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Abstract

Background Long-term peritoneal dialysis (PD) causes

peritoneal dysfunction and structural alterations, eventually

leading to peritoneal fibrosis. The endothelial nitric oxide

synthase (eNOS)–NO signaling pathway contributes to the

progression of organ fibrosis. However, it remains

unknown whether NO signaling is involved in the process

of peritoneal fibrosis. We evaluated the role of the eNOS–

NO signaling pathway in the development of peritoneal

fibrosis and whether stimulation of soluble guanylate

cyclase (sGC), a downstream effector of NO, could atten-

uate peritoneal fibrosis.

Methods We used wild-type (WT) and eNOS-deficient

mice (eNOSKO). The mice underwent mechanical perito-

neal stripping-induced peritoneal fibrosis at day 0. At 3, 7,

14, and 28 days after peritoneal stripping, the mice were

killed. In some eNOSKO mice, the sGC stimulator Bay

41-2272 was administered by intraperitoneal injection.

Results In WT mice, granulomatous tissue formation was

observed in the submesothelial area at days 3 and 7. After

day 7, the peritoneal membrane thickness gradually

decreased and peritoneal tissue was repaired with leaving

only slight fibrosis at day 28. However, eNOSKO mice

demonstrated more progression of peritoneal fibrosis than

WT mice at 28 days after peritoneal stripping. Expression

of vimentin in the thickened peritoneum was prolonged

after day 7 in eNOSKO mice. Treatment with Bay 41-2272

significantly attenuated peritoneal vimentin expression and

fibrosis in the eNOSKO mice.

Conclusions Disruption of the eNOS–NO signaling

pathway exacerbates peritoneal fibrosis by delaying wound

healing. sGC stimulation may be a useful therapy for

prevention of peritoneal fibrosis.

Keywords Endothelial nitric oxide synthase �
Mesenchymal cell � Peritoneal fibrosis � Soluble guanylate

cyclase stimulator

Introduction

Peritoneal dialysis (PD) is a well-established mode of renal

replacement therapy in patients with end-stage renal dis-

ease [1, 2]. One of the most important challenges in PD is

the long-term preservation of peritoneal membrane integ-

rity. However, long-term exposure to glucose-based PD

solution causes peritoneal dysfunction [3]. Prevention of

the progression of peritoneal fibrosis is essential for con-

tinuation of peritoneal dialysis. However, the detailed

mechanisms of the development of peritoneal fibrosis have

not been elucidated.

Endothelial dysfunction is characterized by reduced

bioactivity of the anti-atherogenic molecule nitric oxide

(NO) and is considered a proatherogenic condition [4]. NO,

produced by endothelial NO synthase (eNOS), is a bio-

logical molecule that mediates the effect of endothelial-

derived relaxing factor in blood vessels. The eNOS–NO

signaling pathway plays an important role in the process of

skin wound healing [5]. It has been reported that a decrease

in cutaneous eNOS contributes to impaired wound healing

[6]. Moreover, enhancing wound NO bioavailability

accelerates diabetic wound healing [7, 8]. Indeed, eNOS–

NO is associated with fibrosis in wound-healing processes.

Previous data have also suggested that eNOS inhibition
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induces and enhances organ fibrosis independently of blood

pressure [9, 10]. Although previous reports suggested that

chronic PD patients have impaired endothelial function

[11], the involvement of eNOS–NO signaling in peritoneal

tissue repair and fibrosis is unknown.

Thus, in this study, we hypothesized that disruption of

the eNOS–NO signaling pathway in the peritoneal mem-

brane exacerbates peritoneal fibrosis. The aims of this

study were to evaluate the role of the eNOS–NO signaling

pathway in the development of peritoneal fibrosis using

eNOS-deficient (eNOSKO) mice [12] and to investigate the

effects of soluble guanylyl cyclase (sGC) stimulation on

peritoneal fibrosis.

Materials and methods

Mouse experimental peritoneal injury model

The experimental protocol (No.12-020) was approved in

advance by the Ethics Review Committee for Animal

Experiments of the Kawasaki Medical School (Kurashiki,

Japan) and was conducted according to the Guide for the

Care and Use of Laboratory Animals of Kawasaki Medical

School based on the National Institutes of Health Guide for

the Care and Use of Laboratory Animals (NIH Publications

No. 80-23, revised 1996). Wild-type C57Bl/6 J (WT) mice

and eNOSKO mice (C57Bl/6 J background) were purchased

from Jackson Laboratory (Bar Harbor, ME, USA). Eight-

week-old male mice weighting 23–30 g were used in this

study. A peritoneal injury model was created by mechanical

stripping [13]. At day 0, under sevoflurane inhalational

anesthesia, mice were incised at the abdominal midline. The

left abdominal wall was opened, and the parietal peritoneal

membrane with an area of approximately 1.5 cm2, including

the mesothelial cell monolayer, was peeled off using twee-

zers and scissors. After the stripping procedure, the abdom-

inal wall was closely sutured. All surgical procedures were

performed under sterile conditions. Parietal peritoneal tissues

including the wound area were excised under sevoflurane

inhalational anesthesia at 3, 7, 14, and 28 days postopera-

tively (n = 5–6 per group for days). Day 0 samples without

mechanical stripping were used as a control. The sGC

stimulator Bay 41-2272 (Bay; 10 mg/kg/day, Sigma-Aldrich

Japan, Tokyo, Japan) was administered postoperatively by

intraperitoneal injection once daily for 14 days in some e-

NOSKO mice (n = 6). These mice were killed and their

tissues were examined at 14 days after peritoneal stripping.

Histological and immunohistochemical study

Peritoneal membrane Sects. (4 lm-thick) were prepared

from paraffin-embedded tissues and stained with Masson

trichrome. For immunohistochemistry, serial sections of

paraffin-embedded specimens were rehydrated in phosphate-

buffered saline and subjected to microwave antigen retrieval.

Antibodies against vimentin (Santa Cruz Biotechnology,

Santa Cruz, CA, USA) and cytokeratin 5/8 (BD Biosciences,

San Jose, CA, USA) were used as primary antibodies.

Negative control studies were performed using irrelevant Ig

subclasses similar to those of the primary antibodies, such as

nonspecific rabbit IgG or mouse IgG, rather than the primary

antibodies. Vimentin was detected using the Histofine Simple

Stain MAX-PO (MULTI) kit (Nichirei, Tokyo, Japan) and

3,3-diaminobenzidine (Sigma-Aldrich Japan). In immuno-

fluorescence staining for cytokeratin, tetramethylrhodamine

isothiocyanate-labeled anti-mouse IgG (Santa Cruz Bio-

technology) was used as a secondary antibody.

Morphological analysis

Masson trichrome-stained specimens and immunohisto-

chemically stained specimens were observed under an

inverted microscope (BZ-9000, Keyence, Osaka, Japan).

To evaluate the thickness of the wound area in the parietal

peritoneum, the distance from the surface mesothelium to

the upper limit of the muscular tissue was measured using

the measurement module in BZ-H1 M software (Keyence).

We measured peritoneal thickness at 10 random points and

compared the mean thickness of each tissue. These mea-

surement methods were performed as previously reported

[13]. The vimentin-positive area and cytokeratin-covered

surface area were also measured using the measurement

module in the BZ-H1 M software (Keyence). The vimen-

tin-positive area in the thickened peritoneum was calcu-

lated as a percentage and the average area at 10 random

points in each tissue was calculated. The area of the

cytokeratin-positive cell layer relative to the total perito-

neal surface area was calculated as a percentage.

Western immunoblotting

Peritoneal tissue samples were performed using an

extraction reagent (T-PER Tissue Protein Extraction

Reagent; Thermo Fisher Scientific, Rockford, IL),

according to the manufacturer’s instructions, and then

SDS-PAGE was performed (20 lg protein/lane). Anti-

eNOS antibodies were used as the primary antibodies.

Signals were detected with the ECL system. Relative

optical densities of the bands were quantified with Image J

software version 1.42 (http://rsbweb.nih.gov/ij/).

RNA isolation and real-time quantitative PCR

Total RNA was extracted from the anterior abdominal wall

using TRIzol (Life Technologies, Grand Island, NY, USA),
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followed by digestion with DNase (Sigma-Aldrich Japan).

First-strand complementary DNA was synthesized from the

total RNA (1 lg) using Moloney murine leukemia virus

reverse transcriptase (Life Technologies, Grand Island,

NY, USA) with oligo(dT)12–18 as a primer [13, 14]. The

primers and probes for the TaqMan analysis were designed

using sequence information from GenBank using Primer 3

online software (http://frodo.wi.mit.edu/primer3/; accessed

January 1, 2014). The primers and probes for a smooth

muscle actin (aSMA), collagen, type I, alpha 1 (Col1a1),

eNOS, iNOS and nNOS were as follows: aSMA

(NM_007392): 50-caggcattgctgacaggat-30(forward probe),

50-gttctggaggggcaatgat-30 (reverse probe) and 50-FAM-

ctcgcacccagcaccatgaaga-TAMRA-30 (TaqMan probe).

Col1a1 (NM_007742): 50-tgtgcgatgacgtgcaat-30 (forward

probe), 50-ttgggtccctcgactcctac-30 (reverse probe), and 50-
FAM-actggactgtcccaacccccaaag-TAMRA-30 (TaqMan

probe). eNOS (NM_008713): 50-caggcatcaccaggaagaa-
30(forward probe), 50-gaatggttgccttcacacg-30 (reverse

probe) and 50-FAM-atctctgcctcactcatgggcacg-TAMRA-30

(TaqMan probe). iNOS (NM_010927): 50-aga-
cctcaacagagccctca-30(forward probe), 50-ggctggactttt-
cactctgc-30 (reverse probe) and 50-FAM-

ccatgaggctgaaatcccagca-TAMRA-30 (TaqMan probe).

nNOS (NM_008712): 50-ggcgaacaattccctcatta-30(forward
probe), 50- ttggaaagaccttgggtcag-30 (reverse probe) and 50-

FAM- caatgaccgcagctggaagagga-TAMRA-30 (TaqMan

probe). Real-time quantitative PCR was performed using

an ABI Prism 7700 sequence detection system (Applied

Biosystems, Foster City, CA, USA). The level of expres-

sion in each sample was expressed relative to the level of

18S RNA.

Statistical analysis

The values are expressed as the mean ± s. e. m. Parame-

ters were evaluated using a two-tailed unpaired Student’s

t test or one-way analysis of variance for comparison of

multiple means. p\ 0.05 was considered statistically

significant.

Results

Peritoneal wound fibrosis in WT and eNOSKO mice

after peritoneal stripping

Peritoneal fibrotic changes after a procedure to strip peri-

toneal mesothelial monolayers were examined in WT and

eNOSKO mice. In WT mice, granulomatous tissue for-

mation was observed in the submesothelial area after

7 days (Fig. 1a). The maximum peritoneal membrane
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Fig. 1 Pathological changes in the peritoneal membrane after

peritoneal stripping (PS). a Masson trichrome staining in WT and

eNOSKO mice at 3, 7, 14, and 28 days after PS. Bar 50 lm. b Mean

peritoneal membrane thickness of the submesothelial compact zone in

WT (black square) and eNOSKO mice (white square) at 3, 7, 14, and

28 days. n = 5–6 for each group. Values are expressed as the

mean ± s. e. m. *p\ 0.05 versus control. �p\ 0.05 versus WT
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thickness of the submesothelial compact zone was also

confirmed at 3 days after peritoneal stripping in WT mice

(Fig. 1b). The peritoneal membrane thickness gradually

decreased at 14 and 28 days after peritoneal stripping in

WT mice. Peritoneal tissue repair was significantly delayed

in eNOSKO mice compared with WT mice at 14 days

(Fig. 1a, b). Peritoneal thickening by fibrosis was also

significantly exacerbated in eNOSKO mice compared with

WT mice at 28 days.

Vimentin and cytokeratin expression after peritoneal

stripping in WT and eNOSKO mice

The involvement of mesenchymal cell proliferation in the

peritoneal wound-healing process was investigated.

Vimentin expression after peritoneal stripping is shown

in Fig. 2a. The maximum vimentin-positive area in the

thickened peritoneum was observed at 7 days after peri-

toneal stripping in both WT mice and eNOS KO mice.

However, the vimentin-positive area in eNOSKO mice

was higher than that in WT mice after 14 days (Fig. 2a,

c). Next, the involvement of mesothelial cell regeneration

in the peritoneal wound-healing process was investigated.

Before stripping, a cytokeratin-positive mesothelial cell

monolayer was observed on the surface of the peritoneal

tissue in WT and eNOSKO mice (Fig. 2b). In both WT

and eNOSKO mice, cytokeratin expression disappeared

at 3 days. In WT mice, partial regeneration of the cyto-

keratin-positive cell monolayer was observed at 7 days

and the mesothelial cell monolayer had fully recovered at

28 days after peritoneal stripping. (Figure 2b, d). In

contrast, cytokeratin expression was not observed in e-

NOSKO mice until 14 days and the mesothelial cell

monolayer had not recovered at 28 days after peritoneal

stripping.

Fibrosis-related gene expression after peritoneal

stripping in WT and eNOSKO mice

mRNA was extracted from the anterior abdominal wall and

gene expression of aSMA (Fig. 3a) and Col1a1 (Fig. 3b)

was assessed by real-time quantitative PCR. There were no
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Fig. 2 Expression of vimentin

and cytokeratin in the peritoneal

membrane after peritoneal

stripping. Vimentin (a) and
cytokeratin (b) expression in the

peritoneal membrane in WT and

eNOSKO mice was evaluated

by immunohistochemistry. Bar

50 lm. (c) Vimentin-positive

area in the submesothelial

compact zone in WT (black

square) and eNOSKO mice

(white square). (d) Cytokeratin-
positive area in mesothelial cell

layer in WT (black square) and

eNOSKO mice (white square).

n = 5–6 for each group. Values

are expressed as the mean ± s.

e. m. *p\ 0.05 versus control. �
p\ 0.05 versus WT

570 Clin Exp Nephrol (2015) 19:567–575

123



baseline differences in the expression of both genes

between WT and eNOSKO mice. The gene expression data

revealed strong upregulation of these fibrosis-related genes

in both WT and eNOSKO mice after peritoneal stripping.

The maximum levels of aSMA and Col1a1 mRNA

expression occurred at 3 and 7 days after peritoneal strip-

ping, respectively (Fig. 3a, b). In WT mice, aSMA and

Col1a1 mRNA expression gradually decreased after

14 days, whereas their expression was prolonged in eNO-

SKO mice compared with WT mice.

Effects of sGC stimulators on peritoneal changes

after peritoneal stripping in eNOSKO mice

eNOS–NO signaling after peritoneal stripping was modi-

fied by sGC stimulation. There were no changes in the

physiological and biochemical parameters in each group

except for blood pressure in eNOSKO mice (data not

shown). It was shown that Bay did not improve peritoneal

thickening at 14 days in WT mice (Fig. 4a, b). However,

treatment with the Bay compound markedly ameliorated

peritoneal thickening in eNOSKO mice at 14 days (Fig. 4a,

b). Vimentin and cytokeratin expression in WT mice was

not affected by Bay treatment (Fig. 4a, c, d). On the other

hand, expression of vimentin and cytokeratin in eNOSKO

mice was ameliorated by Bay treatment. (Figure 4a, c, d).

Moreover, aSMA and Col1a1 mRNA expression in eNO-

SKO mice was improved by Bay treatment (Table 1).

Expression of NOS isoforms after peritoneal stripping

in WT and eNOSKO mice

Protein and mRNA were extracted from the anterior

abdominal wall. Protein expression of eNOS was assessed

by western blotting analysis (Fig. 5a, b). The gene

expression of eNOS (Fig. 5c), iNOS (Fig. 5d) and nNOS

(Fig. 5e) was assessed by real-time quantitative PCR.

Expression of eNOS protein and mRNA levels was

increased at 14 days after peritoneal stripping in WT mice.

There were no significant differences in the expression of

iNOS and nNOS genes between WT and eNOSKO mice.

Bay treatment also had no effects on iNOS and nNOS

genes expressions (Fig. 5d, e).

Discussion

The aim of this study was to assess the role of the eNOS–

NO-sGC signaling pathway in peritoneal fibrosis. Perito-

neal tissues of WT mice healed, leaving only slight fibrosis

at 28 days after peritoneal stripping. In contrast, peritoneal

tissues in eNOSKO mice demonstrated continued mesen-

chymal cell proliferation, and consequently, fibrosis was

increased compared with WT mice. Activation of eNOS–

NO signaling by the sGC stimulator attenuated peritoneal

fibrosis in eNOSKO mice. The results of the present study

suggest that disruption of the eNOS–NO signaling pathway

exacerbates peritoneal fibrosis by delaying wound healing

and the treatment of sGC stimulation may be a useful

therapy for prevention of peritoneal fibrosis.

Three possible mechanisms exist for peritoneal fibrosis

progression in eNOSKO mice. First, wnt/beta-catenin sig-

naling plays a pivotal role in interstitial fibrosis in several

progressive disease models such as lung and liver fibrosis

[15, 16]. Furthermore, it has been reported that the cGMP/

protein kinase G (PKG) pathway inhibits tumor cell growth

through transcriptional suppression of wnt/beta-catenin

[17]. It is also possible that wnt signaling is activated by

inhibition of the NO/cGMP/PKG signaling pathway. Sec-

ond, endothelium-derived NO is a mediator of angiogen-

esis [18]. Therefore, blood flow reduction resulting from

reduced eNOS levels may delay tissue repair. Third,

decreased matrix metalloprotease (MMP) activity may

have exacerbated peritoneal fibrosis in eNOSKO mice.

Several recent studies have suggested that NO is involved
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Fig. 3 Evaluation of peritoneal expression of fibrosis-related genes.

Levels of mRNA expression for aSMA (a) and Col1a1 (b) were

measured in WT (black square) and eNOSKO mice (white square) at

3, 7, 14, and 28 days after peritoneal stripping. n = 5–6 for each
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in the activation of MMPs [19]. Hence, it is necessary to

examine the detailed molecular mechanism of peritoneal

fibrosis in eNOSKO mice.

We confirmed that peritoneal wound healing was sig-

nificantly delayed in eNOSKO mice. We also evaluated

NOS isoforms at 14 days following mechanical peritoneal

stripping. There was no difference in the expression of

iNOS and nNOS between WT and eNOSKO mice at

14 days following mechanical peritoneal stripping. In

contrast, eNOS expression was significantly increased at

14 days after peritoneal stripping in WT mice. It has been

reported that inhibitors of NOS delay the wound-healing

process in skin, [20, 21]. In particular, eNOS deficiency has

been reported to contribute to impaired wound healing in

the skin [6]. There is currently no study that evaluates NOS

expression in the peritoneal wound-healing process after

mechanical stripping. The same wound-healing process

that occurs in the skin may occur in the peritoneal mem-

brane. Our data suggests that eNOS is an important source
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Fig. 4 Fig 4. Effects of an

sGC stimulator on peritoneal

fibrosis after mechanical

stripping in WT and eNOSKO

mice. a Masson trichrome

staining (upper), vimentin

immunohistochemical staining

(middle), and cytokeratin

immunohistochemical staining

(lower) of the peritoneal

membrane in WT and eNOSKO

mice at 14 days after

mechanical stripping. In some

WT and eNOSKO mice, the

Bay 41-2272 compound was

administered for 14 days by

intraperitoneal injection

(WT ? Bay, eNOSKO ? Bay).

Bar 50 lm. b Mean peritoneal

membrane thickness of the

submesothelial compact zone.

c Vimentin-positive area in the

submesothelial compact zone.

d Cytokeratin-positive area in

mesothelial cell layer. n = 5–6

for each group. Values are

expressed as the mean ± s. e.

m. *p\ 0.05 versus WT

control. �p\ 0.05 versus WT.

�p\ 0.05 versus eNOSKO

Table 1 Effect of sGC stimulation in eNOSKO mice at 14 days

after peritoneal stripping

WT eNOSKO eNOSKO ? Bay

aSMA (910-2 copy/

18S RNA)

0.6 ± 0.1 1.0 ± 0.2 a 0.4 ± 0.1b

Col1a1 (910-3 copy/

18S RNA)

1.4 ± 0.3 3.8 ± 1.3a 1.1 ± 0.6b

WT C57BL/6 J mice; eNOSKO endothelial nitric oxide synthase

knockout mice; Bay Bay 41-2272 treatment. n = 6 in each group
a p\ 0.05 versus WT
b p\ 0.05 versus eNOSKO
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of NO production in PF after the shedding of peritoneal

mesothelial cells by mechanical stripping. The cutaneous

wound-healing process is subdivided into three comple-

mentary and overlapping phases: inflammation, granulation

tissue formation (proliferative), and remodeling [22].

Various factors are involved in wound healing such as

cytokines and growth factors, extracellular matrix compo-

nents, and several cell types [22, 23]. Thais et al. reported

that topical application of a NO donor in both the inflam-

matory and proliferative phases improves rat cutaneous

wound repair by accelerating epithelialization [24]. Indeed,

NO plays an important role in accelerating the wound-

healing process in the inflammatory and proliferative

phases. However, peritoneal fibrosis may be exacerbated

because of prolonged mesenchymal cell proliferation. We

did not evaluate the origin of myofibroblasts in the peri-

toneal membrane after mechanical stripping in the present

study. In the peritoneum, the proportions of myofibroblasts

that originate from resident fibroblasts [25], circulating fi-

brocytes [26], and mesothelial cell [27] remain unclear and

should be further evaluated.

Our results indicate that sGC stimulation could restore

the impaired peritoneal membrane morphology after

mechanical stripping in eNOSKO mice. In contrast, the

sGC stimulator had no effect on the peritoneal wound-

healing process in WT mice, indicating that the sGC

stimulator cannot accelerate the peritoneal wound-healing

process under normal conditions in which eNOS-derived

NO is supplied. Most NO effects are mediated by activa-

tion of sGC, generation of cGMP, and activation of PKG

[28]. sGC functions as an NO sensor and it has been shown

to promote angiogenesis [29]. It has been reported that an

sGC stimulator (iontophoresis) induced a sustained

increase in rat skin blood flow [30]. Moreover, Beyer et al.

reported that an sGC stimulator (BAY41-2272) stopped the

development of bleomycin-induced dermal fibrosis and

skin fibrosis in mice [31]. Recently, riociguat, a member of

a new class of sGC stimulator compounds, significantly

improved exercise capacity and pulmonary vascular resis-

tance in patients with chronic pulmonary hypertension in a

randomized, double-blind, placebo-control study [32].

Therefore, we expect that sGC stimulators will have clin-

ical effects against peritoneal fibrosis. Phosphodiesterase

inhibitors also activate PKG and may therefore have the

same effect as sGC stimulators in peritoneal wound

healings.

One limitation of this study is that this model is not

entirely suitable as a model of PF. Rather, our experimental

model represents the wound-healing process of peritoneal

mesothelial cells after mechanical stripping. This is the

most obvious limitation of this study. The most commonly

used method to create a PF model is an intraperitoneal

injection of 0.1 % chlorhexidine gluconate (CG) [33, 34].

It is true that CG-induced peritoneal fibrosis does not fully

replicate peritoneal sclerosis or EPS observed in patients

on long-term PD. However, there is no ideal experimental

model that allows for simulation of long-term PD. Evalu-

ation of another PF model showed that repeated injection

of a high-glucose solution may reflect the pathogenesis of

peritoneal injury in PD patients [35] in a better way than

chlorhexidine gluconate injection. High-glucose concen-

tration, low pH, and the presence of glucose degradation

products in PD solutions can also cause changes in peri-

toneal membrane morphology [36]. Additional studies will
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Fig. 5 Expression of NOS

isoforms in the peritoneal

membrane after peritoneal

stripping. Protein expression of

eNOS in WT and eNOSKO

mice at 14 days after peritoneal

stripping (a, b). Levels of
mRNA expression for eNOS

(c), iNOS (d) and nNOS

(e) were measured in WT and

eNOSKO mice at 14 days after

peritoneal stripping. n = 5–6

for each group. Values are

expressed as the mean ± s.e.m.

*p\ 0.05 versus WT control
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be required to ascertain whether the eNOS–NO signaling

pathway may provide protection against the effects of CG

in patients with PD dialysate solution-induced long-term

peritoneal damage. Activation of the eNOS–NO signaling

pathway accelerates angiogenesis. It has been reported that

angiogenesis and vessel permeability are key factors in

ultrafiltration dysfunction in PD [37, 38]. However, the

relationship between fibrosis and angiogenesis has not been

clearly defined. Margetts et al. reported that fibrosis and

angiogenesis may be two separate responses to peritoneal

injury [39]. Future studies should address this point.

In conclusion, this study indicates that dysfunction of

the eNOS–NO signaling pathway exacerbates peritoneal

fibrosis. Treatment with sGC stimulators may be a novel

therapeutic target to attenuate peritoneal fibrosis through

decreased mesenchymal cell proliferation.
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