
EBioMedicine 52 (2020) 102661

Contents lists available at ScienceDirect

EBioMedicine

journal homepage: www.elsevier.com/locate/ebiom
Research paper
Anti-fibrotic effect of decorin in peritoneal dialysis and PD-associated
peritonitis
Na Jianga,b,1, Qing Zhanga, Mel KM Chaua, Ming S Yipa, Sing Leung Luic, Stephanie Liud,
Kent Man Chue, Hextan YS Ngand, Tak Mao Chana,*, Susan Yunga,*
aDepartment of Medicine, The University of Hong Kong, Hong Kong
b Department of Nephrology, Renji Hospital, Shanghai Jiaotong University School of Medicine, Shanghai, China
c Department of Medicine, Tung Wah Hospital, Hong Kong
d Department of Obstetrics & Gynaecology, Hong Kong
eDepartment of Surgery, The University of Hong Kong, Hong Kong
A R T I C L E I N F O

Article History:
Received 22 July 2019
Revised 11 January 2020
Accepted 22 January 2020
Available online xxx
Abbreviations: ELISA, Enzyme-linked immunosorbent
nal-regulated kinase; FCS, Fetal calf serum; FN, Fibron
thase kinase-3beta; IL, Interleukin; HPMC, Human perito
jun n-terminal kinase; MAPK, Mitogen-activated protein
mechanistic target of rapamycin; PD, peritoneal dialysis;
PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase,
buffer, radioimmunoprecipitation assay buffer; SFM, s
transforming growth factor beta1; TGFbRI, TGF-b recept
2; TNF-a, tumor necrosis factor-alpha
* Corresponding authors.
E-mail addresses: dtmchan@hku.hk (T.M. Chan), ssyy

1 Work done for this study was undertaken when she
versity of Hong Kong.

https://doi.org/10.1016/j.ebiom.2020.102661
2352-3964/© 2020 The Author(s). Published by Elsevier
A B S T R A C T

Background: Progressive peritoneal fibrosis is a common complication in patients on long-term peritoneal
dialysis (PD). PD-associated peritonitis is a major exacerbating factor. We investigated the anti-fibrotic prop-
erties of decorin secreted by peritoneal mesothelial cells.
Methods: Dialysate decorin level in stable PD patients and those with peritonitis was measured. In vitro
experiments were conducted to investigate the effect of decorin in fibrotic response in human peritoneal
mesothelial cells (HPMC).
Findings: Increasing PD duration was associated with a progressive decrease of dialysate decorin and CA125
levels. Dialysate decorin level correlated with CA125 level. Peritonitis episodes were associated with a mas-
sive drop of dialysate decorin, which persisted for over three months despite clinical recovery. Dialysate
decorin level correlated with that of TGF-b1, but was inversely related to IL-1b and IL-8. TGF-b1, IL-1b, IL-6,
IL-8, or TNF-a reduced decorin secretion in HPMC, but induced fibronectin expression. The effects were
mediated in part through increased p38 MAPK and AKT/PI3K phosphorylation. Decorin abrogated the induc-
tion of fibronectin expression in mesothelial cells by PD fluids or pro-fibrotic cytokines, through decreased
TGF-bRI, p38 MAPK and AKT/PI3K phosphorylation and increased glycogen synthase kinase-3b phosphoryla-
tion. Decorin gene-silencing resulted in increased fibronectin expression under these conditions.
Interpretation: Our data demonstrate anti-fibrotic actions of decorin in HPMC, when these cells are subjected
to the pro-fibrotic effect of peritoneal dialysate and pro-fibrotic cytokines in PD, especially during peritonitis.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

More than one-tenth of the global dialysis population (i.e. over
200,000 patients) are treated with peritoneal dialysis (PD) [1].
Effective PD depends on the structural and functional integrity of the
peritoneal membrane, yet progressive peritoneal fibrosis is a com-
mon complication in long-term PD, and this leads to inadequate dial-
ysis and encapsulating peritoneal sclerosis which could be life-
threatening. PD-associated peritonitis is an important exacerbating
factor for peritoneal fibrosis [1�3].

Mesothelial cells lining the peritoneal cavity constitute the first
line of defense against injury from unphysiological PD fluids and
micro-organisms [4,5]. In contrast to low-grade inflammation
induced by PD fluids, infective peritonitis triggers severe inflamma-
tory responses in the peritoneum associated with inflammatory cell
infiltration and local production of pro-inflammatory and pro-fibrotic
cytokines and growth factors, and the secretion of proteases from
infiltrating and resident peritoneal cells [6�11]. These processes
result in severe mesothelial cell injury and denudation, and perito-
neal fibrosis occurs instead of normal wound healing.
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Research in context

Evidence before this study

Progressive peritoneal fibrosis and loss of the dialytic function
affect all patients on long-term PD, and result in increased mor-
bidity and mortality. A history of PD-associated peritonitis is a
major risk factor for peritoneal fibrosis and failure to continue PD.

Added value of this study

Decorin is a soluble dermatan sulfate proteoglycan synthesized by
peritoneal mesothelial cells. Our results from in vitro experiments
show that decorin has anti-fibrotic properties and counters the
pro-fibrotic effects of PD fluid, TGF-b1 and IL-1b that patients on
long-term PD are exposed to perennially, through downregulation
of distinct signaling pathways. Data from PD patients show that
dialysate decorin level decreases with increasing duration of PD,
especially during episodes of peritonitis. These findings indicate
that the anti-fibrotic actions of decorin are of clinical relevance.

Implications of all the available evidence

Presently there is no effective means to prevent or treat perito-
neal fibrosis in PD, which is essential in the preservation of struc-
tural and functional integrity of the peritoneal membrane. Our
data provide evidence on the anti-fibrotic actions of decorin, and
suggest a novel approach to tackle this unmet clinical need.
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Decorin is a 110 kDa, soluble dermatan sulfate proteoglycan that
can bind and sequester TGF-b1, resulting in reduced biological activity
of the latter [12,13]. Decorin is the predominant proteoglycan secreted
by human peritoneal mesothelial cells (HPMC) in culture [14]. It has
been reported that patients on long-term PD showed a reduction of
peritoneal membrane decorin expression [15]. Data from a rodent PD
model showed that transient overexpression of decorin was associated
with reduced peritoneal collagen deposition [16]. While these obser-
vations suggest that decorin produced by mesothelial cells could have
anti-fibrotic actions, there is little data on dialysate decorin level in
patients on long-term PD. Also, the mechanisms through which
decorin might modulate pro-fibrotic responses in peritoneal mesothe-
lial cells upon injury or exposure to pro-fibrotic cytokines are obscure.

The aim of this study was to investigate the level of decorin in the
effluent peritoneal dialysate of stable patients on long-term PD and to
examine the impact of bacterial peritonitis. In vitro experiments were
conducted to investigate the mechanisms of pro-fibrotic cellular
responses in HPMC and the effect of decorin. Our results showed that
decorin suppressed fibronectin deposition when HPMC were exposed
to PD fluid, TGF-b1, or IL-1b, and this suppressive effect was mediated
through down-regulation of TGF-b receptor I (TGF-bRI), p38 MAPK
and AKT/PI3K phosphorylation, and increased glycogen synthase
kinase-3b (GSK-3b) phosphorylation. Dialysate decorin level decreased
with increasing duration of PD, and exposure of HPMC to high levels of
pro-inflammatory cytokines, such as occurring during PD-associated
peritonitis, resulted in marked reduction of decorin secretion.
2. Materials and methods

2.1. Chemicals and reagents

All chemicals and antibodies were of the highest purity and were
purchased from Sigma Aldrich (Tin Hang Technology Ltd, Hong Kong)
unless otherwise stated. Tissue culture flasks were purchased from
Falcon (Becton-Dickinson, Gene Company Limited, Hong Kong) and
Medium 199, supplements and Stealth RNAiTM Pre-designed decorin
specific siRNA (assay ID: HSS175999) were purchased from Life Tech-
nologies (ThermoFisher Scientific (HK) Limited, Hong Kong). Taqman
probes for human fibronectin (Hs01549976_m1) and decorin
(Hs00754870_s1) were purchased from ThermoFisher Scientific (HK)
Limited, Hong Kong. RNeasy mini kits and AllStars Negative Control
siRNA complexed with HiPerfect transfection reagent were pur-
chased from Qiagen Hong Kong Pte Limited, Hong Kong. Human
recombinant decorin, TGF-b1, IL-1b, IL-6, IL-8, and TNF-a, and Duo-
set ELISAs for decorin and TGF-b1 were purchased from R&D Systems
(Bio-Techne Hong Kong Limited). BD OptEIA ELISA kits for IL-1b, IL-6,
IL-8 and TNF-a were purchased from BD Biosciences Pharmingen
(Bio-Gene Technology Limited, Hong Kong). PD98059, SP600125 and
LY294002 and antibodies to phosphorylated and total ERK, p38
MAPK, JNK, AKT/PI3K, mTOR, GSK-3b (Ser9), SMAD2 and SMAD3
were purchased from Cell Signaling Technology (Genetimes Technol-
ogy International Holding Limited, Hong Kong). Antibodies to phos-
phorylated and total PKC-a were purchased from Santa Cruz,
(Genetimes Technology International Holding Limited, Hong Kong).
SB203580 and G€o6976 were purchased from Calbiochem, Merck
(Onwon Trading Limited, Hong Kong), and rapamycin was purchased
from Sigma-Aldrich. Anti-human TGF-bRI antibody was purchased
from Abcam (Hong Kong) Limited. Antibodies to human decorin and
TGF-bRII were purchased from Invitrogen (ThermoFisher Scientific
(HK) Limited, Hong Kong). DC Protein Assay kits were purchased
from Bio-Rad Pacific Limited, Hong Kong.

2.2. PD fluid samples

Overnight PD fluid (PDF) was prospectively collected from Chinese
adult patients on continuous ambulatory PD (CAPD) attending the PD
Units at Queen Mary Hospital and Tung Wah Hospital, Hong Kong dur-
ing the period of November 2012 to December 2013. Single overnight
PDF were obtained from stable PD patients who were free from perito-
nitis over the past 6 months or longer (Control PDF). Serial PDF were
also obtained from PD patients who developed bacterial peritonitis at
the onset of infection before antibiotic treatment (Peritonitis D0 PDF)
and after 3 months (Peritonitis D100 PDF). All patients were on glucose-
based PD regimen (Dianeal�). Aliquots of PDF (2 £ 50 ml) were centri-
fuged at 3000 rpm at 4°C for 10 min to remove cell debris, filter-
sterilized and stored at �80°C until analysis. This study was approved by
the Institutional Review Board of the University of Hong Kong/Hospital
Authority Hong Kong West Cluster. All subjects gave written informed
consent before participation in this study.

2.3. Measurement of decorin, TGF-b1, IL-1b, IL-6, IL-8 and TNF-a levels
in PDF

The levels of decorin, TGF-b1, IL-1b, IL-6, IL-8 and TNF-a were
measured in spent dialysate, culture media and cell lysates using
commercially available ELISAs according to the manufacturers’
instructions. The detection range was 31.2�2000 pg/ml for decorin
and total TGF-b1, 4�250 pg/ml for IL-1b, 4�300 pg/ml for IL-6,
3�200 pg/ml for IL-8 and 8�500 pg/ml for TNF-a. Decorin level in
culture media and cell lysates was normalized to cellular protein and
expressed as pg/mg cellular protein for direct comparison between
the different treatment groups.

2.4. Mesothelial cell culture

In vitro studies were conducted in primary HPMC obtained by enzy-
matic digestion of omental specimens from nonuremic patients who
underwent abdominal surgery, and cultured in Medium 199 supple-
mented with 10% FCS as previously described [17,18]. All experiments
were performed on cells of the second passage that had been growth
arrested for 72 h. To determine the effect of PDF and pro-inflammatory
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and pro-fibrotic cytokines on mesothelial cell decorin and fibronectin
expression and the beneficial effect or otherwise of decorin, HPMCwere
incubated with serum free medium (SFM), Control PDF, Peritonitis D0
PDF, TGF-b1, IL-1b, IL-6, IL-8, TNF-a, or TGF-b1 together with IL-1b (0.5
- 10 ng/ml for TGF-b1, 10 ng/ml for all other cytokines) in the presence
or absence of decorin (1 mg/ml) for 24 h. In separate studies, HPMC
were incubated with TGF-b1 neutralizing antibody or IL-1 receptor
antagonist (1mg/ml, for both) for 1 h prior to incubationwith Peritonitis
D0 PDF for 24 h to investigate the contribution of TGF-b1 and IL-1b in
PDF-induced fibronectin expression. To determine the signaling path-
ways involved in decorin secretion and fibronectin synthesis, HPMC
were incubated with inhibitors to ERK (PD98059, 75 mM), p38 MAPK
(SB203580, 50 mM), JNK (SP600125, 50 mM), PKC (G€o6976, 20 mM),
PI3K (LY294002, 50 mM) and mTOR (rapamycin, 20 ng/ml) for 1 h
before incubation with SFM, Control PDF, Peritonitis PDF, TGF-b1 or
IL-1b (10 ng/ml, for both cytokines) for 24 h. To determine whether
spent dialysate, TGF-b1 or IL-1b could activate ERK, p38 MAPK, JNK,
AKT/PI3K, GSK-3b, SMAD2 or SMAD3 signaling and the effect of decorin,
HPMC were incubated with SFM, Control PDF, Peritonitis D0 PDF, TGF-
b1 and IL-1b in the presence or absence of decorin (1 mg/ml) for selec-
tive time points up to 6 h. To determine the effect of decorin on TGF-
bRI and TGF-bRII expression, HPMC were stimulated with TGF-b1 or
IL-1b (10 ng/ml for both cytokines) in the presence or absence of
decorin (0.1�1mg/ml) for 24 h.

Met-5A cells (ATCC� CRL-9444TM) are normal human mesothelial
cells immortalized by transduction with the pRSV-T plasmid, and are
often used in studies related to PD. Data obtained from Met-5A cells
showed concordance with that from HPMC [10,19]. Decorin gene
silencing was performed in Met-5A cells using Stealth RNAi followed
by incubation with SFM, Control PDF, Peritonitis D0 PDF, TGF-b1 or
IL-1b (10 ng/ml, for both cytokines) for 24 h to assess the effect of
decorin deficiency on fibronectin expression.

Following stimulation, the culture media were decanted, cells
washed with PBS and total mRNA extracted for real-time PCR, or cells
lysed with 25 mM Tris�HCl, pH 7.0 containing 4 M urea and 1% Triton
X-100 (200 ml) to determine decorin, fibronectin, TGF-bRI or TGFbRII
protein expression by Western blot. To investigate phosphorylation of
signaling pathways, cells were lysed with RIPA buffer. A cocktail of pro-
teinase inhibitors was added to all culture media and cell lysates [14,20].

2.5. Decorin knockdown using stealth RNAi

Met-5A cells were seeded into 60 mm2 dishes in the presence or
absence of Stealth RNAiTM Pre-designed decorin specific siRNA
(20 nM) or AllStars Negative Control siRNA complexed with HiPerfect
transfection reagent. After overnight incubation, the RNAi transfec-
tion reagents were removed and cells cultured in Medium 199 sup-
plemented with 10% FCS for 72 h. Cells were growth arrested for 72 h
and incubated with SFM, Control PDF, Peritonitis D0 PDF, TGF-b1 or
IL-1b for 24 h. Decorin transfection efficiency was determined by
real-time PCR and decorin ELISA.

2.6. Gene expression

To determine the effect of decorin gene silencing, PDF, TGF-b1
and IL-1b in the presence or absence of decorin on decorin and/or
fibronectin gene expression, total mRNA was extracted from HPMC
using RNeasy mini kits according to the manufacturer’s instructions.
Two micrograms of total RNA was reverse-transcribed into cDNA
with M-MLV reverse transcriptase using the random hexamer
method [20] and decorin and fibronectin transcripts assessed by
quantitative real-time PCR using Taqman gene expression assay on a
Lightcycler 480 II real time PCR system (Roche Diagnostics, DKSH
Hong Kong Limited, Hong Kong). All samples were analyzed in tripli-
cate, and decorin and fibronectin mRNA expression calculated using
the delta delta Ct (2�DDCt) method, normalized to GAPDH.
2.7. Western blot analysis

Cell lysates or culture media (20 mg total protein content) from
control and stimulated cells were made up to 20 ml with water,
mixed with 5X Laemmli buffer (5 m1), and samples boiled for 5 min
at 100°C. Samples were electrophoresed under denaturing conditions
on 8% polyacrylamide gels to determine fibronectin expression, and
on 10% polyacrylamide gels to determine b-actin, decorin, TGF-bRI,
TGF-bRII and phosphorylated and total SMAD2, SMAD3, ERK, p38
MAPK, JNK, PKC-a, GSK-3b, AKT and mTOR expression. Samples
were transferred onto nitrocellulose membranes by electroblotting,
and membranes probed with primary antibodies to the aforemen-
tioned proteins followed by the relevant secondary antibodies
[20,21]. Bands were visualized with ECL, semi-quantitated by densi-
tometry using ImageJ (US National Institute of Health, Bethesda,
Maryland, USA) and expressed as arbitrary densitometric units (DU).
Expression of fibronectin, decorin, TGF-bRI and TGF-bRII was nor-
malized to b-actin, and expression of phosphorylated SMAD2,
SMAD3, ERK, p38 MAPK, JNK, PKC-a, GSK-3b, AKT/PI3K and mTOR
normalized to total SMAD2, SMAD3, ERK, p38 MAPK, JNK, PKC-a,
GSK-3b, AKT/PI3K and mTOR respectively [20,22].

2.8. Immunohistochemistry

Confluent, growth arrested HPMC cultured on 13 mm diameter
glass coverslips were incubated with Control PDF, Peritonitis D0 PDF,
TGF-b1 or IL-1b in the presence or absence of decorin for 24 h, after
which time, cells were fixed in cold acetone:methanol (1:1 ratio) for
5 min. HPMC were washed thrice with PBS between each step and all
incubations were for 1 h at 37°C. Cells were blocked with 3% BSA in
PBS and incubated with mouse anti-human fibronectin antibody in a
darkened, humidified chamber. Cells were then incubated with anti-
mouse secondary antibody conjugated to FITC, mounted in fluores-
cent mountant, and epifluorescence viewed using a Nikon 80i upright
fluorescent microscope and Spot RT3 slider digital camera system
(Chintek Scientific (China) Ltd, Hong Kong).

2.9. Statistical analysis

All in vitro experiments were repeated at least three times and
results expressed as mean § SD unless otherwise stated. Statistical
analysis was performed using Prism 6.07 for Windows (GraphPad
Software, Inc., California, USA). Dialysate decorin and CA125 levels
were expressed as mean § SEM. Normal distribution was assessed
using the D’Agostino-Pearson normality test. Mann-Whitney U test
was used in the comparison of nonparametric unpaired data, and
Wilcoxon signed-ranked test for nonparametric paired data. For
intra-group and inter-group comparisons with three groups or more,
one-way analysis of variance (ANOVA) followed by Bonferroni’s mul-
tiple comparison post-test was used for normally distributed data or
Kruskal�Wallis test followed by Dunn’s multiple comparison post-
test for nonparametric data. Correlation between dialysate levels of
decorin and CA125 and mediators of inflammation and fibrosis was
examined using the Pearson’s correlation coefficient for normally dis-
tributed variables and Spearman’s correlation coefficient for data that
were not normally distributed. Categorical variables between
patients with or without peritonitis were compared using Fisher’s
Exact Test. Two-tailed P < 0.05 was considered statistically signifi-
cant.

3. Results

3.1. Dialysate decorin and CA125 levels

Overnight PDF was collected from 72 stable PD patients free from
peritonitis for 6 months or longer (Control PDF), and from 31 PD



Table 1
Characteristics of PD patients.

Stable PD patients
(n = 72)

PD patients with
peritonitis (n = 31)

P value

Gender (male: female): 36: 36 13: 18 0.522c
aAge (years): 61.82 § 11.59 67.68 § 10.96 0.052d
bTime on PD (months): 40.13 (22.08, 168.6) 33.60 (11.50, 293.4) 0.911d

Underlying kidney disease:
Diabetic nephropathy 15 (20.8%) 9 (29.0%) 0.447c

Hypertension 5 (6.9%) 2 (6.5%) 1.000c

Glomerulonephritis 27 (37.5%) 12 (38.7%) 1.000c

Polycystic kidney
disease

3 (4.2%) 1 (3.2%) 1.000c

Unknown 22 (30.6%) 7 (22.6%) 0.480c

Frequency of peritonitis: 1 episode per 42.2
patient-months

1 episode per 23.9
patient-months

0.005d

a Results presented as mean § SD.
b Time on PD expressed as median (25% and 75% percentile).
c Inter-group comparison using Fisher’s Exact Test.
d Inter-group comparison using Mann�Whitney U test.
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patients with peritonitis (Gram-positive bacteria in 13 episodes,
Gram-negative bacteria in 13 episodes, culture-negative in 5 epi-
sodes) at onset (Peritonitis D0 PDF) and 100 days later (Peritonitis
D100 PDF) (Table 1). All patients were on Dianeal� PDF. Dialysate
decorin and CA125 levels were 12.88 § 0.48 ng/ml and
19.28 § 1.41 U/ml respectively in stable PD patients. Both dialysate
decorin and CA125 levels showed an inverse relationship with the
time on PD, and both were significantly lower compared with base-
line after two years of PD (P < 0.05 for decorin, P < 0.01 for CA125)
(Fig. 1a & b). Dialysate decorin level showed a positive correlation
with dialysate CA125 level (Fig. 1c).
Fig. 1. Decorin and CA125 levels in overnight dialysate effluent from PD patients. Scatterpl
peritonitis grouped according to their duration on PD. Data analyzed using ANOVA with Bon
test followed by Dunn’s multiple comparison post-test for dialysate CA125 level. (c) Dialysa
man’s correlation coefficient method. (d) Dialysate decorin level in stable PD patients (Cont
using Mann�Whitney U test. (e) Dialysate decorin level in peritonitis PD patients at the onse
lyzed using Wilcoxon signed-ranked test. Each data point represents an individual patient. H
The level of dialysate decorin at the onset of peritonitis was 37.8%
of that in stable PD patients matched for the duration of PD
(4.87 § 0.90 for Peritonitis D0 vs 12.88 § 0.48 ng/ml, P < 0.0001)
(Fig. 1d). Following clinical resolution of peritonitis after antibiotic
treatment, dialysate decorin level increased (Fig. 1e), but still appeared
low compared with stable patients without peritonitis (7.73 § 1.06 for
Peritonitis D100 PDF vs 12.88 § 0.48 ng/ml, P < 0.0002). There was no
significant difference in dialysate decorin level between Gram-posi-
tive, Gram-negative, and culture-negative peritonitis (6.46 § 2.47,
5.18 § 1.35, and 5.31 § 2.57 ng/ml respectively; P = 0.81, Gram-posi-
tive vs Gram-negative; P = 0.92, Gram-positive vs culture-negative;
P = 0.96, Gram-negative vs culture-negative).

3.2. Dialysate TGF-b1, IL-1b, IL-6, IL-8 and TNF-a levels

Dialysate TGF-b1, IL-1b, IL-6, IL-8 and TNF-a levels were signif-
icantly increased at the onset of peritonitis compared to Control
PDF obtained from stable patients (Supplementary Fig. 1). At the
onset of peritonitis, dialysate decorin level correlated with that of
TGF-b1 (r = 0.49, P = 0.006), and inversely correlated with the lev-
els of IL-1b (r = �0.35, P < 0.05) and IL-8 (r = �0.40, P = 0.027).
There was no relationship between the levels of decorin, IL-6 or
TNF-a (data not shown).

3.3. Secreted and cell-associated decorin expression in mesothelial cells

Exogenous TGF-b1, IL-1b and TNF-a, but not IL-6 or IL-8 decreased
decorin gene expression in cultured HPMC (Fig. 2a). TGF-b1 decreased
decorin transcript in a dose-dependent manner and the reduction was
more pronounced when HPMC were incubated with TGF-b1 (10
ng/ml) together with IL-1b (10 ng/ml) than with TGF-b1 or IL-1b alone
ots showing dialysate (a) decorin and (b) CA125 levels in stable PD patients free from
ferroni’s multiple comparison post-test for dialysate decorin level and Kruskal�Wallis
te decorin level correlated with dialysate CA125 level. Data analyzed using the Spear-
rol PDF) and PD patients at the onset of peritonitis (Peritonitis D0 PDF). Data analyzed
t of peritonitis (Peritonitis D0 PDF) and 100 days later (Peritonitis D100 PDF). Data ana-
orizontal line represents mean value for each group.



Fig. 2. Effect of exogenous TGF-b1, IL-1b, IL-6, IL-8 and TNF-a on decorin gene expression and secretion in mesothelial cells. (a) Real-time PCR showing decorin gene expression in
cultured mesothelial cells incubated with SFM, or exogenous TGF-b1 (0.5, 1 and 10 ng/ml), IL-1b, IL-6, IL-8, TNF-a (10 ng/ml, final concentration for all pro-inflammatory cytokines)
or TGF-b1 (10 ng/ml) together with IL-1b (10 ng/ml) for 24 h. (b) Confluent, growth arrested mesothelial cells were incubated as described in panel (a), the culture medium was
decanted, centrifuged to remove any cellular debris and decorin secretion determined by ELISA, normalized to cellular protein. (c) Representative Western blots showing the MW
of decorin secreted by mesothelial cells following incubation with SFM or exogenous TGF-b1, IL-1b, or TGF-b1 + IL-1b (10 ng/ml, final concentration for all) for 24 h. (d) In a separate
study, confluent, growth arrested mesothelial cells were pre-incubated with or without inhibitors to ERK (PD98059, 75 mM), p38 MAPK (SB203580, 50 mM), JNK (SP600125,
50 mM), PKC (G€o6976, 20 mM), PI3K (LY294002, 50 mM) and mTOR (rapamycin, 20 ng/ml) for 1 h at 37 °C and then incubated with SFM (upper panel), TGF-b1 (middle panel) or IL-
1b (lower panel) (10 ng/ml, final concentration for TGF-b1 and IL-1b) for a further 24 h. The supernatant was decanted, centrifuged and decorin secretion measured by ELISA. Data
are expressed as mean § SD of 3 separate experiments. Data analyzed using ANOVA with Bonferroni’s multiple comparison post-test. *P<0.05, **P<0.01, ***P<0.001, compared to
SFM.
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(Fig. 2a). Incubation of cultured HPMC with exogenous TGF-b1, IL-1b,
IL-6, IL-8 or TNF-a for 24 h decreased decorin secretion by 36.4%,
45.9%, 27.9%, 32.3%, and 46.2% respectively compared to cells incubated
with SFM (P < 0.05, for IL-6 and IL-8 vs SFM; P < 0.01, for TGF-b1, IL-
1b and TNF-a vs SFM) (Fig. 2b). Co-incubation of HPMC with TGF-b1
and IL-1b further reduced decorin secretion when compared to control
cells or HPMC incubated with TGF-b1 or IL-1b alone (62.3% reduction
compared to SFM, P < 0.001, for TGF-b1 + IL-1b vs SFM, P < 0.05, for
TGF-b1 vs TGF-b1 + IL-1b, P=NS, for IL-1b vs TGF-b1 + IL-1b) (Fig. 2b).
Secreted decorin accounted for ~98% of the total decorin synthesized
by HPMC, whether under basal conditions or in the presence of TGF-b1
or IL-1b, and comprised solely the intact 110 kDa proteoglycan
(Fig. 2c). Pre-incubation of mesothelial cells with SB203580 and
LY294002, but not PD98059, SP600125, G€o6976 or rapamycin signifi-
cantly decreased decorin secretion by 43.0% and 54.6% respectively
(P < 0.05, for both) (Fig. 2d), suggesting that under basal conditions
decorin secretion in mesothelial cells was regulated by p38 MAPK and
PI3K pathways. Decorin production in HPMC stimulated with exoge-
nous TGF-b1 or IL-1b was also regulated through p38 MAPK and PI3K
pathways (Fig. 2d).



Fig. 3. Effect of exogenous TGF-b1 and IL-1b, either alone or in combination, on cell-associated decorin expression in mesothelial cells. (a) Confluent, growth arrested mesothelial
cells were incubated with SFM or exogenous TGF-b1, IL-1b, or TGF-b1 + IL-1b (10 ng/ml, final concentration for all) for 24 h. Cells were lysed with 4 M urea buffer and decorin level
determined by ELISA, normalized to cellular protein. (b) Representative Western blots showing the effect of TGF-b1, IL-1b, or TGF-b1 + IL-1b on cell-associated decorin expression.
(c) The intensity of detected bands for intact decorin proteoglycan (PG) ( ), decorin intermediate ( ) and decorin core protein ( ) was analyzed by densitometric scanning, nor-
malized to b-actin, and expressed as a percentage of total cell-associated decorin expression in control cells. The intensity of detected bands for (d) intact decorin proteoglycan and
(e) decorin core protein, normalized to b-actin and expressed as arbitrary densitometric units (DU) are also shown. Data analyzed using ANOVA with Bonferroni’s multiple compari-
son post-test. **P<0.01, ***P<0.001, SFM vs cytokine.
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Cell-associated decorin accounted for ~2% of the total decorin syn-
thesized by HPMC (Fig. 3a) and comprised both the intact proteoglycan
and also the decorin core protein (Fig. 3b-e). TGF-b1 and IL-1b both
decreased cell-associated decorin (P < 0.001, for all compared to SFM),
with the latter showing a more pronounced effect (Fig. 3b & d).

3.4. Mesothelial cell expression of fibronectin

Fibronectin accumulation is an early event in tissue fibrosis, and
fibronectin serves as a scaffold for the deposition of othermatrix proteins
[23]. Fibronectin gene and protein expression in HPMC significantly
increased after incubationwith Control PDF and Peritonitis D0 PDF, espe-
cially the latter (P < 0.001 for both) (Fig. 4a & b). Almost all of the fibro-
nectin synthesized by HPMC, with or without exposure to dialysate, was
deposited in the extracellular matrix (Fig. 4c). Constitutive fibronectin
expression by HPMC was mediated through ERK, p38 MAPK, JNK, and
PI3K signaling pathways, since PD98059, SB203580, SP600125 and
LY294002, but not G€o6976 or rapamycin, abrogated fibronectin expres-
sion. Increased fibronectin expression in HPMC by Control PDF and Peri-
tonitis D0 PDF was mediated through ERK, p38 MAPK, JNK, PKC, PI3K
andmTOR signaling pathways (Fig. 4d). Fibronectin expression by HPMC
that was stimulated by Control PDF and Peritonitis D0 PDF was reduced
by decorin, at transcription and also translation (Fig. 4a�c). Decorin
gene-silencing reduced basal decorin gene expression in mesothelial
cells by 79.7% and 80.1% compared with cells incubated with SFM or
negative RNAi control respectively (P < 0.01 for both) (Fig. 4e), and this
was associated with a decrease in decorin secretion by 86.2% and 84.7%
respectively (P < 0.01 for both). Decorin gene-silencing significantly
increased fibronectin expression in HPMC exposed to SFM and also in
cells exposed to Peritonitis D0 PDF (Fig. 4f).

Induction of HPMC fibronectin expression by Peritonitis D0 PDF
was mediated in part through TGF-b1 and IL-1b, since this was par-
tially prevented by prior incubation of cells with TGF-b1 neutralizing
antibody or IL-1 receptor antagonist, by 36.3% and 62.9% respectively
(Fig. 5a). TGF-b1 at 10 ng/ml increased fibronectin expression to a
level similar to that of Peritonitis D0 PDF (5.77-fold and 5.60-fold
increase respectively compared to SFM) (Figs. 5b and 4d respec-
tively). Exposure of cells to exogenous TGF-b1 or IL-1b significantly
increased fibronectin gene and protein expression (Fig. 5c�e), and
this effect was mediated through ERK, p38 MAPK, JNK, PKC, PI3K and
mTOR signaling pathways, and was attenuated by PD98059,
SB203580, SP600125, G€o6976, LY294002 and rapamycin respectively
(Fig. 5f). Co-incubation of HPMC with both TGF-b1 and IL-1b resulted
in a synergistic increase in fibronectin expression (Supplementary
Figure 2a & b). Decorin significantly reduced the increased fibronectin
expression in cells exposed to TGF-b1 or IL-1b (Fig. 5c�e).



Fig. 4. Effect of dialysate in the presence or absence of decorin, on fibronectin expression in mesothelial cells. (a) Real-time PCR showing fibronectin (FN) gene expression in cul-
tured mesothelial cells incubated with SFM, Control PDF or Peritonitis D0 PDF with or without decorin (1 mg/ml) for 24 h. ***P<0.001, SFM vs dialysate. (b) Representative Western
blots showing FN expression in cultured mesothelial cells incubated with SFM, Control PDF or Peritonitis D0 PDF with or without decorin (1 mg/ml) for 24 h (upper panel). The
intensity of detected bands was analyzed by densitometric scanning, normalized to b-actin and expressed as arbitrary densitometric units (DU) (lower panel). ***P<0.001, SFM vs
dialysate. (c) Representative images showing FN deposition in mesothelial cells incubated with SFM, Control PDF and Peritonitis D0 PDF with or without decorin (1mg/ml). (d) Rep-
resentative Western blots showing the effect of ERK, p38 MAPK, JNK, PKC, PI3K and mTOR inhibition on FN expression in cultured mesothelial cells incubated with SFM, Control
PDF or Peritonitis D0 PDF for 24 h (upper panel). The intensity of detected bands was analyzed by densitometric scanning, normalized to b-actin and expressed as arbitrary densito-
metric units (DU) (lower panel). *P<0.05, with vs without inhibitor for the same stimulation. (e) Real-time PCR showing decorin gene expression in cultured Met-5A cells, with or
without decorin gene silencing, incubated with SFM, Control PDF or Peritonitis D0 PDF for 24 h. **P<0.01, SFM vs dialysate. (f) Representative Western blots showing the effect of
SFM, Control PDF or Peritonitis D0 PDF on FN expression in cultured Met-5A cells with or without decorin gene silencing (upper panel). The intensity of detected bands for FN was
analyzed by densitometric scanning, normalized to b-actin and expressed as arbitrary densitometric units (DU) (lower panel). ***P<0.001, SFM vs dialysate. Data presented as
mean § SD of three individual experiments. Data analyzed using ANOVA with Bonferroni’s multiple comparison post-test.
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Fig. 5. Effect of exogenous TGF-b1 and IL-1b in the presence or absence of decorin, on fibronectin expression in mesothelial cells. (a) Representative Western blots showing fibro-
nectin (FN) expression in cultured mesothelial cells incubated with SFM or Peritonitis D0 PDF in the presence or absence of TGF-b1 neutralizing antibody (TGF-b1 NA) or IL-1 recep-
tor antagonist (IL-1 RA) for 24 h (upper panel). The intensity of detected bands was analyzed by densitometric scanning, normalized to b-actin and expressed as arbitrary
densitometric units (DU) (lower panel). ***P<0.001, SFM vs dialysate. (b) Representative Western blots showing the effect of TGF-b1 (0.5, 1 and 10 ng/ml) on FN expression in meso-
thelial cells after 24 h incubation (upper panel). The intensity of detected bands was analyzed by densitometric scanning, normalized to b-actin and expressed as arbitrary densito-
metric units (DU) (lower panel). *P<0.05, ***P<0.001, SFM vs TGF-b1. (c) Quantitative real-time PCR showing FN gene expression in cultured mesothelial cells incubated with SFM,
TGF-b1 or IL-1b (10 ng/ml, for both) with or without decorin (1 mg/ml) for 24 h. ***P<0.001, SFM vs TGF-b1 or IL-1b. (d) Representative Western blots showing FN expression in
cultured mesothelial cells incubated with SFM, TGF-b1 or IL-1b with or without decorin (1 mg/ml) for 24 h (upper panel). The intensity of detected bands was analyzed by densito-
metric scanning, normalized to b-actin and expressed as arbitrary densitometric units (DU) (lower panel). *P<0.05, ***P<0.001, SFM vs TGF-b1 or IL-1b. (e) Representative images
showing FN deposition in cultured mesothelial cells incubated with SFM, TGF-b1 or IL-1bwith or without decorin (1mg/ml). (f) Representative Western blots showing the effect of
ERK, p38 MAPK, JNK, PKC, PI3K and mTOR inhibition on FN expression in cultured mesothelial cells incubated with SFM, TGF-b1 or IL-1b for 24 h (upper panel). The intensity of
detected bands was analyzed by densitometric scanning, normalized to b-actin and expressed as arbitrary densitometric units (DU) (lower panel). **P<0.01, with vs without inhibi-
tor for the same stimulation. Data presented as mean § SD of three individual experiments. Data analyzed using ANOVA with Bonferroni’s multiple comparison post-test.
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Fig. 6. Effect of decorin gene silencing on decorin mRNA, secretion and fibronectin
expression in mesothelial cells stimulated with TGF-b1 and IL-1b. (a) Real-time PCR
showing decorin gene expression in cultured Met-5A cells, with or without decorin
gene-silencing, incubated with SFM, TGF-b1 or IL-1b for 24 h. (b) Decorin secretion in
Met-5A cells, with or without decorin gene-silencing, incubated with SFM, TGF-b1 or
IL-1b for 24 h. (c) Representative Western blots showing FN expression in cultured
Met-5A cells with or without decorin gene silencing, incubated with SFM, TGF-b1 or
IL-1b for 24 h (upper panel). The intensity of detected bands was analyzed by densito-
metric scanning, normalized to b-actin and expressed as arbitrary densitometric units
(DU) (lower panel). All data presented as mean § SD of three individual experiments.
Data analyzed using ANOVA with Bonferroni’s multiple comparison post-test. *P<0.05,
**P<0.01, SFM vs TGF-b1 or IL-1b.
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Gene-silencing with decorin-specific siRNA was associated with
79.0% and 88.5% reduction of decorin transcript and secretion respec-
tively in mesothelial cells incubated with SFM (Fig. 6a & b). Decorin
gene-silencing resulted in 85.3% and 90.3% reduction in decorin
mRNA expression and secretion respectively in cells incubated with
TGF-b1, and 80.6% and 87.9% reduction respectively in cells incu-
bated with IL-1b (P < 0.05, for decorin mRNA expression, P < 0.01,
for decorin secretion, following gene-silencing) (Fig. 6a & b). A
decrease in decorin secretion was accompanied by a significant
increase in fibronectin expression in cells incubated with SFM or
TGF-b1 (Fig. 6c).

3.5. TGF-bRI and TGF-bRII expression and signaling pathways in
peritoneal mesothelial cells

Incubation of cultured HPMC with exogenous TGF-b1 or IL-1b for
24 h reduced TGF-bRI gene expression by 38.0% and 42.3% respec-
tively compared with cells incubated with SFM (P < 0.01, for both)
(Fig. 7a). TGF-b1 and IL-1b also reduced TGF-bRII gene expression by
36.0% and 57.0% respectively (P < 0.01, for both when compared to
SFM) (Fig. 7b). TGF-bRI protein expression was predominantly in the
form of a heterotetrameric complex (MW ~250 kDa), and to a lesser
extent as a dimer (MW ~100 kDa), and HPMC did not constitutively
express TGF-bRI in the monomeric form (MW 56 kDa) (Fig. 7c). Exog-
enous TGF-b1 had no effect on TGF-bRI expression while IL-1b sig-
nificantly decreased TGF-bRI heterotetramer expression (P < 0.05).
Decorin decreased TGF-bRI heterotetramer expression in HPMC incu-
bated with SFM or TGF-b1, but had no effect on TGF-bRI expression
in cells stimulated with IL-1b (Fig. 7c). In these experiments the
expression of TGF-bRI in the dimeric form remained stable, irrespec-
tive of whether decorin was added (Fig. 7c).

Exposure of HPMC to effluent dialysate, especially Peritonitis D0
PDF, resulted in prolonged induction of p38 MAPK phosphorylation
for over 1 h, compared with peak induction at 10 min in cells incu-
bated with SFM (Fig. 8a). Exposure of cells to IL-1b was also associ-
ated with sustained induction of p38 MAPK phosphorylation
(Fig. 8b). Adding decorin did not affect p38 MAPK phosphorylation in
cells exposed to SFM, but significantly reduced p38 MAPK phosphor-
ylation in cells stimulated with Control PDF, Peritonitis PDF, or exoge-
nous IL-1b (Fig. 8a & b).

In cells incubated with SFM, AKT phosphorylation peaked at
10�20 min then declined to negligible levels. Exposure of cells to
Control PDF induced transient AKT phosphorylation for around
30 min, while Peritonitis PDF induced prolonged AKT activation for
over 60 min (Fig. 9a). Decorin significantly reduced AKT activation in
cells stimulated with Control PDF or Peritonitis PDF (Fig. 9a). TGF-b1
and IL-1b had no effect on PI3K phosphorylation (data not shown).

In cells incubated with SFM, GSK-3b phosphorylation at serine 9
residue peaked at 10�30 min then declined to low levels. Exposure
of cells to Control PDF or Peritonitis PDF significantly decreased GSK-
3b phosphorylation (Fig. 9b). Decorin increased both constitutive
and dialysate-induced GSK-3b phosphorylation, with the increase
especially marked in cells exposed to dialysates (Fig. 9b).

Dialysate samples, TGF-b1, and IL-1b, had no effect on SMAD2,
SMAD3, ERK, JNK, PKC or mTOR signaling, and the addition of decorin
in these experiments also had no effect (data not shown).

4. Discussion

Peritoneal fibrosis remains an unavoidable consequence in long-
term PD. The severity and progression of peritoneal fibrosis, as well
as its clinical sequelae, vary considerably between patients, with the
majority of patients showing a progressive deterioration of peritoneal
dialytic function with increasing time on PD and a small number of
patients may develop the potentially fatal complication of encapsu-
lating peritoneal sclerosis [24,25]. Prevention and intervention of
peritoneal fibrosis in PD is a major unmet clinical need. Decorin is a
110 kDa dermatan sulfate proteoglycan that has putative anti-fibrotic
properties and regulates TGF-b1 bioactivity and bioavailability
[12,13]. We previously reported that peritoneal mesothelial cells syn-
thesize and secrete decorin into the peritoneal cavity [14,26,27].
Although it remains possible that transcapillary diffusion of decorin
from the systemic circulation to the peritoneal cavity may contribute



Fig. 7. Effect of exogenous TGF-b1 and IL-1b on TGF-b receptor I and II expression in mesothelial cells. Quantitative real-time PCR showing (a) TGF-bRI and (b) TGF-bRII gene
expression in cultured mesothelial cells incubated with SFM, TGF-b1 or IL-1b (10 ng/ml, for both) for 24 h. **P<0.01, SFM vs TGF-b1 or IL-1b. (c) Representative Western blots
showing TGF-bRI expression in cultured mesothelial cells incubated with SFM, TGF-b1 or IL-1b in the presence or absence of decorin (0.1, 0.5 and 1 mg/ml) for 24 h (upper panel).
The intensity of detected bands was analyzed by densitometric scanning, normalized to b-actin and expressed as arbitrary densitometric units (DU) (lower panel). The MW of TGF-
bRI monomer, dimer and heterotetramer are 56, 112 and ~250 kDa respectively. *P<0.05, with or without decorin for the same stimulation. Data analyzed using ANOVA with Bon-
ferroni’s multiple comparison post-test.
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to dialysate decorin level, the main source of decorin is likely to be
from local production [27], such as from peritoneal mesothelial cells.
In this study, we demonstrated that dialysate decorin level correlated
with dialysate CA125 level, a marker of mesothelial cell mass, and
also showed an inverse relationship with time on PD, and the level
was further decreased when patients developed peritonitis.

The peritoneum in patients on long-term PD is in a persistent
state of low grade local inflammation and the inflammatory pro-
cesses during stable PD and during peritonitis are distinctly different.
In the absence of peritonitis, peritoneal inflammation in clinically sta-
ble PD patients is induced by long-term exposure to bioincompatible
PDF, and is characterized by the activation of resident macrophages
and release of pro-inflammatory mediators such as IL-6 that not only
promulgate the inflammatory processes but also augment peritoneal
fibrosis during unresolved inflammation [28]. This initiation phase is
followed by the amplification phase where resident peritoneal cells
such as mesothelial cells and fibroblasts amplify the inflammatory
response through cell activation and local secretion of inflammatory
and fibrotic mediators [29,30]. Despite the reduced incidence with
improved connectology, peritonitis remains an important complica-
tion in PD, and it is an important risk factor predisposing patients to
increased severity of peritoneal fibrosis. It is associated with
increased infiltration of neutrophils and T cells and elevated levels of
pro-inflammatory mediators such as LPS, IL-1b, IL-8, IFN-g and
TNF-a [31]. The mesothelium is exposed to a wide array of injurious
substances, including inflammatory cells and their products, which



Fig. 8. Effect of PDF and exogenous TGF-b1 or IL-1b, in the presence or absence of decorin, on p38 MAPK phosphorylation in mesothelial cells. Representative Western blots show-
ing the effect of (a) SFM, Control PDF and Peritonitis D0 PDF and (b) SFM, TGF-b1 and IL-1b (10 ng/ml, final concentration for both) in the presence or absence of decorin (1 mg/ml)
on p38 MAPK phosphorylation in cultured mesothelial cells (upper panels). The intensity of phospho-p38 MAPK bands was analyzed by densitometric scanning, normalized to total
p38 MAPK and expressed as arbitrary densitometric units (DU). Data analyzed using ANOVA with Bonferroni’s multiple comparison post-test. *P<0.05, SFM vs Control PDF, Peritoni-
tis D0 PDF, TGF-b1 or IL-1b for the same time-point.
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Fig. 9. Effect of PDF in the presence or absence of decorin, on AKT and GSK-3b phosphorylation in mesothelial cells. Representative Western blots showing the effect of SFM, Control
PDF and Peritonitis D0 PDF in the presence or absence of decorin (1mg/ml) on (a) AKT and (b) GSK-3b phosphorylation in cultured mesothelial cells (upper panels). The intensity of
bands for AKT and GSK-3b phosphorylation was analyzed by densitometric scanning, normalized to total AKT and GSK-3b respectively and expressed as arbitrary densitometric
units (DU). Data analyzed using ANOVA with Bonferroni’s multiple comparison post-test. *P<0.05, SFM vs Control PDF or Peritonitis D0 PDF for the same time-point.
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Fig. 10. Schematic diagram showing how long-term PD and PD-associated peritonitis impact on peritoneal decorin level and downstream peritoneal fibrosis. Chronic exposure of
the peritoneal membrane to glucose-based PD fluid induces low grade peritoneal inflammation with secretion of growth factors and pro-inflammatory cytokines by peritoneal
mesothelial cells and infiltrating leukocytes. Inflammatory and fibrotic mediators that include TGF-b1 and IL-1b, decrease decorin mRNA and decorin secretion in mesothelial cells
through increased p38 MAPK and AKT/PI3K activation resulting in increased peritoneal fibronectin deposition and subsequent peritoneal fibrosis. These fibrotic processes are exac-
erbated in patients with PD-associated peritonitis. Secreted TGF-b1 and IL-1b may also act in synergy to further augment fibrotic processes. Supplementation of PD fluids with
decorin may delay peritoneal fibrosis by inhibiting TGF-bRI expression and downstream TGF-b1 signaling, decrease p38 MAPK and PI3K phosphorylation and attenuate fibronectin
synthesis.
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are produced in an attempt to eliminate invading microorganisms.
Despite apparent clinical resolution of peritonitis, dialysate levels of
pro-inflammatory cytokines and growth factors may remain elevated
for months [8], adding to the background peritoneal inflammation
and fibrosis in long-term PD. In this study, we observed a significant
decrease in dialysate decorin level at the onset of peritonitis, and
although its level gradually increased after clinical resolution of peri-
tonitis, it remained significantly lower than that detected in stable
PD patients. At the onset of peritonitis, dialysate decorin level
correlated with dialysate TGF-b1 level and inversely correlated with
IL-1b and IL-8 levels suggesting that these cytokines play important
roles in regulating decorin synthesis in the peritoneum.

We next performed in vitro studies using mesothelial cells to
investigate the effects of pro-inflammatory cytokines on mesothelial
cell decorin production. The results showed that TGF-b1, IL-1b, IL-6,
IL-8 and TNF-a all reduced mesothelial cell decorin secretion. This
reduction was more pronounced when TGF-b1 and IL-1bwere added
together to mesothelial cells. Almost all of the decorin synthesized by
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mesothelial cells, whether under basal conditions or when stimulated
with TGF-b1 or IL-1b, was secreted as the intact proteoglycan, and
was mediated through p38 MAPK and PI3K signaling pathways. Cell-
associated decorin accounted for only 2% of the total decorin synthe-
sized by mesothelial cells. Approximately 20% of cell-associated
decorin was attributed to the intact proteoglycan, with the remainder
detected as the free core protein. Whether this pool represents de
novo synthesized core protein prior to dermatan sulfate glycosami-
noglycan chain attachment, or decorin undergoing degradation war-
rants further investigation. Previous results from independent
researchers showed that the regulation of decorin synthesis by cyto-
kines and growth factors is dependent on the cell type and species
[32�35]. TGF-b1 has been shown to increase decorin synthesis in rat
mesangial cells and to decrease decorin expression in mouse mesan-
gial and proximal renal tubular epithelial cells [32,33]. IL-6 was
shown to induce decorin synthesis in endothelial cells, whereas TNF-
a inhibited decorin transcription in fibroblasts [34,35]. Whether peri-
toneal fibroblasts and endothelial cells contribute to decorin level in
the peritoneum warrants further investigation.

Our in vitro experiments showed that TGF-b1 and IL-1b contrib-
uted to increased fibronectin expression induced by Peritonitis D0
PDF in mesothelial cells. Fibronectin is a large glycoprotein that is
ubiquitous in all extracellular matrices. Deposition of fibronectin is
an early event in renal tubulo-interstitial fibrosis, where fibronectin
serves as a scaffold for the assembly of other matrix proteins [23]. It
is possible that fibronectin may also play a similar role in peritoneal
fibrosis in the setting of PD. Fibronectin exists either as a soluble
dimer or as insoluble fibrils deposited in the extracellular matrix. Sol-
uble fibronectin interacts with a5b1 integrin then polymerizes and
forms fibronectin fibrils. Our results showed that fibronectin deposi-
tion in mesothelial cells was induced by PD fluid, TGF-b1 or IL-1b.
We further demonstrated that TGF-b1 and IL-1b synergistically
increased fibronectin expression, suggesting that pro-fibrotic media-
tors secreted into the peritoneal cavity may act in concert to promote
peritoneal fibrosis. p38 MAPK and PI3K signaling pathways also
played an important role in fibronectin expression in mesothelial
cells under basal conditions and in the presence of TGF-b1 or IL-1b.
Exogenous decorin decreased fibronectin expression at the transcrip-
tional and translational levels, and these findings were corroborated
by data from experiments of decorin gene silencing. The results
showed that the suppression of fibronectin synthesis in PDF- or cyto-
kine-stimulated mesothelial cells by decorin was mediated through
down-regulation of p38 MAPK and AKT/PI3K signaling. How p38
MAPK and AKT/PI3K signaling regulates both fibrotic and anti-fibrotic
pathways is intriguing. It is possible that downstream mediators that
induce fibronectin expression are distinct from those that regulate
decorin synthesis and further studies are required to confirm this.
Overall, these data suggest that decorin might have a role in the pre-
vention of peritoneal fibrosis.

Incubation of mesothelial cells with dialysate resulted in a signifi-
cant reduction in GSK-3b phosphorylation at serine 9 residue,
whereas decorin attenuated this decrease. GSK-3b is a serine/threo-
nine kinase that plays an important role in EMT and fibrogenesis. It is
constitutively phosphorylated in resting cells leading to the func-
tional inhibition of GSK-3b [36] and conversely, decreased GSK-3b
phosphorylation promotes stabilization and nuclear translocation of
SNAIL, a transcription repressor of E-cadherin and promotor of EMT
and fibrosis [37]. Given that both Control PDF and Peritonitis D0 PDF
decreased GSK-3b phosphorylation in mesothelial cells, this would
suggest that GSK-3b may contribute to mesothelial-to-mesenchymal
transition and increase fibronectin expression. GSK-3b phosphoryla-
tion has been shown to exert anti-fibrotic effects through its direct
interaction with SMAD3, inhibiting SMAD3 protein stability and
enzymatic activity [38]. Genetic deletion of GSK-3b in cardiac fibro-
blasts promotes fibrogenesis and excessive scarring in the ischemic
heart [39]. Independent researchers have also reported on the
activation of GSK-3b in mesothelial cells exposed to glucose-based
dialysate, whereas inhibition of GSK-3b activation using specific
GSK-3b inhibitors was associated with mesothelial cell cytoprotec-
tion [40]. It has been shown that activation of AKT/PI3K and p38
MAPK signaling inactivates GSK-3b and promotes myocardial protec-
tion [41]. It is unknown whether a similar mechanism exists in meso-
thelial cells during PD-associated peritonitis or when exposed to pro-
fibrotic cytokines in the presence of decorin.

TGF-b1 signals through SMAD-dependent (canonical) or SMAD-
independent (non-canonical) pathways through binding to TGF-bRI
and TGF-bRII present on the plasma membrane [42,43]. These recep-
tors normally exist as monomers (MW 56 and ~65 kDa respectively),
homodimers or heterodimers. TGF-b1 signaling is triggered by ligand
binding to TGF-bRII, which binds and phosphorylates TGF-bRI,
resulting in the assembly of a heterotetrameric complex comprising
two molecules each of TGF-bRI and TGF-bRII [42]. The formation of
the heterotetramer is indicative of receptor activation, and this com-
plex mediates downstream TGF-b1 signaling. In our experiments, we
observe that mesothelial cells constitutively express TGF-bRI and
TGF-bRII transcripts and their expression is reduced by TGF-b1 and
IL-1b. At the protein level, TGF-bRI expression is predominantly in
the heterotetrameric form. TGF-b1 has no effect on TGF-bRI transla-
tion, whereas IL-1b reduces its translation. Decorin reduces TGF-bRI
expression under basal conditions or in the presence of TGF-b1, but
has no effect on IL-1b associated reduction of TGF-bRI expression.
Our data suggest that decorin exerts its anti-fibrotic effects in meso-
thelial cells, at least in part, through inhibiting TGF-bRI heterote-
tramer expression, resulting in inhibition of TGF-b1 signaling. We
did not detect TGF-bRII protein expression in mesothelial cells,
although this could be related to the property of the antibody used in
the experiments. Also, our results show that TGF-b1 signaling in
mesothelial cells activates non-canonical pathways such as p38
MAPK and PI3K rather than the canonical pathways. Intriguingly, IL-
1b reduces TGF-bRI expression as the heterotetrameric complex, and
the mechanism remains to be defined. Whether this could be a means
to counteract the anti-inflammatory properties of TGF-b1 or serve
other biological purposes remains to be investigated.

Our data showed that decorin reduced fibronectin expression that
was induced by IL-1b and mediated through activation of p38 MAPK
and PI3K signaling. This suggests that decorin may have an anti-
fibrotic effect under the setting of inflammation-induced fibrosis,
characterized by increased level of IL-1b. The detailed mechanisms
require further investigation, including whether decorin could regu-
late IL-1 receptor expression or function, or whether decorin could
sequester IL-1b thereby preventing its binding to the receptor.

In conclusion, our original data demonstrate an important role of
decorin in the regulation of peritoneal fibrosis in the setting of long-
term PD especially during episodes of peritonitis, through down-reg-
ulation of p38 MAPK, AKT/PI3K and GSK-3b activation (Fig. 10).
Whether adding decorin to PD fluid could be a therapeutic interven-
tion to reduce peritoneal fibrosis deserves further investigation.
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