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High-glucose-based peritoneal dialysis solution induces the
upregulation of VEGF expression in human peritoneal
mesothelial cells: The role of pleiotrophin
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Abstract. The aim of the present study was to investigate
the effect of a high-glucose-based peritoneal dialysis solution
(HGPDS) on the expression of pleiotrophin (PTN) and vascular
endothelial growth factor (VEGF) in human peritoneal meso-
thelial cells (HPMCs) and the mechanisms through which
fluvastatin (Flu) protects the peritoneal membrane in continuous
ambulatory peritoneal dialysis (CAPD). HPMCs were cultured
with HGPDS, Flu (10%-10-° mol/1) and PTN (10-30 nmol/1). The
expression of PTN and VEGF was examined at the mRNA
and protein level. To define the role of PTN in the regulation
of VEGF expression, HPMCs were cultured with HGPDS
in the presence or absence of the blocking peptide of PTN.
The signaling pathways involved in PTN synthesis induced
by HGPDS were also characterized. The phenotypic charac-
teristics of HPMCs were observed under a light microscope.
Cell viability was measured by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) colorimetry and the
mRNA and protein expression of PTN, VEGF and ERK1/2 was
assessed by RT-PCR and the western blot analysis, respectively.
Following incubation with HGPDS for 48 h, the morphology of
the HPMCs changed from a typical cobblestone-like appear-
ance to a fibroblast-like phenotype. The same alteration in the
morphology of the HPMCs also occurred following incubation
with 20 nmol/l PTN. Flu (10 mol/I), GSK650394 [a competitive
inhibitor of serum/glucocorticoid-regulated kinase 1 (SGK1),
10”° mol/1] and PD98059 (a competitive inhibitor of ERK1/2,
10~ mol/l) improved the negative changes in cell morphology
induced by HGPDS. The results of MTT assay revealed that
the reduction in HPMC viability occurred in the groups treated
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with HGPDS and this reduction was partially restored by Flu,
GSK650394 and PD98059. A significant improvement in cell
viability, which had been decreased by HGPDS, was observed
following treatment with Flu (10-° mol/1), PD98059 (10~ mol/l)
or GSK650394 (10 mol/l) (P<0.05). Compared with the
control, the mRNA and protein expression of PTN and VEGF
significantly increased in the HPMCs treated with HGPDS
(P<0.05). GSK650394 and PD98059 significantly decreased the
high mRNA and protein expression levels of PTN and VEGF
induced by HGPDS (P<0.05) and Flu had the same inhibi-
tory effect as GSK650394 and PD98059 in a dose-dependent
manner (P<0.05). The mRNA and protein expression of VEGF
increased following the incubation of HPMCs with 20 nmol/l
PTN. By contrast, the mRNA and protein expression levels of
VEGF in the HPMCs decreased in the presence of the blocking
peptide of PTN. The results from the present study indicated
that HGPDS increased the expression of PTN and VEGF in the
HPMC s, and this increase was attenuated by Flu, GSK650394
and PD98059. The protein expression of phosphorylated
ERK1/2 (p-ERK1/2) was decreased by GSK650394 in the
HPMC:s treated with HGPDS. Taken together, the protective
effects of Flu in HPMCs may be partially achieved through the
SGK1-ERK1/2 signaling pathway.

Introduction

Peritoneal dialysis (PD) has been used as the main therapy
for the treatment of end-stage renal disease (ESRD). A single
layer of mesothelial cells (MCs) covers an entire peritoneal
cavity. This layer of MCs can serve not only as a biological
barrier but also as a secretory organ. In addition, MCs have
the ability to synthesize and secrete various substances, such as
vascular endothelial growth factor (VEGF) and transforming
growth factor (TGF)-3 and these substances participate in the
functional alteration of the peritoneal membrane (1-3). Sterile
dialysis solutions universally applied are non-biocompatible,
and can cause inflammation in the sub-mesothelium. The
inflammation process may sequentially lead to fibrosis and
angiogenesis, eventually leading to ultrafiltration failure (4).
In patients on long-term PD using conventional peritoneal
dialysis solutions (PDS), alterations in the structure and func-
tion of the peritoneal membrane, including increased peritoneal
membrane permeability and ultrafiltration failure, eventually
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lead to peritoneal fibrosis (6,7). The substances secreted by
MCs play an important role in this process. Previous studies
have suggested that VEGF plays an important role in the altera-
tion of peritoneal membrane permeability (8,9). Pleiotrophin
(PTN), initially identified as a neurite growth/guidance-regu-
lating protein, is an 18- or 15-kDa heparin-binding protein,
which belongs to the midkine family (10,11). PTN plays a
variety of roles, including roles in proliferation and apoptosis
and has mitogenic, angiogenic and oncogenic activities (12). In
the studies by Kohashi e al (13) and Henger et al (14), PNT
was reported to participate in fibrosis in different organs. A
previous study demonstrated that the increase in peritoneal
membrane permeability and fibrosis induced by chlorhexidine
gluconate (CG) was attenuated in PTN knockout mice (15).

In this study, we investigated whether a high-glucose-
based peritoneal dialysis solution (HGPDS) directly affects
VEGF and PTN expression and whether this effect occurs
through the modulation of the serum/glucocorticoid-regulated
kinase 1 (SGK1)-ERK1/2 signaling pathway in human perito-
neal mesothelial cells (HPMCs). We further explored the role
of PTN in the modulation of VEGF expression in HPMCs.

Materials and methods

Materials. Fluvastatin (Flu) was obtained as a gift from
Novartis Pharma Ltd., Shangai, China. Dulbecco's modified
Eagle's medium (DMEM) and fetal bovine serum (FBS) were
purchased from Gibco, Karlsruhe, Germany. Peritoneal dialysis
fluids (4.25%) (Baxter Corp., Deerfield, IL, USA) were used as
co-culture medium. Rabbit polyclonal anti-PTN (Proteintech,
Manchester, UK), rabbit polyclonal anti-VEGF (Abcam,
Cambridge, MA, USA) and mouse anti-GAPDH monoclonal
antibody (Wuhan Boster Biological Technology Ltd., Wuhan,
China) were used for western blot analysis. GSK650394 (a
competitive inhibitor of SGK1; Santa Cruz Biotechnology, Inc.,
Santa Cruz, USA) and PD98059 (an ERK specific inhibitor;
Gibco) were used to observe the effects of SGK1 and ERK1/2
in HPMCs. Mouse anti-phosphorylated ERK1/2 (p-ERK)
monoclonal antibody and mouse anti-ERK monoclonal anti-
body were purchased from Cell Signaling Technology, Inc.,
Danvers, MA, USA. A reverse transcription (RT) kit, TRIzol
reagent and PremixTaq version 2.0 were purchased from
Takara Bio, Inc., Shiga, Japan. 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) (Sigma, St. Louis,
MO, USA) was used to assess cell viability.

Cell culture. HPMCs were obtained from the ATCC cell
bank (no. CRL-9444) and were routinely grown in DMEM
supplemented with fetal bovine serum (10% FBS), 100 Ul/ml
penicillin and 100 pg/ml streptomycin. The cells were incu-
bated at 37°C in a 5% CO, atmosphere and the culture medium
was changed every 2-4 days. Cells were liberated with
trypsin-EDTA to subculture in new dishes with a subcultiva-
tion ratio of 1:3 to 1:4. All experiments were conducted using
cells at passage 5-10.

MTT. Cells were seeded into 96-well plates (4,000 cells/well)
and cultured to 70-80% confluence. Following incubation
in DMEM with 0.01% FBS for 48 h, the cells were divided
into different groups : i) control (a 1:1 mixture of DMEM and
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total culture fluid); ii) HGPDS (a 1:1 mixture of 4.25% PDS
and total culture fluid); iii) HGPDS plus Flu (10-3-10-° mol/1),
HGPDS plus GSK650394 (10~ mol/l) or HGPDS plus PD98059
(107 mol/1); iv) Flu (10-3-10° mol/1) (a 1:1 mixture of DMEM
and total culture fluid), GSK650394 (10 mol/l) (a 1:1 mixture
of DMEM and total culture fluid) or PD98059 (10~ mol/l).
Each treatment group had 6 replicate wells. Following incuba-
tion for 6, 12,24, 36,48 or 72 h, 20 ul of MTT (5 mg/ml) were
added to each well and the plates were incubated for an addi-
tional 4 h. Subsequently, the medium was discarded, 100 pl
of DMSO were added to each well and mixed thoroughly.
The absorbance value of the wells was read at 490 nm using a
microplate reader (Bio-Rad, Hercules, CA, USA).

RNA extraction and RT-PCR. Cultured HPMCs were randomly
divided into the following groups: i) HPMCs were treated with
HGPDS for 0, 6, 12 and 24 h; ii) HPMCs were grown in medium
with HGPDS and/or the addition of Flu (10-8-10-° mol/l),
HGPDS plus GSK650394 (10~ mol/1), HGPDS plus PD98059
(10 mol/1), PTN (10-30 nmol/l) with or without the blocking
peptide of PTN, Flu (10-°* mol/1), GSK650394 (10~ mol/1) or
PD98059 (105 mol/l) without HGPDS. First-strand cDNA
synthesis was performed using 1 g of each RNA sample. A
2 pl mixture was used in the PCR reaction with PremixTaq
version 2.0 (loading dye mix). All specific primers for human
PTN, VEGTF, fibronectin (FN) and GAPDH were designed
according to the sequences in GenBank: PTN: forward,
5'-CTTGGCATTCATTTTCAT-3' and reverse, 5'-GATCTT
ACATCTCTGGGTCTT-3"; VEGF forward, 5'-ATGACGA
GGGCCTGGAGTGT-3' and reverse, 5'-GGGATTTCTT
GGGCTTTCGTTT-3"; FN forward, 5~AGCCGCCACGTG
CCAGGATTAC-3" and reverse, 5'-CTTATGGGGGTGGC
CGTTGTGG-3' and GAPDH forward, 5-AGGTCGGAG
TCAACGGATTTG-3' and reverse, 5'-GTGATGGCAT
GGACTGTGGT-3'". The annealing temperature was 51, 54,
59.4 and 60°C, respectively. PCR was amplified using primers
for human PTN, VEGF, FN and GAPDH and the products
were subjected to electrophoresis on 2.5% agarose gels. The
bands were visualized by ethidium bromide. Finally, analysis
was performed by densitometric gel scanning. GAPDH was
used as the housekeeping gene to normalize target gene
expression. The results were expressed as the ratio of PTN,
VEGEF and FN to GAPDH in each sample analyzed.

Western blot analysis. Cells were divided into the same groups
as for RT-PCR. Protein from the cells was homogenized in
lysis buffer and was quantified. Each protein sample (60 pg,
apart from PTN 200 ug) was separated by 12% SDS-PAGE
and transferred onto a nitrocellulose membrane for 60 min
(apart from PTN 40 min) at 100 V (apart from PTN 90 V).
Non-specific protein binding was blocked by incubating
the membranes in blocking solution [5% non-fat milk in
TBS-0.1% Tween-20 (TBS-T)] for 1 h at room temperature.
The membrane was exposed overnight to a 1:500 dilution of
rabbit polyclonal anti-human PTN, a 1:1,000 dilution of rabbit
polyclonal anti-human VEGF antibody, a 1:2,000 dilution of
mouse monoclonal anti-human ERK1/2 and p-ERK1/2 or a
1:500 dilution of mouse monoclonal anti-GAPDH antibody
at 4°C. After being rinsed with TBS-T solution 3 times, each
membrane was incubated with horseradish peroxidase-conju-
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Figure 1. Morphological changes in cultured human peritoneal mesothelial cells (HPMCs). (A) control group; (B) high-glucose-based peritoneal dialysis
solution (HGPDS) group; (C) 20 nmol/1 pleiotrophin (PTN) group; (D) HGPDS + fluvastatin (Flu) 10-° mol/l group; (E) HGPDS + GSK650394 (a competitive
inhibitor of SGK1) 10~ mol/l group; (F) HGPDS + PD98059 (a competitive inhibitor of ERK1/2) 10~ mol/l group. Normal HPMCs showed a cobblestone-like
appearance (A), while the cells treated with HGPDS and PTN displayed a fibroblast-like morphology (B and C). The addition of either Flu 10 mol/I, PD98059
or GSK650394 10~ mol/l to HGPDS attenuated the changes in cell morphology induced by HGPDS (D, E and F).

1 2 3 q 5 6 7 8 9 10

Figure 2. Cell viability decreased by high-glucose-based peritoneal dialysis
solution (HGPDS). Lane 1, control; lane 2, HGPDS ; lane 3, HGPDS + fluvas-
tatin (Flu) 10-* mol/l; lane 4, HGPDS + Flu 10”7 mol/l; lane 5, HGPDS + Flu
10°° mol/1; lane 6, HGPDS + GSK650394 (a competitive inhibitor of SGK1)
10" mol/l; lane 7, GPDS + PD98059 (a competitive inhibitor of ERK1/2)
105 mol/l; lane 8, Flu 10°° mol/I; lane 9, GSK650394 10~ mol/l; lane 10,
PD98059 10~° mol/l. Cell viability was decreased by HGPDS, while it was
partially restored in the groups treated with 3 different concentrations of
Flu or GSK650394. The decrease in cell viability induced by HGPDS was
significantly reversed by the concentration of Flu 10 mol/l, PD98059 and
GSK650394 107 mol/l. “P<0.05 vs. control, “P<0.05 vs. HGPDS.

gated secondary antibody [sheep anti-rabbit IgG (1:10,000) or
sheep anti-mouse IgG (1:10,000)] for 60 min at room tempera-
ture. After another wash with TBS-T solution, specific signals
were detected using an enhanced chemiluminescence western
blotting detection system. The bands were scanned using a
laser densitometer to assess the density.

ELISA. Cells were disseminated into 12-well plates (10° cells/
well) and divided into the control group (a 1:1 mixture of
DMEM and total culture fluid), HGPDS group (a 1:1 mixture
of 4.25% PDS and total culture fluid) and 20 nmol/l PTN
group (a 1:1 mixture of DMEM and total culture fluid with
the addition of 20 nmol/l PTN). After the cells were cultured
under different conditions, the supernatants were collected and
the FN protein from the supernatants was determined using a
human fibronectin ELISA kit (R&D Systems, Minneapolis,

MN, USA) according to the manufacturer's instructions.
To control cell number differences in the supernatants, all
proteins in each group were extracted and quantified by the
BCA method. The FN levels were then expressed as ng/mg
protein.

Statistical analysis. We used SPSS 13.0 software to analyze
the results and all data are expressed as the means + SD.
Comparisons among groups were performed by one-way
ANOVA. A value of P<0.05 was considered to indicate a
statistically significant difference.

Results

Changes in phenotypic characteristics of HPMCs. The normal
HPMC monolayer showed a characteristic cobblestone-like
appearance; however, the loss of cell contacts with an acquisi-
tion of an elongated fibroblastic morphology was observed
after 48 h of incubation with HGPDS. A similar morphology
alteration was observed following incubation with PTN.
Flu (10® mol/1) , GSK650394 (10~ mol/l) and PD98059
(10”° mol/l) reversed the changes in cell morphology induced
by HGPDS. GSK650394 (10~ mol/l), PD98059 (10~ mol/l) or
Flu (10" mol/l) alone had no effect on the phenotypic charac-
teristics of the HPMCs (Fig. 1).

Effect of HGPDS and Flu on cell viability. Cell viability
was affected by HGPDS, GSK650394 (10~ mol/l), PD98059
(10”° mol/l) and Flu (10°° mol/l). Compared with the control
group, a reduction in HPMC viability was observed in the
HGPDS groups and this reduction was partially reversed in the
groups treated with various concentrations of Flu, PD98059
and GSK650394. After 24 h of incubation, the decrease in cell
viability induced by HGPDS was reversed with the concentra-
tion of Flu (10°° mol/1), GSK650394 (10~ mol/1) and PD98059
(10 mol/l) (P<0.05) (Fig. 2).
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Figure 3. Effect of high-glucose-based peritoneal dialysis solution (HGPDS)
on pleiotrophin (PTN) and vascular endothelial growth factor (VEGF) mRNA
expression. (A) Analysis of PTN and VEGF mRNA expression by RT-PCR.
(B) Densitometry analysis of PTN and VEGF mRNA. GAPDH was used
as the housekeeping gene to normalize target gene expression. The mRNA
expression of PTN and VEGF increased significantly following exposure to
HGPDS, peaking at 6 and 12 h respectively. "P<0.05 vs. 0 h, “P<0.05 vs. 0 h.
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Figure 4. Effect of fluvastatin (Flu), GSK650394 (a competitive inhibitor
of SGK1) and PD98059 (a competitive inhibitor of ERK1/2) on the high-
glucose-based peritoneal dialysis solution (HGPDS)-stimulated mRNA
expression of pleiotrophin (PTN) and vascular endothelial growth factor
(VEGF). C, control; H, HGPDS; F6, Flu 10-° mol/l; H + F6, HGPDS + Flu
10° mol/1; H + F7, HGPDS + Flu 107 mol/l; H + F 8, HGPDS + Flu 10® mol/l;
H + G, HGPDS + GSK650394 10 mol/l; H + P, HGPDS + PD98059
10 mol/l. (A) Analysis of PTN and VEGF mRNA expression by RT-PCR.
(B) Densitometry analysis of PTN and VEGF mRNA. GAPDH was used as
the housekeeping gene to normalize target gene expression. Flu inhibited the
elevated PTN and VEGF mRNA expression induced by HGPDS in a dose-
dependent manner. “P<0.01 vs. control, "P<0.01, *P<0.05 vs. HGPDS.

Effect of HGPDS and Flu on the mRNA expression of PTN and
VEGF. The mRNA expression of PTN measured by RT-PCR
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Figure 5. Effect of 10, 20 and 30 nmol/l pleiotrophin (PTN) on the expression
of vascular endothelial growth factor (VEGF). (A) Analysis of VEGF mRNA
expression by RT-PCR. (B) Densitometry analysis of VEGF mRNA. GAPDH
was used as the housekeeping gene to normalize target gene expression.
Different concentrations of PTN increased VEGF mRNA expression com-
pared with the xcontrol group, (P<0.05) peaking at 20 nmol/l PTN. "P<0.05
vs. control group, "P<0.05 vs. 20 nmol/l PTN.

in the HPMCs increased significantly following exposure
to HGPDS, peaking at 6 h. The VEGF mRNA levels were
significantly elevated and peaked at 12 h following exposure
to HGPDS (P<0.05) (Fig. 3). The effects of HGPDS in conjuc-
tion with 3 different concentrations of Flu, GSK650394 and
PD98059 on PTN mRNA expression were examined in the
HPMCs. GSK650394 (1075 mol/1), PD98059 (10~ mol/l) and
Flu (10°° mol/1) significantly suppressed the upregulation in the
expression of PTN and VEGF induced by HGPDS (P<0.05).
However, Flu at the concentration of 107 mol/l and 10-® mol/l
had no significant effects on the elevated PTN and VEGF
mRNA expression (P>0.05). Compared with the control
group, Flu (10°° mol/1), GSK650394 (10~ mol/I) or PD98059
(10”° mol/l) alone had no significant effects on PTN, VEGF
and FN mRNA expression in the HPMCs (P>0.05) (Fig. 4).
Compared with the control group, the concentration of PTN
(10-30 nmol/1) which had the most significant effect on the
mRNA expression of VEGF was 20 nmol/l1 (P<0.05) (Fig. 5).
The blocking peptide of PTN decreased the mRNA expres-
sion of VEGF which had been increased by PTN (20 nmol/l)
(P<0.05) (Fig. 6). However, it had no effect on the mRNA
expression of FN which had been increased by PTN (Fig. 7).

Effect of HGPDS and Flu on the protein expression of PTN and
VEGF. The protein expression of PTN measured by western
blot analysis in the HPMCs increased significantly and peaked
at 36 h following exposure to HGPDS. The VEGF protein
levels were significantly elevated and peaked at 48 h following
exposure to HGPDS (P<0.05) (Figs. 8 and 9). Based on the
results (Figs. 8 and 9), we measured PTN and VEGF protein
expression following exposure to HGPDS in conjunction with
3 different concentrations of Flu, GSK650394 and PD98059
in the HPMCs for 36 h and 48 h. GSK650394 (10° mol/l),
PD98059 (10~ mol/l) and Flu (10°% mol/l) significantly inhib-
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Figure 6. Effect of 20 nmol/I pleiotrophin (PTN) and blocking peptide of
PTN on the expression of vascular endothelial growth factor (VEGF).
(A) Analysis of VEGF mRNA expression by RT-PCR. (B) Densitometry
analysis of VEGF mRNA. GAPDH was used as the housekeeping gene to
normalize target gene expression. High-glucose-based peritoneal dialysis
solution (HGPDS) and 20 nmol/l PTN increased VEGF expression compared
with the control (‘P<0.05); 20 nmol/l PTN + blocking peptide had no signifi-
cant difference compared with control ("P>0.05).
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Figure 7. Effect of 20 nmol/l pleiotrophin (PTN) on the expression of
fibronectin (FN). (A) Analysis of FN mRNA expression by RT-PCR.
(B) Densitometry analysis of FN mRNA. GAPDH was used as the house-
keeping gene to normalize target gene expression. High-glucose-based
peritoneal dialysis solution (HGPDS) and 20 nmol/l PTN increased FN
expression compared with the control group ('P<0.05).

ited the upregulation in PTN and VEGF expression induced
by HGPDS (P<0.05). However, Flu at the concentration of
107 and 10® mol/l had no significant effects on the elevated
PTN and VEGEF protein expression levels (P>0.05). Compared
with the control group, Flu (10-° mol/1), PD98059 (10~ mol/l)
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Figure 8. Effect of high-glucose-based peritoneal dialysis solution (HGPDS)
on pleiotrophin (PTN) protein expression. (A) Analysis of PTN protein
expression by western blot analysis. (B) Densitometry analysis of PTN pro-
tein. GAPDH was used as the housekeeping gene to normalize target gene
expression. After incubation for the indicated periods of time, the protein
expression of PTN increased significantly, peaking at 36 h. "P<0.05 vs. 0 h,
"P<0.01 vs. 0 h.
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Figure 9. Effect of high-glucose-based peritoneal dialysis solution (HGPDS) on
vascular endothelial growth factor (VEGF) protein expression. (A) Analysis of
VEGF protein expression by western blot analysis. (B) Densitometry analysis
of VEGF protein. GAPDH was used as the housekeeping gene to normalize
target gene expression. After incubation for the indicated periods of time, the
protein expression of VEGF increased significantly, peaking at 48 h. “P<0.05
vs. 0 h, "P<0.01 vs. 0 h.
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or GSK650394 (10”° mol/l) alone had no significant effects
on PTN and VEGEF protein expression in HPMCs (P>0.05)
(Fig. 10). The effect of PTN on the expression of VEGF and
FN was also examined. PTN (10-30 nmol/l) increased the
expression of VEGF in the HPMCs; the concentration of
20 nmol/l PTN induced the most significant increase (P<0.05)
(Fig. 11). The blocking peptide of PTN decreased the expres-
sion of VEGF which had been increased by PTN (Fig. 12).
Compared with the control, 20 nmol/l of PTN increased the
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Figure 10. Effect of fluvastatin (Flu), GSK650394 (a competitive inhibitor of
SGK1) and PD98059 (a competitive inhibitor of ERK1/2) on the high-glucose-
based peritoneal dialysis solution (HGPDS)-stimulated protein expression
of pleiotrophin (PTN) and vascular endothelial growth factor (VEGF). C,
control; H, HGPDS; F6, Flu 10° mol/l; H + F6, HGPDS + Flu 10® mol/l;
H + F7, HGPDS + Flu 107 mol/l; H + F8, HGPDS + Flu 10® mol/l; H + G,
HGPDS + GSK650394 10° mol/l; H + P, HGPDS + PD98059 10~ mol/I.
(A) Analysis of PTN and VEGF protein expression by western blot analysis.
(B) Densitometry analysis of VEGF and PTN protein. GAPDH was used as
the housekeeping gene to normalize target gene expression. After incuba-
tion for 36 h or 48 h, Flu, GSK650394 and PD98059 inhibited the elevated
PTN and VEGEF protein expression induced by HGPDS in a dose-dependent
manner. ‘P<0.05 vs. control, “P<0.05 vs. HGPDS, *P<0.05 vs. HGPDS.
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Figure 11. Effect of pleiotrophin (PTN) on the protein expression of vascular
endothelial growth factor (VEGF). (A) Analysis of VEGF protein expres-
sion by western blot analysis. (B) Densitometry analysis of VEGF protein.
GAPDH was used as the housekeeping gene to normalize target gene expres-
sion; 20 nmol/l PTN significantly increased VEGF expression. "P<0.01 vs.
control, “P<0.05 vs. control.

expression of FN (P<0.05). Our results indicated that PTN and
HGPDS had the same effect on the expression of FN (Fig. 13).
Flu (10-° mol/I), PD98059 and GSK650394 decreased the
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Figure 12. Effect of 20 nmol/l pleiotrophin (PTN) and blocking peptide
of PTN on the expression of vascular endothelial growth factor (VEGF).
(A) Analysis of VEGF protein by western blot analysis. (B) Densitometry
analysis of VEGF protein. GAPDH was used as the housekeeping gene to
normalize target gene expression. High-glucose-based peritoneal dialysis
solution (HGPDS) and 20 nmol/l PTN increased VEGF expression compared
with the control group; ("P<0.01) 20 nmol/l PTN + blocking peptide reduced
the expression of VEGF compared with 20 nmol/l PTN alone. ("P<0.05) ,

"P<0.05 vs. HGPDS.
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Figure 13. Effect of pleiotrophin (PTN) on fibronectin (FN) protein expres-
sion by ELISA. PTN (20 nmol/l) increased the expression of FN, which had
the same effect as high-glucose-based peritoneal dialysis solution (HGPDS).
("P<0.05 vs. control.)

expression of p-ERK1/2 which had been increased by HGPDS
(P<0.05) (Fig. 14). Flu, PD98059 and GSK650394 alone had
no significant effect on the expression of p-ERK1/2 compared
with the control group (P>0.05) (Fig. 15). The expression of
p-ERK1/2 which had been increased by HGPDS peaked at 8 h
(P<0.01 or P<0.05) (Fig. 16).

Discussion

If the peritoneum is exposed to HGPDS continuously, HGPDS
will lead to the alteration of the structure and function of the
membrane. HGPDS may have the potential to increase peritoneal
permeability, resulting in the rapid dissipation of the osmotic
gradient and, eventually, causing ultrafiltration failure and inad-
equate dialysis (16). Decreased ultrafiltration has is regarded
as evidence of the augmentation of the peritoneal surface area
available for the diffusion exchange (17). An increased vascular
surface area within the peritoneal membrane may thus account
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Figure 14. Effect of different factors on the protein expression of p-ERK1/2.
C, control; H, high-glucose-based peritoneal dialysis solution (HGPDS); F6,
Flu 10°° mol/l; G, GSK650394 (a competitive inhibitor of SGK1) 10-° mol/l;
P, PD98059 (a competitive inhibitor of ERK1/2) 10~ mol/l. (A) Analysis of
p-ERK1/2 protein expression by western blot analysis. (B) Densitometry
analysis of p-ERK1/2 protein expression normalized based on ERK1/2.
('P<0.05 vs. HGPDS.)
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Figure 15. Effect of fluvastatin (Flu) or PD98059 (a competitive inhibitor
of ERK1/2) or GSK650394 (a competitive inhibitor of SGK1) alone on the
protein expression of p-ERK1/2. C, control; H, high-glucose-based peritoneal
dialysis solution (HGPDS); F6, Flu 10°° mol/l; G, GSK650394 10~ mol/l; P,
PD98059 10 mol/l. (A) Analysis of p-ERK1/2 protein expression by western
blot analysis. (B) Densitometry analysis of p-ERK1/2 protein normalized
based on ERK1/2 (there was no significant difference between the groups).

for the loss of ultrafiltration. Within this framework, VEGF
may play a critical role in ultrafiltration failure, mainly as
VEGF increases vascular permeability (18,19). In the present
study, we focused on the direct short-term effects of HGPDS
on the expression of VEGF. Modulation of the expression and
organization of VEGF by PTN in colorectal cancer has been
reported (20). It has been reported that HPMCs secrete PTN,
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Figure 16. Effect of high-glucose-based peritoneal dialysis solution (HGPDS)
on the protein expression of p-ERK1/2. (A) Analysis of p-ERK1/2 protein
expression by western blot analysis. (B) Densitometry analysis of p-ERK1/2
protein normalized based on ERK1/2. After incubation for the indicated
periods of time, the protein expression of p-ERK1/2 increased significantly,
peaking at 8 h ("P<0.05 vs. 0 h, “P<0.01 vs. 0 h).

then PTN increases peritoneal permeability which leads to
peritoneal fibrosis in mice (15). Pleiotrophin (PTN the protein,
ptn the gene), a 136 amino acid, secreted heparin-binding cyto-
kine, can signal diverse functions, such as neurite outgrowth
and angiogenesis. PTN may be a candidate ‘tumor promoter’
and may initiate an ‘angiogenic switch’ through its C-terminal
angiogenesis domain (12).

In this study, we demonstrate that HGPDS upregulates
VEGF expression in HPMCs in a time-dependent manner.
Our in vitro data further confirm that HGPDS upregulates
PTN expression in HPMCs. HGPDS significantly inhibited
the viability of the HPMCs. In addition, the morphology
of the HPMCs was altered from a typical cobblestone-like
appearance to a fibroblast-like appearance following incuba-
tion with HGPDS for 48 h. The same morphological changes
were observed in the cells incubated in DMEM supplemented
with 20-30 nmol/l PTN. Coinciding with the morphological
changes, the mRNA and protein expression of PTN and VEGF
increased significantly in the HPMCs in response to HGPDS.
The increase in PTN expression occurred in a time-dependent
manner and peaked prior to VEGF, which indicated that VEGF
expression may be partially dependent on the secretion of PTN
by HPMCs. When the HPMCs were incubated with PTN, the
expression of VEGEF significantly increased, particularly with
the concentration of 20 nmol/l PTN. The blocking peptide
of PTN blocked the effects of the C-terminal of PTN, which
partially restored the morphological changes and suppressed
the expression of VEGF in the HPMCs incubated with PTN.
Our results also indicated that PTN significantly increased the
expression of FN in the HPMCs; however, this increase was
not reversed by the blocking peptide of PTN. Further inves-
tigation is required to determine whether any other blocking
peptide can inhibit the expression of FN induced by PTN.
Our results demonstrate that PTN may mediate the process of
peritoneal membrane injury induced by HGPDS. However, the
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mechanisms behind the increase in PTN expression induced by
HGPDS in HPMCs remain unclear.

SGK is a new member of the serine/threonine kinase gene
family and was originally identified as an immediate early gene
under acute transcriptional control by serum and glucocorti-
coids (21). Human Sgk-1 was cloned as a cell volume-sensitive
gene which is upregulated by hypertonic cell shrinkage (22).
Evidence suggests that the expression, enzymatic activity and
cellular localization of SGK1 are regulated in response to various
stimuli. These stimuli include cell volume, epithelial transport,
cardiac action potential and cell proliferation, survival and apop-
tosis (23,24). SGK1 is expressed in a variety of fibrosing tissues,
such as tissues in Crohn's disease, lung fibrosis, liver cirrhosis
and glomerulonephritis (25,26). ERK1 and ERK2 belong to the
protein-serine/threonine kinase family which participates in the
Ras-Raf-MEK-ERK signal transduction cascade. This cascade
is involved in the regulation of a large variety of processes, such
as cell cycle progression, cell migration, cell survival, differen-
tiation, proliferation and transcription (27). Advanced glycation
end products (AGEs) can induce ERK1/2 phosphorylation in
skin cells (28). In the present study, GSK650394 or PD98059
decreased the mRNA and protein expression of PTN in the
HPMCs which had been increased by HGPDS. The correlation
between SGK1 and ERK1/2 is poorly understood. Therefore,
the correlation between SGK1 and ERK1/2 was investigated
further in this study. We found that p-ERK1/2 expression was
reduced by the addition of GSK650394, an inhibitor of SGK1,
suggesting that SGK1 may regulate the phosphorylation of
ERK1/2 and that the SGK1-ERK1/2 pathway may play a role
in the increased expression of PTN in HPMCs induced by
HGPDS. GSK650394 or PD98059 only partially inhibited the
expression of PTN and VEGF in the HPMCs which had been
increased by HGPDS. Therefore, there are many other signaling
pathways that participate in this injury process. Further studies
are required to elucidate this issue.

Statins inhibit the enzyme, 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) reductase, which is required
for cholesterol biosynthesis. However, there is increasing
evidence of the beneficial effects of statins, unrelated to their
lipid-lowering capacity, such as anti-fibrinolytic, anti-prolif-
erative and ant-inflammatory effects (29). By inhibiting
HMG-CoA reductase, statins can also inhibit the synthesis of
isoprenoids, which are important for intracellular signaling
molecules, such as ERK, Rho, Ras and Rac. Therefore, statins
have various cholesterol-independent effects, such as the
reduction of extracellular matrix synthesis, the regulation of
cytokines and inflammatory factors through the direct inhibi-
tion of these small GTP-binding proteins (30). Previous studies
have demonstrated that SGK1 was the functional cross of
multiple signaling pathways (31,32). It can be activated by bone
marrow kinase/extracellular signal-regulated kinase 5 (BK/
ERKS5) or p38 MAPK. In addition, the small G protein Racl
activates SGK1 through a PI3-kinase-independent pathway
(33,34). Additional activators of SGK1 include neuronal depo-
larization, cAMP, lithium and oxidation (35). The present study
did not explore the underlying mechanisms of PTN regulation
in response to Flu. Further studies on statins are required to
investigate the mechanisms by which statins mediate PTN
expression. Our study confirms that statins reduce PTN expres-
sion in HPMCs induced by HGPDS.
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In conclusion, the present study demonstrates that PTN
expression induced by HGPDS consequently alters the expres-
sion of VEGF in HPMC:s. This upregulation in PTN expression
induced by HGPDS provides further support for the role of
PTN in peritoneal permeability and fibrosis in continuous
ambulatory peritoneal dialysis (CAPD). Our findings provide
additional insight into the mechanisms involved in the induc-
tion of the expression of PTN and VEGF in HPMCs by
HGPDS and the prevention of ultrafiltration failure in CAPD,
although the exact pathophysiological effects of the long-term
exposure of HPMCs to glucose degradation products remain
to be elucidated.
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