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LABORATORY STUDY
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Abstract

Background: Encapsulating peritoneal sclerosis (EPS) is characterized by neovascularization, increased inflammation,
and interstitial fibrosis of the peritoneum. We investigated the effects of imatinib on the peritoneal membrane in an
experimental EPS model. Methods: We separated 24 non-uremic Wistar rats into four groups: the control group which
was injected with 2 mL isotonic saline intraperitoneally (IP) daily for 3 weeks, the CG group which was injected with
chlorhexidine gluconate (CG) IP daily for 3 weeks, the resting group which was injected with CG IP between weeks 0–3
followed by a peritoneal rest period between weeks 3–6, and the CG þ Imatinib mesylate group (CG þ IMA) which
received CG through weeks 0–3 followed by 50 mg/kg imatinib mesylate through weeks 3–6. At the end of the study, we
performed a 1-h-peritoneal equilibration test and examined the peritoneal function and transforming growth factor-β1
(TGF-β1) in dialysate. Morphologic changes were evaluated by microscopy and immunohistochemistry. Results: An
increased ultrafiltration, dialysate/plasma-creatinine-ratio, end-to-initial-dialysate-glucose-ratio, decreased active
mesothelial cell ratio and inflammation, and a slightly decreased TGF-β1 of dialysate were found in the CG þ IMA
group compared to CG alone. Furthermore, the CG þ IMA group had a lower concentration of active mesothelial cells
than did the resting group. Ultrafiltration was improved in CG þ IMA group compared to resting group, however,
significant decrease in peritoneal thickness and inflammation were not found compared to those in resting group.
Furthermore, there was no significant difference in fibrosis or TGF-β1-positivity on immunohistochemistry between the
groups. Conclusions: Tyrosine kinase inhibition with imatinib may lead to a decrease in mesothelial cell activity and an
increase in ultrafiltration. However, peritoneal fibrosis was unchanged by imatinib in EPS model.
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INTRODUCTION

Encapsulating peritoneal sclerosis (EPS) is the most ser-
ious complication of peritoneal dialysis treatment.
Although uncommon, EPS results in high mortality
rates. Histologically, it is characterized by fibrin deposi-
tion, proliferation of fibroblasts, neovascularization, and
increased inflammation with mononuclear cell infiltra-
tion and exaggerated interstitial fibrosis of the
peritoneum. Treatment of peritoneal fibrosis with
anti-inflammatory/immunosuppressive agents has been
evaluated previously, but only a few agents, such as
tamoxifen and glucocorticoids, are currently used in

clinical practice.1 To increase the utilization of the peri-
toneal dialysis (PD) modality worldwide, emerging stra-
tegies have shifted to the development of novel
antifibrotic agents using experimental models. An ideal
antifibrotic agent should decrease the production of col-
lagen and reduce the preexisting accumulation of extra-
cellular matrix.

Tyrosine kinases regulate normal cellular processes,
including growth, differentiation, and apoptosis.
Pathological tyrosine kinase activation may drive fibro-
genesis, which is involved in various diseases, including
cancer, pulmonary arterial hypertension, and systemic
sclerosis.2 Recently, there has been an interest in the
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efficacy of tyrosine kinase inhibitors in the treatment of
fibrotic diseases. Imatinib, the first generation tyrosine
kinase inhibitor to be established in the treatment of
chronic myeloid leukemia,3 inhibits the tyrosine kinase
activity of the c-abl, which interferes with the signaling
pathway of transforming growth factor β (TGF-β) and
platelet-derived growth factor (PDGF). TGF-β and
PDGF are thought to play important roles in fibroblast
activation.4,5 Imatinib has also been shown to prevent the
development of dermal, pulmonary, renal, and liver
fibrosis.6–9 In this study, we investigated the effects of
imatinib on the peritoneal membrane in an experimental
EPS model.

MATERIALS AND METHODS

We included 24 male 8-week-old non-uremic Wistar
albino rats weighing 250–300 g in the present study. All
animal procedures were performed under standard con-
ditions in the Marmara University Animal Laboratory,
and all experiments conformed to the animal care proto-
cols of the institution. Rats were housed in polycarbonate
cages maintained at 24�C with a 12-h light–dark cycle
and were fed a standard laboratory diet and given free
access to water. The Animal Ethics Committee of
Marmara University approved the study design.

Peritoneal fibrosis was induced by intraperitoneal
injection of 0.1% chlorhexidine gluconate (CG) in 15%
ethanol dissolved in saline, as described previously with
some modifications.10 Based on previous reported
papers, a 3-week period of treatment with intraperitoneal
CG injection was performed.11 To avoid physical
damage to the peritoneum caused by repeated injections,
CG injections were given in the lower peritoneum,
whereas the upper portion was used for histology.

Four groups of rats were used in the experiment: The
first group (n ¼ 6), the control group, received 2 mL
isotonic saline intraperitoneally (IP), daily for 3 weeks.
The second group (n¼ 6), the CG group, received 2mL
CG solution injected IP, daily for 3 weeks. In the third
group (n ¼ 6), the resting group, daily CG injections
(weeks 0–3) were followed by peritoneal rest (weeks 3–
6), and in the fourth group (n ¼ 6), the CG þ Imatinib
mesylate (CG þ IMA) (Glevec, Novartis, Basel,
Switzerland) group , daily CG injections (weeks 0–3)
were followed by 50 mg/kg imatinib mesylate diluted in
drinking water and delivered via an orogastric tube
(weeks 3–6). The dosage of imatinib mesylate was cho-
sen based on the therapeutic effects in other rat models.
At the end of the study period, we performed a 1-h
peritoneal equilibration test with 25 mL of 3.86%
PD solution (Dianeal, Eczacibasi-Baxter, Istanbul,
Turkey). After 1 h, rats were anesthetized with ketamine
(50 mg/kg body weight), and blood samples were
obtained by cardiac puncture immediately. A small
midline abdominal incision was made and dialysate
samples were collected via a thin silicon catheter for

the determination of TGF-β, dialysate-to-plasma ratio
of urea (D/P urea), dialysate-to-plasma ratio of creati-
nine (D/P creatinine), end-to-initial dialysate glucose
(D1/D0 glucose), and net ultrafiltration (UF) volumes.
Then, the peritoneal cavity was exposed and samples of
the parietal peritoneum were taken for further
evaluation.

Blood and dialysate fluid levels of glucose, urea, and
creatinine were measured with an automatic analyzer. D/
P urea, D/P creatinine, and D1/D0 glucose values were
calculated. The other portion of the dialysate fluid was
stored at –20�C for later measurement of TGF-β con-
centrations. TGF-β concentrations in dialysate samples
were determined independently by antibody enzyme-
linked immunosorbent assay (ELISA) using commercial
antibody pairs, recombinant standards, and a biotin–
streptavidin–peroxidase detection system (Assay
Designs, Ann Arbor, MI, USA).

For histologic examination, the tissues were fixed in
10% formalin after collection, then paraffin-processed
and embedded. Tissue sections of 4 μm were stained
with hematoxylin-eosin and Masson’s trichrome for
morphological examination. All histological studies
were performed blind by a single pathologist.
Neovascularization and inflammation were evaluated
based on semi-quantitative scoring. Capillaries and
mononuclear cells were counted. Mesothelial cells were
classified as normal (flat cells) or reactive (cubic trans-
formation of flat cells), and the proportion of reactive
mesothelial cells was used for evaluation. Fibrosis was
scored between 0 and 3 regarding early (a few lacy col-
lagens), middle (lacy and mature collagens), and late
(mature collagens) phase. Peritoneal thickness was
determined as the thickness of the submesothelial zone
measured from the inner surface of abdominal muscle to
the mesothelium. Thickness was measured with an ocu-
lar micrometer using an Olympus microscope
(Hamburg/Germany).

For immunohistochemistry of the peritoneum, sec-
tions were deparaffinized, rehydrated, and incubated
with mouse monoclonal antibodies according to the
manufacturer’s directions. Antigen retrieval was used
for TGF-β1 (SantaCruz Biotechnology Inc., CA,
USA). After incubation, tissue sections were covered
with anti-mouse secondary antibody, washed and slides
were incubated in peroxidase conjugated with a
streptavidin-biotin complex. The areas containing posi-
tive cells for TGF-β1 were evaluated under 200� mag-
nification. Results are reported as the percentages of
positive cells per mm2 of peritoneal tissue.

In statistical analysis, all continuous variables are
expressed as the means � standard error of the mean
and proportions are expressed as numbers (%). Data sets
were examined by ANOVA and comparisons among the
four groups were performed using Mann–Whitney U-
tests for and chi-square tests where appropriate. A value
of p < 0.05 was considered to indicate statistical
significance.
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RESULTS

Peritoneal Function
Table 1 shows the results of the peritoneal transport tests.
CG exposure for 3 weeks resulted in obvious alterations in
peritoneal transport characteristics. In the CG group, the
net UF volume andD1/D0 glucose levels were significantly
decreased as compared to the control group (–0.17 � 1.6
vs. 7.15� 1.2 mL, p < 0.001; 0.45� 0.04 vs. 0.77� 0.14,
p< 0.001; respectively). D/P urea andD/P creatinine ratios
were increased with the CG injections, indicating impaired
peritoneal transport. Although the net UF volume, which
decreased with CG injections, improved with rest, the
improvement was not statistically significant (–0.17 � 1.6
vs. 3.7 � 4.3, p ¼ 0.109). Peritoneal resting for 3 weeks
significantly improved D1/D0 glucose ratios as compared
to the CG group (0.72� 0.16 vs. 0.45� 0.04, p¼ 0.010).
Imatinib administration resulted in better UF volumes
as compared to those in the CG and resting groups

(6.1 � 3.8 mL vs. –0.17 � 1.6 mL, p ¼ 0.037 and 6.1 �
3.8 mL vs. 3.7� 4.3 mL, p¼ 0.020). However, there were
no significant improvements in D/P urea, D/P creatinine,
and D1/D0 glucose ratios when compared to those in the
peritoneal rest group.

Dialysate TGF-β Level
Dialysate TGF-β measurements are shown in Figure 1.
DialysateTGF-β levels were significantly higher in theCG
group as compared to the control group (63.4 � 10.9 vs.
45� 7.7, p¼ 0.42). In the resting and imatinib treatment
groups, TGF-β levels slightly decreased after CG expo-
sure, but the decrease was not statistically significant.

Peritoneal Histopathology
Data on the histopathology of peritoneal samples are
summarized in Table 2. There were significant
morphological alterations in peritoneal membrane

Table 1. Comparison of study groups regarding functional alternations.

Control (n ¼ 6) CG (n ¼ 6) Resting (n ¼ 6) CG þ Imatinib (n ¼ 6)

UF volume (mL) 7.15 � 1.2 �0.17 � 1.6� 3.7 � 4.3 6.1 � 3.8��,���

D/P urea 0.72 � 0.04 0.83 � 0.08� 0.83 � 0.12 0.84 � 0.11
D/P creatinine 0.87 � 0.09 1.16 � 0.22� 1.14 � 0.21�� 1.2 � 0.18��

D1/D0 glucose 0.77 � 0.14 0.45 � 0.04� 0.67 � 0.15�� 0.72 � 0.16��

Notes: �p < 0.05 vs. Control; ��p < 0.05 vs. CG; ���p < 0.05 vs. Resting.
CG, chlorhexidine gluconate; UF, ultrafiltration; D/P, dialysate-to-plasma ratio; D1/D0, end-dialysate-to-initial-dialysate concentration.
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Figure 1. Transforming growth factor-β1 (TGF-β1) level in study groups. Note: CG, chlorhexidine gluconate.

Table 2. Comparison of study groups regarding morphologic alterations.

Control (n ¼ 6) CG (n ¼ 6) Resting (n ¼ 6) CG þ İmatinib (n ¼ 6)

Peritoneal thickness (μm) 15.67 � 2.3 62.2 � 5.5� 59.7 � 7� 62.3 � 9.7�

Vessels (n) 4.8 � 2.2 16.5 � 5.4� 13.7 � 6.6� 17.5 � 6.7�

Inflammation 0.17 � 0.1 1.5 � 0.22� 1.17 � 0.17� 1.0 � 0.0�,��

Reactive mesothelial cell ratio (%) 0 100� 83.3� 16.6��,���

Fibrosis score 0.17 � 0.1 2.17 � 0.17� 2.33 � 0.0� 2.0 � 0.0�

Notes: �p < 0.05 vs. Control; ��p < 0.05 vs. CG; ���p < 0.05 vs. Resting.
CG, chlorhexidine gluconate.
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characteristics between the study groups. Peritoneal
thickness, angiogenesis, and fibrosis score were
increased significantly in the CG group as compared
to those in the control group. The inflammation score
and proportion of reactive mesothelial cells were also
elevated in the CG group. Resting had no beneficial
effects on structural parameters. However, imatinib
administration significantly decreased the proportion
of reactive mesothelial cells compared to that in the
resting group (16.6% vs. 83.3%, respectively).
Peritoneal thickness, number of vessels, inflammation,

and fibrosis score did not improve with imatinib therapy
(Figure 2).

Peritoneal Immunohistochemistry
Compared with the control group, rats in the CG group
had increased numbers of TGF-β1-positive cells
(Figure 3). The numbers of TGF-β1-positive cells were
significantly decreased in the CG þ IMA group and the
resting group. However, there was no significant differ-
ence between the CG þ IMA group and the resting
group (Figure 4).

Figure 2. Histologic features of the parietal peritoneum (hematoxylin-eosin, magnification�200). (A)The intact thinmesothelial layer of the
peritoneum overlies muscle in the control group. (B) Chlorhexidine significantly increased thickness, cellularity (inflammation), and fibrotic
changes. (C) Peritoneal rest had no morphologic benefits; increased vascularity, thickness, and fibrosis are also shown in the resting group.
(D) Imatinib treatment group is characterized by reduced cellularity (inflammation).
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Figure 3. Transforming growth factor-β1 (TGF-β1) positive cell count in study groups. CG, chlorhexidine gluconate..
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DISCUSSION

In this study, we demonstrate that imatinib treatment
exerts beneficial effects in a rat model of EPS. CG-
induced EPS is characterized by a marked thickening of
the submesothelial zone of the parietal peritoneum, infil-
tration of inflammatory cells, and increased mesothelial
cell reactivity, resulting in significant reduction in ultra-
filtration. Our results show that tyrosine kinase inhibition
with imatinib improves net UF volume and decreases the
proportion of reactive mesothelial cells, which reflects
healing of peritoneal injury.

EPS is characterized by activation of peritoneal
mesothelial cells, accumulation, and deposition of excess
matrix proteins within the interstitium and neovascular-
ization of the peritoneal microstructure.12 Animal mod-
els have previously shown an increased expression of
TGF-β, alpha- smooth muscle actin (α-SMA), collagen,
and vascular endothelial growth factor in the perito-
neum. Neovascularization and fibrosis seem to be inti-
mately linked to the initiation of these growth factors,
inflammatory cytokines, and epithelial-to-mesenchymal
transition (EMT) of mesothelial cells. There is increas-
ing evidence that prevention of EMT or inhibition of
growth factors and cytokine release may ameliorate peri-
toneal fibrosis and angiogenesis.13 Previously, tamoxi-
fen, somatostatin, colchicine, and everolimus have been
suggested as therapeutic treatments in EPS animal mod-
els.14–17 These focus primarily on treating underlying
inflammation and suppression of inflammatory cell activ-
ity using anti-inflammatory therapies in conjunction with
immune-modulating drugs. Unfortunately, only tamox-
ifen has been proven to be effective in the treatment of
EPS. Imatinib mesylate is a known potent inhibitor of
TGF-β and PDGF, which has been used as an

antifibrotic agent in bleomycin-induced pulmonary and
dermal fibrosis rat models.4,5 However, in our study,
imatinib failed to inhibit progression of peritoneal
fibrosis.

Imatinib may have failed to inhibit progression of
fibrosis in this EPS model for several reasons. Firstly,
previous studies show that the antifibrotic effects of
this agent depend largely on the period of adminis-
tration. Regression of established fibrosis is probably
mediated by inhibition of collagen synthesis and/or
increase in matrix degradation. Imatinib administra-
tion during the post-injury reparation phase does not
protect against fibrosis,18 probably because Imatinib
fails to inhibit TGF–β/SMAD signaling and seems to
promote differentiation of myofibroblasts, which con-
tinue to express α-SMA. In contrast, administration
of imatinib during the injury phase can suppress
TGF-β-induced myofibroblast differentiation by
SMAD-independent pathways.4

In our study, we also determined the concentrations of
TGF-β in dialysate and tissue TGF-β1 expression.
Whereas most animal studies have demonstrated a sig-
nificant reduction in dialysate and tissue TGF-β level
after EPS treatment, imatinib therapy had no such effect.
These results seem to contradict the hypothesis that
imatinib has anti-inflammatory effects. However, insuf-
ficient decrease in this cytokine could be due to increased
peritoneal mesothelial cell mass, which might be respon-
sible for increased secretion of TGF-β, after the use of
imatinib. Indeed, peritoneal mesothelial cells constitu-
tively produce low levels of TGF-β, as well as other
factors such as bone morphogenic proteins.19 Tejde
et al. 20 also showed that there was no decrease in
TGF-β levels in dialysate despite improvement in CA
125 levels, which has been identified to correlate with

Figure 4. Immunohistochemical staining for transforming growth factor-β1 (TGF-β1). Histologic sections from (A) the control group, (B)
CG group, (C) resting group, and (D) CG þ IMA group (magnification �200).
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mesothelial cell mass and turnover after the use of bicar-
bonate containing dialysis fluid in PD patients.

We know that several important properties of mesothe-
lial cells enable homeostasis of the peritoneum by several
actions, including regulation of solute and water trans-
port, regulation of peritoneal fibrinolysis, and production
and remodeling of the extracellular matrix. Mesothelial
cells can facilitate the transport andmovement of fluid and
solutes across the peritoneal membrane and are the first
line of defense during bacterial or chemical inflamma-
tion.21 In human peritoneal mesothelial cells, expression
of aquaporin-1 and aquaporin-3, which playmajor roles in
transcellular water movement, was demonstrated pre-
viously. In line with this data, we thought that improved
mesothelial cell activity provides a better UF capacity via
aquaporins.22,23 Although the fibrosis score and neoan-
giogenesis were not improved with imatinib administra-
tion, better preservation of the UF volume could be
explained by decreased inflammation and decreased
mesothelial cell activity.

In this study, we selected a dose of imatinib that is
comparable with that used in previous animal models of
fibrosis.24Chaudhary et al. used a bleomycin injurymodel
inmaleWistar rats and compared the effects of three doses
of imatinib (10, 30, and 50 mg/kg/day); a dose of 50 mg/
kg/day was the most efficacious in their study. The recom-
mended dose of imatinib mesylate in chronic myeloid
leukemia and gastrointestinal stromal tumors is 400–
600 mg/day or 5–8 mg/kg/day, for an average 70 kg
human. The doses of imatinib in rats are much higher
than those used in humans, which reflects differences in
the in vitro activity between species.

The major limitation of the present study was the lack
of determination of tissue tyrosine kinase levels.
However, this study provides information regarding the
beneficial effects of imatinib on the peritoneal mem-
brane, such as improved UF capacity.

Recurrent peritonitis, bioincompatible dialysis solu-
tions, or conventional dialysis solutions with a high glu-
cose concentration and long-term PD treatment can lead
to peritoneal fibrosis. EPS is characterized by exaggerated
fibrosis of the peritoneum. Although the risk factors for
EPS development are well known, EPS occurs in few PD
patients and the underlying etiology is unclear. Although a
long-term PD duration is one of the risk factors, the onset
duration of EPS cannot be predicted. Therefore, the co-
treatment model could be favorable for EPS treatment in
experimental nephrology; however, further studies are
needed before it is implemented in clinical practice.

In conclusion, we demonstrated that tyrosine kinase
inhibition with imatinib may improve UF capacity and
decrease mesothelial cell activity. However, peritoneal
fibrosis was unchanged upon imatinib administration in
this experimental EPS model.

Declararion of interest: The authors report no con-
flicts of interest. The authors alone are responsible for the
content and writing of the paper.
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