and the β-catenin/lymphocyte enhancer factor, which in 
turn stimulate MMP-9 and cyclin-D1, respectively (42). The 
results of the present study demonstrate that inhibition of ILK 
activity results in p-GSK-3β downregulation. Therefore, the 
results from the present study further confirm the previous 
findings, and suggest that ILK may have a crucial role in 
EMT through phosphorylation of GSK-3β. ILK overexpres-
sion in rat intestinal epithelial cells resulted in stimulation 
of the G1/S cyclin-Cdk complex and subsequent cell cycle 
progression (54). Furthermore, the dominant-negative mutant 
of ILK was shown to induce G1 cell cycle arrest in prostate 
cancer cells (55). This may indicate that the parallel cell cycle 
regulatory events seen in diseased podocytes (i.e., collapsing 
focal segmental glomerulosclerosis) may at least in part be 
downstream of ILK (56,57).

In conclusion, the results of the present study have demon-
strate for the first time, to the best of our knowledge, that ILK 
has an important role in the high glucose level-induced EMT 
of HPMCs. Knockdown of ILK inhibits EMT of HPMCs, 
with an increase in E-cadherin and a decrease in vimentin 
expression levels. Furthermore, ILK-knockdown suppresses 
phosphorylation of GSK-3β, and thus inhibits its downstream 
pathway. Therefore, ILK, a newly identified peritoneal EMT 
regulator, may be used as a diagnostic marker for peritoneal 

fibrosis and may be a potential therapeutic target for the treat-
ment of peritoneal fibrosis.
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