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in response to a HFD to investigate the role of Rho—Rho-kinase signaling
in obesity, instead of a genetic model of obesity involving leptin receptor
deficiency. We found increased Rho-kinase activity in the adipose tissue
of obese mice fed a HFD compared with that in mice fed a LFD. In vitro
studies of long-term cultures of adipocytes, as a model of adipocytes in the
obese state (15), and subfractionation of the adipose tissue of obese mice,
revealed that Rho-kinase activation in adipose tissue occurred mainly in
adipocytes. Systemic administration of the Rho-kinase inhibitor fasudil
blocked activation of Rho-kinase in adipose tissue and attenuated various
effects of a HFD in mice, including weight gain, systemic insulin resistance,
adipocyte hypertrophy, inflammatory cell infiltration of adipose tissue, and
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Fig. 5. Mechanical stretch elicited Rho-kinase activity and stress fiber
formation in mature adipocytes. (A) Rho-kinase activity was evaluated
by immunoblot for phospho-MYPT. P < 0.01 versus without stretch. n =
4. (B) Stress fiber formation was detected by rhodamine-labeled phalloi-
din staining. Nuclear staining was contrasted with stress fiber staining
using Hoechst 33342 dye. DIC, differential interference contrast. (C) Actin
staining in adipose tissue of mice fed a LFD, obese mice fed a HFD, and
fasudil-treated mice fed a HFD. The lower left panel provides quantification,
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dysregulation of adipocytokine expression. These findings indicate that
Rho—Rho-kinase signaling plays a pivotal role in obesity and in the devel-
opment of obesity-related disorders.

To identify the effects of Rho—Rho-kinase signaling in adipose tissue,
we produced transgenic mice that specifically expressed DN-RhoA in adi-
pocytes. Analyses of these mice revealed that specific inhibition of Rho-
kinase signaling in adipose tissue inhibited HFD-induced adiposity and
weight gain. It also attenuated several metabolic abnormalities associated
with obesity induced by a HFD. This implicates activation of this pathway
in the adipose tissue as a culprit in the imitiation of HFD-induced obesity
and obesity-related metabolic disturbances. Several mechanisms likely
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giving the percentage of actin-positive adipocytes. The lower right panel
provides the size of actin-positive and -negative adipocytes in the HFD + F30
group. **P < 0.01 versus LFD, #P < 0.01 versus HFD. n = 4. TP < 0.05
versus actin-negative adipocytes. n = 4. (D) Actin staining in adipose tissue
in DN-RhoA TG and wild-type mice. The lower left panel provides quanti-
fication. The lower right panel provides the size of actin-positive and -negative
adipocytes in the DN group. **P < 0.01 versus wild type, n=4. TP < 0.05
versus actin-negative adipocytes, n = 4.
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contributed to the improved glucose metabolism in DN-RhoA TG mice
(Fig. 3B). Changes in adipocytokine expression produced by a HFD were
partially reversed in DN-RhoA TG mice in a direction that would tend to
enhance insulin sensitivity (16), as was indeed observed. Increased insulin
sensitivity in adipose tissues, as well as the decrease in circulating free
fatty acids (Fig. 3C), would also contribute to improved glucose metabolism.
DN-RhoA was under the control of the aP2 promoter, which is also expressed
in macrophages, hung epithelial cells, and parts of the brain (/7-19). There-
fore, it is conceivable that the changes in adipose tissue phenotype we ob-
served resulted from decreased activation of Rho-kinase in macrophages
infiltrating adipose tissues or from alterations in neuronal regulation of
adipose tissue. However, Rho-kinase activation in macrophages in HFD-
fed obese mice was marginal (Fig. 1G), indicating that the effects of
blocking this activation would be limited. Furthermore, any changes in
Rho-kinase activity in the central nervous system did not appear to affect
appetite or satiety, because food intake between wild-type and DN-RhoA
TG mice was similar (wild type, 1.95 £ 0.22 g/day; DN-RhoA TG, 1.86
0.19 g/day). Therefore, we do not consider inhibition of Rho—Rho-kinase
pathway in these systems functionally relevant to the obese phenotype in
our DN-RhoA TG mice.

DN-RhoA TG mice fed a HFD were leaner than wild-type controls, sug-
gesting the possibility that the reversal of the aberrant HFD-induced adipose
tissue phenotype might be secondary to decrease in weight. However, a
fasudil dosage of 3 mg/kg per day, which did not affect body weight, at-
tenuated metabolic abnormalities and the aberrant phenotype of adipose
tissues in HFD-fed mice (Fig. 1). Similarly, DN-RhoA TG mice were
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Fig. 6. Schema depicting the vicious cycle of adipose tissues in obesity.
After adipocytes mature, increasing lipid accumulation leads to their hy-
pertrophy and consequently to mechanical stretch. Mechanical stretch
(and possibly additional factors) promotes Rho-kinase activity, which
contributes to aberrant expression of adipocytokines. The acquisition
of the hypertrophic phenotype and abnormal adipocytokine secretion,
in turn, accelerate inflammation of adipose tissue by inflammatory cells,
leading to systemic insulin resistance. Insulin resistance cumulates in
obesity and its related pathologies, which further induce adipocyte hy-
pertrophy. This vicious cycle contributes to the initiation and progression
of obesity and obesity-related systemic diseases.
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more sensitive to insulin than wild-type mice at a time point when body
weight did not differ (Fig. 3, G and H). Thus, we conclude that activation
of Rho—Rho-kinase pathway in adipocytes is a culprit in the pernicious
phenotype of diet-induced obesity.

What triggers the activation of Rho-Rho-kinase signaling in adipo-
cytes of obese mice? Our data support the hypothesis that mechanical
stress caused by hypertrophic change triggers activation of the Rho—Rho-
kinase pathway. In obesity, adipocytes are affected by various stresses,
mncluding those associated with the state of inflammation caused by the
infiltration of inflammatory cells (20). Adipocytes undergo an extreme
increase in volume in obese subjects (27), indicating that they are sub-
jected to hypertrophic stress during the accumnulation of fat depots. Here,
we showed that mechanical stretch comparable to that elicited by hyper-
trophy induces the activation of Rho—Rho-kinase signaling. Mechanical
stretch might not be the only signal that induces Rho—Rho-kinase activity
in hypertrophic adipocytes. For instance, increased insulin concentrations
or oxidative stress might also activate Rho signaling. However, we ob-
served similar phenotypic changes in in vitro stretched adipocytes and
in vivo hypertrophic adipocytes with similar increases in adipocyte size.
These findings, although indirect, indicate that phenotype alteration of
hypertrophic adipocytes in vivo may be induced, at least in part, by me-
chanical stress. Indeed, similar functional alterations in response to me-
chanical stretch have been shown in other cell types, including VSMCs
and endothelial cells (22). Demonstration of a direct link between me-
chanical stress in adipocytes and the progression of obesity-related dis-
orders warrants further investigations.

Activation of Rho—Rho-kinase signaling is critical for cytokine expres-
sion in adipocytes. A recent study demonstrated that adipocytokine ex-
pression, inclhuding that of MCP-1 and plasminogen activator inhibitor
type 1 (PAI-1), was increased by Rho—Rho-kinase signaling in cultured
adipocytes through activation of nuclear factor kB (NF-xB), a master reg-
ulator of cytokine gene expression (12, 23). MCP-1 is also directly regu-
lated by Rho-kinase, as observed in VSMCs (24). We propose that, in
hypertrophic adipocytes, activation of Rho—Rho-kinase signaling through
mechanical stress induces 7NFo expression—Ilikely through the activation
of NF-kB—and also induces MCP-] expression, leading to macrophage
infiltration into adipose tissue. This enhances inflammatory changes in
adipose tissue and aggravates systemic metabolic disturbances including
hyperinsulinemia, which inhibits adipocyte lipolysis, leading to additional
adipocyte hypertrophy. These events establish a vicious circle culminating
in the progression of obesity (Fig. 6). Our data provide evidence for a
role of hypertrophic stress in the inflammatory changes that take place in
adipose tissue.

The activation of Rho-kinase by Rho inhibits adipogenesis from mes-
enchymal precursor cells, and Rho activation is suppressed during mesen-
chymal cell commitment into the adipocyte linage (25). During adipocyte
differentiation, filamentous actin is converted from long stress fibers to
cortical actin. These changes are paralleled by suppression of the ROCK2
isoform of Rho-kinase, and treatment with a Rho-kinase irthibitor inhibits
cortical stress fiber formation, implying that Rho—Rho-kinase signaling is
also suppressed during adipogenesis (26). Our data showed that after
adipocyte maturation, long-term culture was associated with increased
Rho-kinase activity, indicating that adipocytes acquired the aberrant phe-
notype associated with adipocyte hypertrophy in obesity (Fig. 5). This
phenotypic change is important not only in the pathogenesis of the inflam-
matory response in adipose tissues, but also for adipocyte survival, be-
cause stress fiber formation is crucial for the maintenance of cellular
structure (27). For instance, the vascular endothelial cells that line blood
vessels experience fluid shear as blood flows across their surface. This
stimulates RhoA activation and the formation of actin stress fibers, which
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are believed to help endothelial cells to remain flat under high fluid shear
(28, 29). In cardiomyocytes, RhoA activation is required for cytoskeletal
organization and protects against apoptosis (30). Because adipocytes are
under the stress of cellular hypertrophy (20), it can be surmised that Rho-
Rho-kinase activation is necessary for the maintenance of cell structure.
Rho-Rho-kinase signaling in turn leads to the “hypertrophic adipocyte
phenotype” and, consequently, inflammatory changes in adipose tissue.
We consistently found that in mature adipocytes, the expression of adipo-
nectin, which is involved in systemic insulin sensitivity, was decreased and
that of MCP-1, which initiates tissue inflammatory change, was increased
by mechanical stress. These changes in mRNA abundance were considered
to reflect the phenotypic changes of adipocytes by mechanical stress. Me-
chanical stress thus serves as an initial trigger to activate the Rho—Rho-
kinase pathway and the subsequent alteration of adipocyte phenotype,
including reorganization of the cytoskeleton and aberrant cytokine expres-
sion. Indeed, we found that the adipocytes of obese mice fed a HFD showed
Rho-Rho-kinase—dependent formation of stress fibers (Fig. 5, C and D).

Rho-kinase is indispensable for glucose transport in myocytes and in
adipocytes (37), and genetic disruption of the ROCK1 isoform of Rho-
kinase leads to insulin resistance (32), identifying a physiological role for
Rho-kinase in glucose utilization. Here and in a previous study, we showed
that, in obesity, activation of Rho-kinase in muscle (/7) or adipose tissue
leads to systemic insulin resistance. Together with data implicating ROCK2
in adipocyte development (26), our findings indicate that Rho—Rho-kinase
signaling plays multiple—sometimes apparently opposing—roles in glu-
cose metabolism under physiological and pathological conditions.

Obesity increases the risk of comorbid conditions, including cardio-
vascular disease and diabetes, through mechanisms that remain unclear.
The degree of abdominal adiposity, as defined by abdominal circumfer-
ence or by the area of abdominal adipose tissue, appears to be an impor-
tant marker for the risk of cardiovascular events (33). Our data suggest that
activation of the Rho—Rho-kinase pathway-in adipocytes promotes the ac-
quisition of the aberrant hypertrophic adipocyte phenotype and is crucial
for inflammatory changes in adipose tissue. These inflammatory changes
accelerate systemic insulin resistance and additional adipocyte hypertro-
phy (4), contributing to the progression of obesity and its related cardio-
vascular events (Fig. 6). Rho-kinase inhibitors have been used to treat
diseases associated with inflammation including asthma (34) and rheuma-
toid arthritis (35). Our data suggest that they may also provide a therapeu-
tic strategy against the initiation and progression of metabolic syndrome.

In conclusion, we implicated Rho—-Rho-kinase signaling as a culprit in
a vicious circle in obesity composed of adipocyte phenotypic changes, in-
flammation of adipose tissues, and pathological consequences of obesity.
Our data demonstrated that the Rho-kinase inhibitor fasudil blocked this
vicious cycle and could thus provide a plausible therapeutic strategy for
obesity and related systemic disorders, including insulin resistance and
atherosclerosis.

MATERIALS AND METHODS

Plasmids and constructs

In constructing the transgenic expression vector, human dominant-
negative RhoA mutant (36) (DN-RhoA) (provided by K. Kaibuchi, Nagoya
University), was ligated with the mouse aP2 promoter (37) (provided by
BM. Spiegelman, Harvard University). The ligated DN-RhoA complemen-
tary DNA (cDNA) was followed by rabbit B-globin (RBG) poly(A) (polyade-
nylate) tail, and the clone was designated as aP2-DN-RhoA-RBG poly(A)

(Fig. 2A).

www.SCIENCESIGNALING.org 25 January 2011

Generation of transgenic mice that specifically
expressed DN-RhoA in adipose tissue

For the generation of adipose tissue-specific DN-RhoA TG mice, we mi-
croinjected the Xho I-Not T fragment of aP2-DN-RhoA-RBG poly(A)
into one-cell stage fertilized mouse embryos obtained from superovulated
C57BL/6J mice (Fig. 2A). Founder mice were identified by Southern blot
analysis of genomic DNA with human RhoA cDNA as a probe (Fig. 2B).
The positive DN-RhoA TG founders were crossed with wild-type C57BL/6
mice (Charles River Japan Inc.) to obtain the F1 generation. Genomic
DNA was isolated from tail biopsies at 3 weeks of age with a DNeasy kit
(Qiagen), and screening of genomic DNA samples was done by polymerase
chain reaction (PCR) using transgene-specific oligonucleotide primers,
TAATACGACTCACTATAGG (aP2 promoter side) and TTCTGGGG-
TCCACTTTTCTG (RhoA gene side) (Fig. 2A), which amplify a 1310~
base pair (bp) region spanning the junction between the aP2 promoter
and the DN-RhoA gene (Fig. 2A). Genomic DNA was isolated from tail
biopsies at 3 weeks of age with a DNeasy kit and subjected to Southemn
blot analysis to identify the transgene. Southern blots were performed with
a *?P-labeled probe composed of 1310 bp of aP2-DN-RhoA gene (Fig.
2B). DN-RhoA expression in different founder lines was confirmed by
reverse transcription PCR (RT-PCR) using primer sets specific for the
DN-RhoA cDNA (table S1 and Fig. 2C).

Animal experimental protocol

Six-week-old male C57BL/6] mice (CLEA Japan Inc.) were divided into
four groups (n = 6 per group) and fed a HFD (60% lard, Research Diets Inc.),
a LFD (10% lard, Research Diets Inc.), and a HFD with Rho-kinase inhibitor
fasudil (Asahi Kasei) at 3 or 30 mg/kg per day (HFD + F3 and HFD + F30,
respectively). Fasudil is the Rho-kinase inhibitor most frequently used in
Jong-term in vivo experiments. Its in vivo metabolite, hydroxyfasudil, is more
selective for Rho-kinase than the parent drug; the affinity of hydroxyfasudil
for Rho-kinase is 100 times higher than for PKC (protein kinase C) and
1000 times higher than for myosin light-chain kinase (38-40). After 12
weeks on their respective diets, mice were killed and blood samples and
epididymal WAT were obtained (4/). Body weights and tissue weights
of the epididymal WAT were also measured. In experiments with adipose
tissue~specific DN-RhoA TG mice, TG mice and their wild-type littermates
were maintained on HFDs (60% lard) from 6 to 18 weeks of age. Body
weight and chow intake were monitored weekly. At 18 weeks of age, mice
were killed and epididymal fat tissues were harvested. This study was per-
formed in accordance with the institutional guidelines of the Animal Care
and Experimentation Committee in Keio University.

Glucose and insulin tolerance tests

After 12 weeks on their respective diets, mice fed a LFD, HFD, or HFD
plus fasudil were subjected to glucose and insulin tolerance tests (GTT
and ITT) as described (42). Briefly, glucose (1 g/kg) was injected intra-
peritoneally and blood samples were collected from a tail vein at various
time points. Insulin tolerance test was also performed by injecting regular
insulin (0.75 IU/kg body weight; Humulin R, Eli Lilly & Co.) intra-
peritoneally after a 2-hour fast.

Isolation of mature adipocytes and stromal

vascular fraction

Isolation of mature adipocytes and stromal vascular fraction was per-
formed as described (43). Adipose tissues were harvested and minced
in Krebs-Ringer-bicarbonate-Hepes (KRBH) buffer containing 1% (w/v)
bovine serum albumin (BSA) (Sigma). Collagenase (Liberase 3, Roche
Diagnostics Corp.) was added to a fina] concentration of 2 mg/ml, and
samples were incubated at 37°C on an orbital shaker for 30 min. Samples
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were then passed through a 250-pum nylon mesh filter. The suspension was
centrifuged at 300g for 1 min. Floating cells were collected as the mature
adipocyte fraction, and the pelleted cells were collected as the stromal vas-
cular fraction.

Histological analysis and immunohistochemistry

Portions of epididymal adipose tissue were removed and fixed with
10% formaldehyde and embedded in paraffin. Sections were stained
with hematoxylin and eosin. For the detection of macrophage infiltration
in adipose tissue, immunohistochemistry was performed with F4/80 anti-
body, which detected macrophage-specific protein (44). The number of
F4/80-positive cells was counted in a blinded fashion under a microscope
with a 400 objective. More than 50 serial fields were examined in each
mouse, and five mice were analyzed per group. Stress fibers were detected
by rhodamine-labeled phalloidin staining (45) or by immunohistochemistry
with an anti-actin antibody (Abcam). Adipocyte size was measured with
the software Win Roof (Mitani). Adipocyte area was measured by ran-
domly selecting 50 serial fields with a 400 objective for each mouse; five
mice were analyzed in each group. To measure the size of acin-positive and
actin-negative adipocytes, we randomly selected more than 50 serial fields
with a 400% objective of adipose tissue in the HFD + F30 and DN group.

Cell culture protocol

3T3-L1 fibroblasts (European Collection of Cell Cultures) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% (v/v) newborn calf serum and induced to differentiate into adipocytes
by exposure for 2 days to induction medium, DMEM containing 0.25 uM
dexamethasone (Nacalai Chemicals), 0.5 mM 3-isobutyl-1-methylxanthine
(Nacalai), insulin (10 pg/ml; Lilly), and 10% fetal bovine serum (FBS)
(day 0). Two days later, the medium was changed to DMEM containing
10% FBS and insulin (10 pg/ml) (day 2). Two days later, media were
changed to DMEM containing 10% FBS only (day 4). Subsequently,
media were exchanged every other day until day 14. In this protocol, cells
become differentiated into mature adipocytes containing fat droplets at day 8
(46). After day 8, increased amounts of fat droplet accumulated and cell size
increased. To examine the effects of Rho-kinase inhibition on mature adipo-
cytes, we treated the cells with Rho-kinase mnhibitors, ¥-27632 (10 uM, Cal-
biochem) and fasudil (10 pM) after day 8. Cells were harvested at days 4,
8, 12, and 16 and analyzed for Rho-kinase activity and adipocytokine
mRNA abundance. We used Y-27632 as a Rho-kinase inhibitor in the
in vitro experiments because this reagent is more specific than fasudil
itself and is widely used for in vitro experiments.

Mechanical stretch of adipocytes

The application of uniaxial stretch to differentiating 3T3-L1 cells was
carried out as described (47), except static stretching condition was used
in this study. Briefly, 3T3-L1 fibroblasts were cultured in collagen-coated
silicon chambers and differentiated into mature adipocytes. On day 12,
mature adipocytes were subjected to stretch. Cells were subjected to con-
stant stretching of up to 120% of the initial length for a 72-hour duration,
conditions that preserve cell survival and the viability of mature adipocytes
(47). No apparent sign of cell damage, such as detachment of cells from the
substratum, was observed under these conditions. Stretched cells were har-
vested and subjected to real-time PCR or immunocytochemistry.

Immunoblotting

Immunoblot analysis was performed as described (48) with some modifi-
cations. Blots were incubated with specific antibodies against Rho-kinase
o (BD Biosciences Pharmingen) and MYPT (Santa Cruz Biotechnology).
Rho-kinase activity was assessed by phosphorylation of MYPT and ERM
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with antibodies that specifically recognized MYPT phosphorylation at
Thrﬁ?6 (Upstate) (49) and ERM phosphorylation at ezrin (Thr°®"), radixin
(Thr*®*), and moesin (Thr**®) (Cell Signaling Technology) (50).

RNA extraction and real-time PCR

Total RNA was extracted from mouse adipose tissue with the RNeasy lipid
tissue kit (Qiagen). Total RNA was subjected to reverse transcription in a
20-pl reaction containing random primers and Superscript 11 enzyme
(Invitrogen). Quantitative real-time PCR was performed with an ABI
Prism 7700 Sequence Detection System using SYBR Green PCR Master
Mix Reagent Kit (Applied Biosystems). Primers used are indicated in ta-
ble S1. PCR-amplified products were also electrophoresed on agarose gels
to confirm that single bands were amplified. mRNA expression was nor-
malized to that of GAPDH (glyceraldehyde-3-phosphate dehydrogenase).

Statistical analysis

Data are expressed as means = SEM. Data were analyzed by one- or two-
way analysis of variance as appropriate, followed by Bonferroni’s post hoc
test. P < 0.05 was considered statistically significant.

SUPPLEMENTARY MATERIALS

www sciencesignaling.org/cgi/content/full/4/157/ra3/DC1
Fig. S1. The effects of fasudil on adipocytokine mRNA in mature adipocytes.
Table S1. Primers used in real-time RT-PCR analysis.
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Abstract

Background. Peritoneal fibrosis (PF) and angiogenesis are
typical morphological changes, leading to loss of peritoneal
functions in patients undergoing peritoneal dialysis.
The small G protein, Rho, and its downstream effector
Rho-kinase have been shown to be involved in the tissue
fibrosis process. This study was undertaken to investi-
gate the role of Rho-kinase in the pathogenesis of these
alterations.

Methods. PF was induced by intraperitoneal administra-
tion of chlorhexidine (CHX) in male rats (CHX group).
These rats were treated with a Rho-kinase inhibitor, fasudil
(Fas group). Human pleural mesothelial cells, MeT-5A
cells, were stimulated by glucose with or without another
Rho-kinase inhibitor, Y-27632.

Results. Peritoneal damage including peritoneal thicken-
ing, fibrous changes, macrophage migration and angiogen-
esis were evident in the CHX group and were ameliorated
in the Fas group. The expression of markers of tissue
fibrosis, such as transforming growth factor (TGF)-B, fibro-
nectin and o-smooth muscle cell actin, were increased in
the CHX group and were downregulated by fasudil. Similar
results were also seen with an inducer of angiogenesis,
vascular endothelial growth factor (VEGF). Rho-kinase
was activated in the peritoneum of the CHX group, which
was inhibited by fasudil. In MeT-5A cells, high glucose
increased TGF-B expression and VEGF secretion, which
were blocked by Y-27632.

Conclusions. The activation of Rho-kinase is involved
in peritoneal damage at multiple stages including tissue
fibrosis and angiogenesis. The inhibition of Rho-kinase
constitutes a novel strategy for the treatment of PF.

Keywords: angiogenesis; peritoneal dialysis; peritoneal fibrosis;
peritonium; Rho-kinase inhibitor

Introduction

Peritoneal dialysis (PD) is one treatment of choice of the
treatments for end-stage renal failure. One of the long-term

complications of PD is the decline of peritoneal function
[1]. The decrease in ultrafiltration capacity after prolonged
PD is an important reason for its discontinuation. Long-
term PD is accompanied by functional and histopatholog-
ical alterations in the peritoneum. Chronic peritoneal
damage in PD is associated with multiple factors, including
peritoneal fibrosis (PF), epithelial-messenchymal transition
(EMT) of mesothelial cells and peritoneal neovasculariza-
tion [2]. The pathogenesis of PF is a combination of bio-
incompatible factors in the dialysate, including high
glucose, high osmolality, advanced glycation products,
glucose degradation products, uremic inflammation and
acute peritonitis with inflammation [3]. A previous study
demonstrated that glucose or glucose degradation products
stimulate the production of transforming growth factor
(TGF)-B, fibronectin and vascular endothelial growth
factor (VEGF) from peritoneal mesothelial cells, which
aggravated the progression of PF [4-7]. TGF-p has been
reported to play a central role in tissue fibrosis, leading to
a progressive loss of mesothelial cells [8]. Local production
of VEGF plays a pivotal role in the angiogenesis of peri-
toneal tissues [9]. The expansion of the peritoneal vascu-
lature is the main determinant of increased solute transport
across the peritoneum that inhibits ultrafiltration capacity
[10].

A serious complication of long-term PD is the develop-
ment of encapsulating peritoneal sclerosis (EPS), which is
characterized by bowel obstructions, various degrees of
inflammation and enormous peritoneal thickening and
encapsulation and cocooning [11]. It is also sometimes
accompanied by peritoneal calcification [11]. These ad-

“vanced lesions of PD complication need to be differentiated
“from PF and the final histological change of PF, peritoneal

sclerosis (PS), as often seen in long-term PD patients with-

~out EPS [1]. Several factors were considered to be involved

in the development of EPS, including PF, although the
precise mechanisms have not yet been determined [12].
Small GTPase Rho-kinase, a member of the Rho-kinase
subfamily of the Ras superfamily of monomeric GTPases,
constitutes an important modulator of vascular smooth
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muscle contraction [13]. Rho-kinase and its downstream
effector Rho-kinase are important mediators not only of
vascular contraction but also of actin cytoskeleton reorgan-
ization, cellular morphology, motility, adhesion and prolif-
eration [14]. Because of its effects on various cellular
functions, Rho-kinase has attracted significant interest as
a potential target for the treatment of a wide range of patho-
logical conditions including cancer, neuronal degeneration,
kidney failure, asthma, glaucoma, osteoporosis, erectile
dysfunction, insulin resistance and surgical adhesion. In
practice, Rho-kinase inhibitor, fasudil, has already been
in use for the prevention of vasospasm after the attack of
subarachnoid hemorrhage [15]. One of the areas of interest
has been their potential use for the prevention against the
tissue fibrosis [16, 17].

Recent studies have witnessed that the Rho/Rho-kinase
pathway is associated with tissue fibrosis and inflamma-
tion. It has also been demonstrated that the Rho/Rho-kinase
pathway is involved in the tissue fibrosis process in various
tissues through the regulation of TGF-f3 activation [18-20].
Y-27632, a specific Rho-kinase inhibitor, prevented the
upregulation of a-smooth muscle actin {a-SMA), a marker
of tissue fibrosis and inhibited tubulointerstitial fibrosis in
mouse kidneys with unilateral ureteral obstruction [16]. In
addition, the Rho/Rho-kinase pathway regulates hypoxia-
induced VEGF expression [21]. These data in concert, sug-
gested that Rho/Rho-kinase is involved in a final common
pathway that aggravates the progression of peritoneal
dysfunction.

Previously, we demonstrated that the Rho/Rho-kinase
pathway is activated in the kidneys of subtotal nephrectom-
ized rats, and the Rho-kinase inhibitor, fasudil, attenuated
renal damage in the nephrectomized rats through amelio-
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ration of inflammatory changes of remnant kidneys [22]. In
the present study, we investigated whether blocking of
Rho-kinase similarly inhibited peritoneal damage by using
both in vivo and in vitro systems. While a specific inhibitor,
Y-27632 was administered in in vifro experiments to block
Rho-kinase, we used fasudil in in vivo systems, although it
is less specific for Rho-kinase. Fasudil is the Rho-kinase
inhibitor practically available for long-term in vivo use. In
addition, when it is administered in vivo, its metabolite,
hydroxyfasudil, possesses a more selective action than its
parent drug on Rho-kinase (specificity for Rho-kinase is
100 times higher for protein kinase C and 1000 times
higher for myosin light chain kinase [23]). For these rea-
sons, we selected fasudil to examine the effects of blocking
Rho/Rho-kinase pathway in vivo. Our data demonstrated
that Rho-kinase inhibitors ameliorated peritoneal damages
and PF through direct effects on mesothelial cells.

Methods

Animals and peritoneal fibrosis model

Male Wistar rats (Saitama SLC, Saitama, Japan), weighing 150200 g,
were housed in a controlled environment, fed a standard rat chow (0.19%
sodiurm, 0.74% potassium and 20.6% protein; Oriental Yeast Co., Itabashi,
Tokyo) and allowed free access to water. Peritoneal inflammation and a
sclerosis model was made by injection of a chlorhexidine (CHX) solution
consisting 0f 0.1% CHX gluconate and 15% ethanol intraperitoneally for 4
weeks to male Wister rats at the age of 6 weeks [22, 23]. The rats were fed
a standard laboratory diet and allowed free access to water. The rats were
treated daily with CHX solution into the peritoneal cavity. The animals
were sacrificed 4 weeks after the first CHX solution injection and the
peritoneal tissues were dissected carefully for further analysis. All experi-
ments were performed in accordance with the animal experimentation
guideline of Keio University School of Medicine.

contrel CHX Fas3

Fas10

Fig. 1. The effects of the Rho-kinase inhibitor, fasudil, on the macroscopic findings of CHX-induced peritoneal damage. PF was induced in male Wister
rats with an intraperitoneal injection of CHX for 4 weeks (B). Control rats were subjected to saline injection (A). Severe inflammatory changes of
peritonium was evident and presented with bowel dilatation, calcification (white triangles), ascites with bleeding (white arrows) and cocoon formation
(dotted lined circle). Treatment with fasudil at dosages of 3 mg/kg (Fas3; C) and 10 mg/kg (Fas10; D) ameliorated these peritoneal damages. Each
photograph showed the representative peritoneum (upper panel) and bowel (lower panel) finding in each group.
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Animal study protocol

Rats were assigned to four groups: Group 1, rats injected with 2 mL of
normal saline (control group, n = 6); Group 2, rats injected intraperito-
neally with CHX solution (CHX group, n = 6); Group 3, rats injected
intraperitoneally with CHX solution and 3 mg/kg/day Rho-kinase inhib-
itor, fasudil (Asahi Kasei, Tokyo, Japan) (Fas3 group, » = 6) and Group 4,
rats injected intraperitoneally with CHX solution and 10 mg/kg/day fasudil
(Fas10 group, n = 6). The dosage of fasudil was determined in agreement
with previous reports 20, 21].

Histological examination and immunohistochemistry

At sacrifice, intraperitoneal macroscopic views were compared among the
four groups. We defined the rats with EPS-like changes as those showing
three of five findings: peritoneal calcification, bowel dilatation, bowel adhe-
sion, ascites with bleeding and cocoon formation. We counted the affected
rats in each group (n = 6), although the extent of peritoneal changes in each
rat were different in each group. Three pieces of the mid-parietal peritoneal
membrane adjacent to the rectus abdominal muscle were excised. One of
these pieces was fixed in 10% buffered formaldehyde, embedded in paraffin
and stained with Masson’s trichrome solution. Submesothelial thickening
was identified as the membrane area extending from the surface mesothe-
lium to the upper limit of the muscular tissues. We measured peritoneal
thickness at six random points. Quantification of fibrous tissue area was
performed by measuring the Masson’s trichrome-stained area at 20 consec-
utive fields of peritoneal tissues of each group. The number of vessels in the
submesothelial zone outside the muscle layer was counted in 10 fields of

A

3

peritoneal tissues of each group. Fibrous tissue area, peritoneal thickness
and the number of vessels were evaluated by Win Roof ver. 6.0 software
(Mitani Corp., Tokyo, Japan). These analyses were performed on an indi-
vidual rat by two investigators in a blinded fashion. Other pieces were
embedded in paraffin and used for immunostaining using antibodies against
CD68 (AbDserotec, Oxford, UK) and a-SMA (Dako Cytomation, Glostrup,
Denmark). Cells stained with a-SMA were counted by computer-aided
planimetry using the Scion Image software.

Cell culture and experimental protocols

The human pleural mesothelial cell line MeT-5A was purchased from
American Type Culture Collection (Rockville, MD) and cultured in Dul-
becco’s modified Eagle’s medium Nutrient Mixture F-12 (GIBCO) with
10% fetal calf serum, penicillin and streptomycin in a humidified 5% CO2
incubator at 37°C [23, 25]. Although this cell line is derived from pleural
tissues, it was utilized because its response to the cellular external stress
was demonstrated to be similar to primary peritoneal mesothelial cells [26,
27] and because it showed high viability and good biological response to
glucose stimulation. The cells were seeded at a density of 1 X 10° cells per
well on a 48-well plate. After MeT-5A cells were grown to 60-70%
confluence and made quiescent by serum starvation (0.4%, fetal bovine
serum) and normal glucose conditions (5 mmol/L) for 24 h, Rho-kinase
inhibitor, Y-27632, was added at three different concentrations of 1, 5 and
10 pmol/L. Thirty minutes after treatment with Y-27632, cells were stimu-
lated with a high concentration of glucose (200 mmol/L) [28]. Eight hours
after stimulation, cell lysates were obtained for further analysis [29]. Cell
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Fig. 2. The effects of fasudil on the histological changes of CHX-induced peritoneal damage. (A) Histological findings of the anterior abdominal
wall stained with Masson’s trichrome solution. Thickness of the peritoneum (B), area of fibrous tissues (C) and the number of neovascular tissues
(D) were analyzed in control rats (control), rats with CHX-induced peritoneal damage (CHX) and rats with peritoneal damage treated with 3 mg/kg (Fas3)
and 10 mg/kg (Fasl10) of fasudil. **P < 0.01 versus CHX group, *P < 0.05 versus CHX group, 1 = 6.
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Fig. 3. The effects of fasudil on the mRNA expressions of TGF-B, fibro-
nectin and VEGF in peritoneal tissues. The mRNA expression of TGF-§
(A), fibronectin (B) and VEGF (C) in the peritoneal tissues were measured
by real-time PCR as described in the Methods section in control rats
(control), rats with CHX-induced peritoneal damage (CHX) and rats with
peritoneal damage treated with 3 mg/kg (Fas3) and 10 mg/kg (Fas10) of
fasudil. **P < 0.01 versus CHX group, *P < 0.05 versus CHX group,
n==6.
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culture supernatants were also obtained 24 h after stimulation to measure
the concentration of VEGF with the quantitative sandwich enzyme immu-
noassay technique (Quantikine; R&D Systems).

RNA extraction and real-time polymerase chain reaction

Total RNA was extracted from the rat mid-parietal peritoneal tissues with
the adjacent muscle tissues using TRIzol reagent [28]. Equal amounts (2 pg)
of total RNA from each sample were converted to complementary DNA by
M-MLYV reverse transcriptase RNaseH with oligo dT20 primer (Invitrogen,
Carlsbad, CA) in a 20 pL reaction volume. Real-time polymerase chain
reaction (PCR) was performed using LightCycler quick systems 350S
(Roche Diagnostics, Tokyo, Japan). Amplification products were analyzed
by a melting curve, which confirmed the presence of a single PCR product
in all reactions. Levels of messenger RNA (mRNA) were normalized to
those of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The
primer sequences were as follows: TGF-B1, sense 5'-AGAAGTCACCCG-
CGTGCTAA-3' and antisense 5'-TCCCGAATGTCTGACGTATTGA-3';
fibronectin, sense 5'-GTGTCTCCAGCGTGTACGAA-3' and antisense
5'-GGCGGTGACATCAGAAGAAT-3’; VEGF, sense 5'-CATGC-
CAAGTGGTCCCA-3' and antisense 5'-CTATCTTTCTTTGGTCTG-
CATTCAC-3’; a-SMA, sense 5'-TGCTGGACTCTGGAGATG-3" and
antisense  5'-GTGATCACCTGCCCATC-3’; GAPDH, sense 5'-
CCTGCCAAGTATGATGACATCAAGA-3’ and antisense 5'-GTAGCC-
CAGGATGCCCTTTAGT-3'. The amplification program was 95°C for 3
min and then 40 cycles consisting of 95°C for 10 s, 62°C for 10 s and 72°C
for 10 s.

Immunoblotting analysis to evaluate the activity of Rho-kinase was
performed as described previously [28] by using rat mid-parietal peritoneal
tissues with the adjacent muscle tissues. Peritoneal tissues were lysed in
500 pL of ice-cold lysis buffer and centrifuged at 15 000 g for 20 min.
Supernatant aliquots were subject to immunoblotting using primary anti-
body against phosphorylated myosin phosphatase target subunit
(MYPT1), Rho-kinase substrate (Millipore, Billerica, MA). After the in-
cubation with primary antibody blots were incubated with secondary anti-
body (horseradish peroxidase-conjugated donkey anti-rabbit IgG;
Millipore). Immunoreactive bands were detected using an ECL detection
kit (Millipore). Band intensity was determined by using NIH image soft-
ware (version 1.6).

Data analysis

Statistical analysis was performed using the SPSS 12 software package
(SPSS, Chicago, IL). Results are expressed as mean & SEM of at least
three individual experiments. Statistical analysis was performed with anal-
ysis of variance followed by Tukey’s post-hoc test unless otherwise stated.
Differences with P < 0.05 were considered statistically significant.

Results

Effects of fasudil on the macroscopic view of peritoneal
fibrosis

Four-week intraperitoneal administration with CHX solution
induced PS with bowel dilatation, bowel adhesion, perito-
neal calcification (Figure 1B, white triangle), ascites with
bleeding (Figure 1B, white arrows) and cocoon formation
(Figure 1B, dotted lined circle). These findings were similar
to those in the patients with EPS (Figure 1). Five of six rats
(83.3%) in the CHX group had peritoneal damage which
was defined as the rats showing three of five peritoneal
and bowel findings as described above. These changes were
attenuated by treatment with fasudil in a dose-dependent
manner. Thus, two of six rats were affected by the treatment
with 3 mg/kg fasudil (Fas3; 33.3%) and none of the six rats
by the treatment with 10 mg/kg fasudil (Fas!10).

Effects of fasudil on the peritoneal histological changes

After 4-week administration of CHX, peritoneal samples
showed markedly increased peritoneal thickness with



Rho-kinase inhibitor ameliorates PF

mean thickness 0f 307.6 £ 123.7 pm as compared to that of
control rats (22.9 + 6.7 pm) (Figure 2B, P < 0.001, n = 6).
Treatment with fasudil ameliorated these changes in a dose-
dependent manner (Figure 2B, Fas3 group: 185.2 &+ 67.1
pm; Fas10 group: 111.5 £48.1 um; P < 0.001 versus CHX
group, n = 6). Masson’s trichrome staining revealed that
the fibrous area in the submesothelial compact zone of the
rats’ peritoneum in the CHX group was significantly in-
creased as compared to that of control rats (Figure 2C,
control versus CHX: 58152 + 1551.9 pm“ versus
62 462.3 + 21 941.2 um?, P < 0.001, n = 6). These in-
creases of tissue fibrotic changes were ameliorated by
the treatment with fasudil in a dose-dependent manner
(Figure 2C, Fas3 group: 35 666.2 =+ 9188.5 um?, P < 0.01
versus CHX group, n = 6; Fasl0 group: 16 859.0 +
2698.7 um?, P < 0.001 versus CHX group, # = 6). Neo-
vascularization of the peritoneum is also characteristic of
CHX-induced peritoneal fibrosis as well as peritoneal dam-
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age observed in long-term PD patients. The number of
vessels, determined by immunostaining with CD31, in
the peritoneum of CHX-group rats was increased compared
to that of control rats (Figure 2D, control versus CHX:
0.2 + 0.4/high power field (HPF) versus 43.5 & 13.3/HPF,
P < 0.001, n = 6 for each group), which was also attenuated
by treatment with fasudil in a dose-dependent manner (Figure
2D, Fas3 group: 20.0 & 6.6/HPF, P < 0.001 versus CHX
group, n = 6 for each group, Fas10 group: 12.0 £ 1.4/HPF,
P < 0.001 versus CHX group, #n = 6 for each group).

Effects of fasudil on the expressions of TGF-B,
fibronectin and VEGF in peritoneal fissues

The molecular mechanism(s) for the histological improve-
ment by fasudil was investigated by examining the expression
of TGF-B and VEGF, humoral mediators for fibrosis and
neovascularization, respectively. The mRNA level of TGF-
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Fig. 4. The effects of fasudil on inflammatory and fibrotic changes in CHX-damaged peritoneal tissues. (A) Immunohistochemical analysis by CD68
staining is shown in the upper panel. The number of CD68-positive macrophages were quantified and compared among the control rats (control), rats with
CHX-induced peritoneal damage (CHX) and rats with peritoneal damage treated with 3 mg/kg (Fas3) and 10 mg/kg (Fas10) of fasudil (lower panel).
*+P < 0.01 versus CHX group, *P < 0.05 versus CHX group, n = 6. (B) Immunohistochemical analysis by 0-SMA staining is shown in the upper panel.
The mRNA expression of a-SMA was quantified by real-time PCR among control rats (control), rats with CHX-induced peritoneal damage (CHX) and
rats with peritoneal damage treated with 3 mg/kg (Fas3) and 10 mg/kg (Fas19) of fasudil (Jower panel). **P < 0.01 versus CHX group, *P < 0.05 versus

CHX group, n = 6.

P was increased in the peritoneum of rats in the CHX group
10.3-fold, which was attenuated by treatment with fasudil ina
dose-dependent manner (Figure 3A, Fas3 group: 62.2% in-
hibition, P < 0.05 versus CHX group, #n = 6; Fas10 group:
84.2% inhibition, P < 0.01 versus CHX group, n = 6). Con-
sistently, mRINA expression of fibronectin, a marker of tissue
fibrotic changes, of rats in the CHX group was upregulated
75.4-fold as compared with that in the control group (P <
0.01, n = 6). Treatment with fasudil attenuated the increased
expression of fibronectin in a dose-dependent manner (Figure
3B, Fas3 group: 20.9% inhibition, P < 0.05 versus CHX
group, n = 6; Fas10 group: 80.0% inhibition, P < 0.01 versus

CHX group, 7 = 6). Similarly, mRNA expression of VEGF
was increased in the peritoneum ofrats in the CHX group 2.1-
fold, which was attenuated by treatment with fasudil in a
dose-dependent manner (Figure 3C, Fas3 group: 18.1% in-
hibition, P < 0.05 versus CHX group, n = 6; Fas10 group:
34.9% inhibition, P < 0.01 versus CHX group, n = 6).

Effects of fasudil on inflammatory changes and EMT in
the CHX-damaged peritoneal tissues

Fibrotic changes of the peritoneum are preceded partly by
inflammation of the peritoneum. To assess inflammatory
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Fig. 5. Rho-kinase activity in the peritoneal tissues. The activity of Rho-kinase was evaluated by immunoblotting using antibody against phosphorylated
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shown in the lower panel. **P < 0.01 between the two group, n = 6. The blots shown here were representative of three independent experiments.

changes, invasion of macrophages in the peritoneum was
examined by immunostaining with CD68, a cell surface
marker of macrophages. As shown in Figure 4A, the stain-
ing with CD68 was enhanced in the peritoneum of rats in
the CHX group, which was significantly attenuated by
treatment with fasudil in a dose-dependent manner (Fas3:
79.2% inhibition, P < 0.01, n = 6; Fas10: 88.4% inhibi-
tion, P < 0.01, n = 6). Immunostaining for «-SMA, one
of the markers of fibrosis in the tissues was also examined.
Staining was increased in the CHX group compared to the
control group, which was also attenuated by treatment with
fasudil in a dose-dependent manner (Fas3: 48.5 % inhib-
ition, P = 0.51, n = 6; Fas10: 99.9% inhibition, P < 0.01,
n = 6, Figure 4B, upper panel). Consistently, mRNA
expression of 0-SMA in the peritoneum of rats in the
CHX group was enhanced in comparison with that in con-
trol rats (P < 0.01, n = 6, Figure 4B, lower panel), which
was significantly attenuated by treatment with fasudil
(Fas3: 46.7% inhibition, P = 0.54, n = 6; Fas10: 99.9%
inhibition, P < 0.01, n = 6, Figure 4B, lower panel).

Rho-kinase activity in the peritoneal tissues

In order to explore the role of Rho-kinase in the patho-
genesis of CHX-induced peritoneal fibrosis, the activity
of Rho-kinase was evaluated by immunoblotting using an
antibody against phosphorylated MYPT, a substrate of
Rho-kinase. Rho-kinase activity in the peritoneum of rats
in the CHX group was enhanced when compared with that
of control rats (Figure 5, 3.5-fold induction versus control
group, P < 0.01, n = 6). The activation of Rho-kinase was
inhibited by treatment with fasudil (Figure 5, Fas3 group:
43,6% inhibition, P < 0.01 versus CHX group, n = 6;
Fas10 group: 74.3% inhibition, P < 0.01 versus CHX

group, n = 6). These data indicated that Rho/Rho-kinase
pathway was activated in CHX-induced peritoneal damage,
which was successfully inhibited by the treatment with
fasudil.

Effects of Y-27632 on TGF-B expression and VEGF
production in MeT-54 cells

To examine whether the effects of Rho-kinase inhibition
was its direct action on mesothelial cells, an in vitro study
utilizing the mesothelial cell line, MeT-5A cells, was
performed. Stimulation of MeT-5A cells with high glucose
(200 mmol/L) upregulated mRNA expression of TGF-B
10.5-fold as compared with that of quiescent cells
(P < 0.01), which was inhibited by pretreatment with the
Rho-kinase inhibitor, Y-27632, in a dose-dependent man-
ner (Figure 6A, 5 umol/L, Y5: 69.3% inhibition, P < 0.05
n=75; 10 umol/L, Y10: 81.5% inhibition, P < 0.01 versus
glucose-stimulated cells, n = 5). Secretion of VEGF in the
medium was increased in glucose-stimulated MeT-5A cells
(3.0-fold induction, P < 0.05 versus quiescent cells, n = 5),
which was also inhibited by Y-27632 in a dose-dependent
manner (Figure 6B, 5 pumol/L, Y5: 14.7% inhibition,
P < 005 n = 5; 10 pmol/L, Y10: 25.2% inhibition,
P < 0.05 versus glucose-stimulated cells, n = 5). These
data implied that the effects of Rho-kinase inhibition were
partly due to direct action on mesothelial cells.

Discussion

During long-term PD, morphological and functional
changes of the peritoneal membrane lead to ultrafiltration
failure and inefficient elimination of solutes. Typical
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Fig. 6. Effects of Y-27632 on TGF-B expression and VEGF production in
MeT-5A cells. Serum-starved mesothelial cells (quiescent) were stimu-
lated with high glucose (200 mmol/L glucose) in the presence or absence
of Rho-kinase inhibitor, Y-27632 at concentrations of 1 pmol/L (Y1),
5 umol/L (Y5) and 10 pmol/L (Y10). The mRNA expression of TGF-§
in the cell (upper panel) and the concentration of VEGF in the medium
(lower panel) were analyzed by real-time PCR and enzyme-linked immu-
nosorbent assay, respectively. **P < 0.01 versus CHX group, *P < 0.05
versus CHX group, n = 5.

morphological alterations of the peritoneal membrane are
submesothelial fibrosis, angiogenesis and inflammatory
cell infiltration [29]. These peritoneal changes of PF and
PS result in a serious clinical complication, EPS, although
other factors than PS were involved in its pathogenesis
(Figure 7). In the present study, we utilized a rat model
with CHX-induced PF, which has been reported to mimic
the peritoneal pathological changes in long-term PD pa-
tients, such as the pathological changes observed in PS
and EPS [30, 31]. We demonstrated that the Rho-kinase
inhibitor, fasudil successfully prevented the progression of
PS. In addition, as shown in the present study (Figure 1),
this model has a macroscopic appearance of EPS in the
peritoneum and small intestine. Using this model, several
reagents have been tested as therapeutic strategies against
PS, including rennin—angiotensin system blockade [32],
erythropoietin [24] and antifibrotic agent, pirfenidone
[33]. In this study, we demonstrated that administration
of fasudil inhibited the peritoneal fibrotic changes and
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Fig. 7. Schema depicting the molecular mechanism for peritoneal damage
through the activation of Rho/Rho-kinase pathway. Peritoneal tissue dam-
age is induced by biocincompatible dialysis solution, which provoked
migration of inflammatory cells and activation of the Rho/Rho-kinase
pathway in each cell type present in the peritoneal tissues, monocytes/
macrophages, mesothelial cells and endothelial cells. Activation of the
Rho/Rho-kinase pathway in the peritoneal tissues induced tissue fibrosis
and angiogenesis through the increased expression of TGF-$ and VEGF,
respectively. Angiogenesis leads to hyperpermeable peritoneal tissues.
Both fibrosis and angiogenesis deteriorate peritoneal membrane function
and result in ultrafiltration failure or increased transport of small solutes.
Blocking this pathway halts these tissue alterations and prevents peritoneal
membrane failure.

blocked progression to EPS, which can constitute a novel
therapeutic strategy for the prevention of EPS in long-term
PD patients.

One of the first steps of PF is inflammatory damage to
the mesothelial tissues, which is initiated by the recruitment
of inflammatory cells. Another mechanism is that glucose
degradation products, directly through the action receptor
for advanced glycation end-products, could upregulate
TGF-P and cause fibrosis. The damage of peritoneal mes-
othelial celis cause the peritoneal adhesion and dysfunc-
tion. Histological findings of damaged peritoneum in our
rat models revealed that macrophages (CD68-positive
cells) migrating from vascular tissues move on the surface
of the peritoneum and reside in a line (Figure 4A). Studies
in vascular tissues have suggested that monocyte recruit-
ment into the vessel wall is usually promoted by chemo-
kines, such as monocyte chemoattractant protein-1,
which is an early step in the process of arteriosclerosis
[13]. Rho-kinase is involved in macrophage-mediated



Rho-kinase inhibitor ameliorates PF

formation of coronary vascular lesions in an in vivo porcine
model and a Rho-kinase inhibitor, hydroxyl-fasudil mark-
edly inhibited macrophage accumulation and migration
[34]. In this study, as a result of the inhibitory effects
of fasudil on macrophage migration, the initiation of
peritoneal tissue inflammation was attenuated and the
expressions of fibrotic factor, TGF-B, fibronectin and var-
ious inflammatory cytokines which, in part, were secreted
by migrated inflammatory cells, were downregulated.
These effects contributed to blocking the aggravation of
peritoneal damages.

Various humoral factors from migrated macrophages or
mesothelial cells were suggested to be involved in the de-
velopment of PS. Among them, TGF-§ plays the most
essential role in the initiation of PS by EMT of peritoneal
mesothelial cells [35, 36]. Consistently, blockade of TGF-J
has been shown to prevent the development of PF in rat PF
models [8]. Accumulating evidence has been reported that
the Rho/Rho-kinase pathway participates importantly in
the process of tissue fibrosis as well as EMT in several
tissue culture systems [37-41]. We previously reported that
Rho-kinase inhibitor attenuates renal inflammatory
changes in remnant kidney models and that, through its
inhibitory effects on the Rho/Rho-kinase pathway, the T-
type calcium channel blocker attenuated renal fibrotic
changes of the rat model [42]. In the present study, the
Rho-kinase inhibitor downregulated the increased expres-
sion of TGF- and fibronectin in the peritoneal membrane
of rats with CHX-induced PF. Furthermore, fasudil mark-
edly inhibited the expression of a-SMA mRNA and de-
creased o-SMA immunostaining, which suggested its
inhibitory effects on the fibrotic changes by mesothelial
cells. Finally, Masson’s trichrome staining revealed that
the Rho-kinase inhibitor reduced thickening of the perito-
neal membrane and decreased the fibrotic component. The
present study provides a novel therapeutic strategy for pre-
vention against the initiation and the progression of PF and
its serious complication, EPS. The mechanisms involved in
this PF were summarized in Figure 7.

Besides inflammation and fibrosis, an increased number
of capillaries are also related to peritoneal membrane
failure [1, 43]. Angiogenesis is involved in elevation of
small-solute transport across the peritoneal membrane
and in ultrafiltration failure. Peritoneal expression of VEGF
is correlated with the degree of angiogenesis [44]. Our rat
models of peritoneal damage presented with the increased
number of capillaries and the increased expression of
VEGEF in the peritoneal membrane, which were attenuated
by treatment with fasudil. Y-27632 inhibited secretion of
VEGF from MeT-5A cells, although the expression levels
in the cells were not altered (data not shown). Therefore,
inhibitory effects by fasudil resulted from its effects on
endothelial cells or on transdifferentiated mesothelial
cells because transformed not intact mesothelial cells are
an important source of VEGF in PD patients [45]. The
expression of VEGF was regulated by the Rho/Rho-kinase
pathway in vascular endothelial cells [46]. Our i vitro data
indicated that, in addition to endothelial cells, peritoneal
mesothelial cells also produced VEGF, which might con-
tribute to angiogenesis in the submesothelial cell layer in
the peritoneum and to the regulation of peritoneal perme-
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ability. Y-27632 blocked secretion of VEGF from MeT-5A
cells, which underscored activation of the Rho/Rho-kinase
pathway as a potential mechanism for angiogenesis in the
damaged peritoneum. Bleeding through the neovascular
tissues created an accumulated fibrin layer and resulted in
the cocoon formation. As evident in the improvement in
macroscopic findings of peritoneum in rats treated with
fasudil, inhibition by Rho-kinase prevented bleeding and
further damage to peritoneal tissues. These mechanisms
involved in angiogenesis were summarized in Figure 7.

In the present study, peritoneal sclerosing models were
made by injection of CHX solution intraperitoneally. This
model does not precisely reflect the pathology of EPS and
PS in PD patients. We were also unable to consider the
extent to which uremia affected peritoneal membrane dam-
ages. Moreover, we observed that since peritoneal damages
were induced by the intraperitoneal injection of CHX in
this model, the affected lesion appeared to be widely dis-
persed, which caused the values of CHX group with wide
variances. However, several studies already have shown
similarities of pathological changes in peritoneal tissues
between this models and long-term PD patients {24, 30,
31]. In addition, in an in vitro study, we utilized MeT-5A
cell line whose phenotype is not completely similar to that
of peritoneal mesothelial cells [26]. In spite of these limi-
tations, this study demonstrated that the Rho-kinase inhib-
itor ameliorated the development of peritoneal damage.
Since no promising therapeutics have been established
for peritoneal injury in PD patients, the Rho-kinase inhib-
itor may be a novel strategy as a protective agent for peri-
toneal damages and the ensuing PS.
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