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SUMMARY AT A GLANCE

This study demonstrated that omega-3
fatty acids inhibited peritoneal fibrosis
through inhibiting activation of fibroblasts
and M2 microphages and subsequently
TGF-ß1-VEGF-ALK5 signaling in rats that
received peritoneal dialysis with 4.25%
glucose. Omega-3 fatty acids may provide
a protective role on peritoneal dialysis-
induced peritoneal fibrosis.

ABSTRACT:

Aim: This study was conducted to investigate the chronic injury of perito-
neal glucose injection on the peritoneum and intestine and the protective
effects of omega-3 polyunsaturated fatty acid (ω-3PUFA) during peritoneal
dialysis (PD).
Methods: Peritoneal dialysis animal models were established by intraperito-
neal injection of 4.25% glucose for 28 days. Protein expression in ileum and
peritoneum was measured by immunofloresence and immunohistochemis-
try. Protein expression in macrophages was measured by Western blot.
Fibrosis was analyzed by Masson staining.
Results: Peritoneal dialysis significantly increased the structural injury and
decreased junction-related protein ZO-1 and occludin expression in ileum,
the expression of proteins relating to the activation of M2 (Erg2, IRF4), but
not M1 (CD38, IRF5) macrophages. PD significantly increased the expres-
sion of TGF-β1, VEGF and ALK5 protein in peritoneal tissues. PD signifi-
cantly increased fibrosis (Masson staining) and the expression of fibroblast
marker α-SMA in peritoneal tissues. Injection of macrophage clean reagent
and ω-3PUFA significantly inhibited M2 activation, and decreased Masson
staining, α-SMA, TGF-β1, VEGF and ALK5 protein expression in peritoneal
tissues in PD treated rats. ω-3PUFA injection significantly decreased PD-
induced injury in ileum and normalized the expression of ZO-1 and
occludin in the ileum of PD rats.
Conclusion: Omega-3 fatty acids can provide a protective role on PD-
induced peritoneal fibrosis and injury of the intestine.

Peritoneal dialysis (PD) is a technique to remove wastes,

chemicals and extra water from the body of patients with

chronic kidney disease and renal failure. However, long-

term peritoneal dialysis can cause severe complications such

as the development of peritoneal chronic inflammation and

fibrosis.1 The fibrosis process and inflammation are often

two cooperative parts which are frequently induced bidirec-

tionally.2 Inflammatory cytokines induced by peritoneal

dialysis solutions, such as glucose and glucose degradation

products, can induce fibrosis.3 It is generally accepted that

classically activated macrophages (M1) secrete many pro-

inflammatory cytokines which are involved in tissue dam-

age, whereas alternatively activated macrophages

(M2) secrete the growth factor beta (TGF-β) which

participates in tissue remodeling and fibrosis occurrence.4,5

The effect of M2 on peritoneal fibrosis related to PD has

been revealed.6 However, it currently lacks effective preven-

tion of peritoneal fibrosis during PD.
The intercellular tight junctions (TJ) and apical plasma

membrane of the enterocytes form the intestinal epithelial

barrier that regulates the transport of water, ions and

organic molecules across the epithelium.6 TJ are composed

of cytoplasmic scaffolding proteins (ZO family and cingulin)

and transmembrane barrier proteins (occludin and

claudins).7 Among these TJs, ZO-1 (zonula occludens 1) and

occludin form a ‘leak’ pathway to regulate the permeability

of macromolecules and claudin forms at ‘pore’ pathway to

regulate permeability of ions and small molecules.8 A
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previous study also demonstrated that the expression of TJ

proteins, such as occludin and ZO-1, was significantly

decreased in human peritoneal mesothelial cells isolated

from patients that received peritoneal dialysis.9

Omega-3 fatty acids, the natural components of fish oil,
have long been believed to prolong life in patients with
heart diseases.10 Clinical studies suggest that supplementa-
tion with pharmacological doses of ω-3PUFA prolongs the
survival of patients with heart failure most likely through its
anti-inflammatory effects, such as reducing circulating levels
of inflammatory cytokines.11 A recent study demonstrated
that dialyzed patients have a significantly lower content of
n-3 PUFA, which contributes to a high cardiovascular risk in
patients with chronic kidney disease.12 However, the effects
of ω-3PUFA on the development of peritoneal fibrosis dur-
ing peritoneal dialysis have not been addressed.
In this study, we established the peritoneal dialysis model

in rats and further observed the effects of macrophage polar-
ization, inflammatory cytokines expression and the effects
of ω-3PUFA administration on the induction of peritoneal
fibrosis.

METHODS

Establishment of peritoneal dialysis rat model

Fifty healthy female adult Sprague Dawley (SD) rats
(8 weeks old) were provided by the Animal Facility of Cen-
tral South University. After one week of adaptive feeding,
rats were randomly divided into five groups (n = 10): nor-
mal control group (without any experimental treatment),
sham PD group, peritoneal fibrosis group, macrophage clear-
ance group and ω-3PUFA intervention group. Animals in
peritoneal fibrosis group, macrophage clearance group and
ω-3PUFA intervention group were intraperitoneally injected
with peritoneal dialysis solution (4.25% glucose, 10 mL/100
g) for 28 days; animals in sham PD group were injected with
an equal volume of saline; animals in the ω-3PUFA inter-
vention group were intragastrically given ω-3PUFA (0.5 and
1.5 g/kg per day) daily,13,14 and animals in macrophage
clearance group were intravenously injected with disodium
chlorophosphate liposomes on the 18th and 21th day of
intraperitoneal injection (0.2 mL/20 g animal body weight).
The dose and time were determined based on a previous
study,15 the product description and our preliminary experi-
ments. All rats were killed on the 29th day post first perito-
neal injection. All experiments were conducted in
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and Chinese legis-
lation on the use and care of laboratory animals.

Pathological changes of intestinal mucosa

After the rats were killed by decapitation, about 1 cm of
intestine was taken from the end of the ileum, rinsed

quickly with saline and fixed in 4% paraformaldehyde over-
night at 4 �C. The tissues were sectioned for H&E staining
and immunofluorescence staining. The intestinal villus
height, intestinal crypt depth and their ratio were measured
using an ipp6.0 image analysis system (Media Cybernetics,
Rockville, MD, USA). Five sections from each rat were mea-
sured and averaged. The mean of villus height, crypt depth
and their ratio in each group were compared. An increase in
villus height, villus/crypt ratio or decrease in the crypt depth
reflects an improvement in the digestion and absorption of
nutrients.16

Peritoneal tissue collection and Masson staining

The peritoneal wall layer and visceral layer were collected and
immediately frozen in liquid nitrogen and stored at −80.0 �C
until use. Partial peritoneal tissues were fixed in periodate-
lysine-paraformaldehyde (PLP) solution overnight at 4 �C,
followed by paraffin embedding and section. The slices were
deparaffinized and rehydrated through 100% alcohol, 95%
alcohol and 70% alcohol, and then stained in Weigert’s iron
haematoxylin working solution for 10 min. After rinsing in
running tap water for 10 min and washing in distilled water,
slices were stained with Biebrich scarlet-acid fuchsin solution
for 10–15 min. They were then followed by differentiating in
phosphomolybdic–phosphotungstic acid solution for
10–15 min and staining with aniline blue solution for
5–10 min. After rinsing briefly in distilled water and differenti-
ating in 1% acetic acid solution for 2–5 min, the slices were
washed in distilled water, dehydrated quickly through 95%
ethyl alcohol, absolute ethyl alcohol and xylene. The degree of
peritoneal fibrosis was observed under a light microscope after
mounting with resinous mounting medium.

Western blot

M1/M2 polarization-related protein expression was ana-
lyzed using Western blot. Briefly, macrophages were iso-
lated from the peritoneal cavity of rats as previously
described.17 The isolated macrophages were homogenized as
previously described.18 The protein concentration was deter-
mined by a Bradford assay (Bio-Rad Laboratories, Hercules,
CA, USA). Ten microgram aliquots of cell homogenate were
loaded per well on a 10% sodiumdodecyl sulfate polyacryl-
amide gel electropheresis (SDS-PAGE) gel. After transferring
the protein to the membranes, they were then blocked with
5% non-fat dried milk for 1 h and incubated with anti-
CD38 (1:1000 dilution), Egr2 (1:1000 dilution), IRF4
(1:1000 dilution), IRF5 (1:1000 dilution) and β-actin anti-
body (1:1500 dilution) (Cell Signaling, Danvers, MA, USA)
overnight at 4 �C followed by incubation with horseradish
peroxidase-conjugated goat anti-rabbit IgG secondary anti-
body (Cell Signaling) for 2 h at room temperature. An
electro-chemi-luminescence (ECL) chemiluminescence sub-
strate (Amersham, Little Chalfont, UK) was used to visualize
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the immune reaction. The images were taken using
ChemiDoc XRS+ system (Bio-Rad Laboratories, Hercules,
CA, USA) and analyzed using Image Lab 4.1 (Bio-Rad Labo-
ratories, Hercules, CA, USA).

Immunofluorescence of ZO-1 and occludin
expression

Immunofluorescence staining was used to observe the
expression of ZO-1 and occludin in ileum. The ileum was
taken from the end of the ileum and rinsed with saline,
and fixed in 4% paraformaldehyde overnight at 4 �C.
After blocking with 10% FBS (fetal bovine serum) for
60 min at 37 �C, the sections were stained with rabbit
anti-occludin or anti-ZO-1 antibody overnight at 4 �C,

followed by goat anti-rabbit IgG conjugated with Alexa
fluor 488 (BD Biosciences, Franklin Lakes, NJ, USA).
Nuclei were stained with 40,6-diamidino-2-phenylinodele
(DAPI) (Sigma, St Louis, MO, USA). The distribution of
target proteins was analyzed by a confocal laser scanning
microscope, LSM700 (Carl Zeiss, Jena, Germany).

Immunohistochemistry

The EnVision™ Detection kit was obtained from Dako Labora-
tories (Carpinteria, CA, USA). EnVision immunohistochemical
staining was performed according to the manufacturer’s proto-
col. Briefly, the routinely paraffin-embedded peritoneal tissues
were sectioned at 4 μM-thick and then deparaffinized. Follow-
ing a 15 min incubation with 3% H2O2 in the dark at room

Fig. 1 The morphological changes in ileum. (A) Representative H&E staining of ileum. Original magnification, 100×. PD significantly decreased the length of
ileal villus (B), had no effect on the depth of crypt (C), and decreased the ratio of depth crypt/the length of ileal villus (D). NC, normal control; PD, peritoneal
dialysis; ***, P < 0.001 versus NC and Sham; #, P < 0.05; ##, P < 0.01; ###, P < 0.001 versus PD.

© 2019 The Authors Nephrology published by John Wiley & Sons Australia, Ltd on behalf of Asian Pacific Society of Nephrology 1083

Omega-3PUFA in peritoneal dialysis rat



temperature and antigen retrieval in sodium citrate buffer
(10 mM Sodium citrate, 0.05% Tween 20, pH 6.0), tissue sec-
tions were incubated with primary anti-α-SMA (1:100 dilution),
anti-VEGF (1:100 dilution), anti-TGF-β1(1:50 dilution) and
anti-ALK5 (1:100 dilution) antibody (Santa Cruz, CA, USA) for
1 h at room temperature. After rinsing in PBS for 3 × 5 min,
Solution A (containing the Electro-Chemi-Luminescence
(HRP)-conjugated secondary antibody) was added to the sec-
tions and incubated for 30 min at room temperature. After rins-
ing with 1 × PBS (Well-Biology, Changsha, China) for
3 × 5 min, sections were treated for Diaminobenzidine (DAB)
staining, haematoxylin counter-staining, dehydration with alco-
hol, soaking in xylene and mounting with neutral balsam. A
total of 500 cells were counted in 10 sections, and the percent-
age of positively stained cells was calculated.

Statistical analysis

The data were presented as means and standard errors of the
mean (SEM) and analyzed using the Statistical Package for

the Social Sciences, Version 20.0 (SPSS, Chicago, IL, USA).
The biochemical data were analyzed using one-way ANOVA or
χ2 test. The post-hoc analyses were performed using
Bonferroni corrected pair-wise comparisons. A P < 0.05 was
considered statistically significant.

RESULTS

The changes in morphology and junction-related
protein expression in ileum

The ileums were collected for H&E staining (Fig. 1) and
immunofluorescence of ZO-1 (Fig. 2) and occludin expres-
sion (Fig. 3). PD significantly decreased the length of ileal
villus and the ratio of the depth of crypt/the length of ileal
villus, but had no effect on the depth of crypt. The injections
of macrophage clean reagent and ω-3PUFA significantly
normalized the changes induced by PD (Fig. 1). Immunoflu-
orescence analysis showed that PD significantly decreased
the expression of ZO-1 and occludin in ileum; however,
treatment of both low and high doses of ω-3PUFA

Fig. 2 Immunofluoresence of ZO-1 expression in the ileum. Original magnifi-
cation, 400×. Changes in spatial expression of ZO-1 protein were qualitative
only. Same slide was stained with rabbit anti-ZO-1 antibody, followed by
Alexa fluor 488 conjugated IgG (ZO-1). Nuclei were further stained with DAPI
(DAPI). The pictures of ZO-1 and DAPI were merged (Merge). DAPI,
40,6-diamidino-2-phenylinodele; PD, peritoneal dialysis; ω-3PUFA LD, ω-3PUFA
low dose; ω-3PUFA HD, ω-3PUFA high dose.

Fig. 3 Immunofluoresence of occludin expression in the ileum. Original
magnification, 400×. Changes in spatial expression of occludin protein were
qualitative only. Same slide was stained with rabbit anti-occludin antibody,
followed by Alexa fluor 488 conjugated IgG (Occludin). Nuclei were further
stained with DAPI (DAPI). The pictures of Occludin and DAPI were merged
(Merge). DAPI, 40,6-diamidino-2-phenylinodele.
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significantly normalized the changes in ZO-1 and occludin
expression induced by PD (Figs 2,3). In contrast, injection of
macrophage clean reagent had less effects on ZO-1 (Fig. 2)
and occludin (Fig. 3) expression.

The changes in microphage polarization and
related molecules expression in peritoneal tissues

The peritoneal macrophages were isolated. Western blots
showed that PD significantly decreased the ratio of
CD38/Erg2 while also significantly increased the expres-
sion of IRF4, a marker of M2 polarization. In contrast, PD
had no effect on the expression of IRF5 protein, a marker
for M1 polarization (Fig. 4). The injections of macro-
phage clean reagent and ω-3PUFA significantly increased
the ratio of CD38/Erg2, but decreased IRF4 expression
compared to PD alone group (Fig. 4). The immunohisto-
chemical staining showed that the expression of TGF-β1
(Fig. 5), VEGF (Fig. 6) and ALK5 (Fig. 7) protein signifi-
cantly increased in peritoneal tissues of PD rats. The
injections of macrophage clean reagent and ω-3PUFA sig-
nificantly normalized the changes in TGF-β1 (Fig. 5),
VEGF (Fig. 6) and ALK5 (Fig. 7) expression
induced by PD.

The changes in fibroblast amount and fibrosis in
PD rats

Masson staining was used to measure the fibrosis of perito-
neal tissues. PD induced significant fibrosis in peritoneal tis-
sues, whereas macrophage clean reagent and ω-3PUFA
significantly normalized the changes induced by PD (Fig. 8).
Immunohistochemistry showed that PD significantly
increased α-SMA expression in peritoneal tissues. In con-
trast, macrophage clean reagent and ω-3PUFA significantly
decreased α-SMA expression in peritoneal tissues in PD
treated rats (Fig. 9).

DISCUSSION

It is widely known that peritoneal dialysis causes peritoneal
chronic inflammation and fibrosis,1 while the activated mac-
rophages (M2) play a key role in peritoneal fibrosis through
secreting TGF-β.4,5,15 Consistent with previous studies, this
study in animal model demonstrated that peritoneal dialysis
with 4.25% glucose for 28 days significantly induced fibrosis
in peritoneum, activated M2 and induced TGF-β1 expres-
sion. Our study demonstrated that peritoneal dialysis signifi-
cantly decreased Occludin and ZO-1 protein expression in
ileum. Although chronic inflammation and fibrosis have

Fig. 4 Western blot of M1/M2
polarization-related protein expression.
(A) Representative Western blots of CD38,
EgR2, IRF5, IRF4, and β-actin. (B) Semi-
quantitative analysis of CD38/Egr2 ratio.
(C) Semi-quantitative analysis of IRF5
expression. (D) Semi-quantitative analysis
of IRF4 expression. **, P < 0.01; ***,
P < 0.001 versus normal control; #,
P < 0.05; ##, P < 0.01; ###, P < 0.001
versus PD.
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been widely observed in peritoneal dialysis patients, no
effective treatments have been developed. This study first
demonstrated that ω-3PUFA effectively inhibited peritoneal
inflammation and fibrosis through regulating M2 activation
and TGF-β1 signaling.
A previous study has revealed that M1 displays a

CD38+Egr2− phenotype, whereas M2 cells have a
CD38−Egr2+ phenotype.19 Thus, the changes in CD38/Erg2
can indicate the tendency of M1 and M2 activation: the
increase suggesting more M1 activation whereas the
decrease meaning more M2 activation. In this study, West-
ern blots showed that PD significantly decreased the ratio of
CD38/Erg2, suggesting that PD caused more activation in
M2 cells in peritoneum. is a key contributor of M1

macrophage polarization whereas IRF4 is a contributor of
M2 polarization.20,21 Our study revealed that peritoneal
dialysis increased IRF4, but not IRF5 protein expression in
peritoneum while the injections of macrophage clean
reagent significantly normalized IRF4 expression. Thus, peri-
toneal dialysis with 4.25% glucose induced M2 activation.

A recent study in animal model demonstrated that TGF-
β1-VEGF-A pathway in mesothelial cells and fibroblasts is
involved in the peritoneal fibrosis induced by dialysis.22

TGF-β1 can induce epithelial-mesenchymal transition via
activation of SMAD3 and transcription of TGF-β receptor
1 (ALK5).23 In this study, the immunohistochemical staining
showed that PD significantly increased the expression of
TGF-β1, VEGF and ALK5 in peritoneal tissues. The injections

Fig. 5 Immunohistochemistry of TGF-β1 expression in peritoneal tissues. (A) Representative immunohistochemical staining of TGF-β1 protein expression.
(B) The percentage of cells with positive TGF-β1 staining.

Fig. 6 Immunohistochemistry of VEGF expression in peritoneal tissues. (A) Representative immunohistochemical staining of VEGF protein expression. (B) The
percentage of cells with positive VEGF staining.
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of macrophage clean reagent significantly normalized the
changes in these markers. The changes in TGF-β1–VEGF–
ALK5 signaling correlated with M2 activation and fibrosis.
However, this is the first study to report the association of
ALK5 with peritoneal fibrosis induced by dialysis.

Relative to our understanding of dialysis-induced perito-
neal fibrosis, we know less about the affection of peritoneal
dialysis on the digestive system. This study found that peri-
toneal dialysis significantly decreased the length of ileal vil-
lus and the ratio of the depth of crypt/the length of ileal
villus, and decreased the expression of ZO-1 and occludin
in ileum. In contrast, injection of macrophage clean
reagent had less effects on the structural changes of ileum
and ZO-1 and occludin expression in ileum. Our findings
suggest that peritoneal dialysis can affect the structure of
the intestine independent from the macrophage-associated
inflammation.

An in vivo study on the effects of DHA on intestinal TJ
demonstrated that DHA-treatment protects intestinal bar-
rier function through normalizing occludin and ZO-1
expression.24 A study in an in vitro model of human intes-
tinal epithelium demonstrated that n-6 PUFA, but not n-3
PUFA affected the presence of occludin in TJ complexes.25

A study in rats with partial hepatectomy showed that n-3
PUFA enhanced the expression of occludin, claudin-3 and
ZO-1 in liver and protected the structure of hepatic TJs.26

Ghadiri et al. study on the effect of PUFAs on airway epi-
thelial cells TJ showed no detectable changes in TJ struc-
tural morphology stained with anti-ZO-1 antibody.27 In
this study, both the low and high doses of ω-3PUFA nor-
malized dialysis-induced structural changes showing in
H&E staining and ZO-1 and occludin expression,
suggesting that ω-3 fatty acids can protect the intestine

from dialysis-induced injury. A dysfunction of the intesti-
nal barrier function is a risk factor for a variety of disor-
ders and diseases that various viral and bacterial
pathogens facilitates their access to the host through mod-
ulating TJ proteins.28

The expression of TJ proteins is critical to maintain the
integrity of the intestinal epithelial barrier structure which is
significant in preventing the entry of microbial toxins, anti-
gens and other harmful substances into the bloodstream.29

The altered structure of ileum during PD could affect its
function as a barrier while the entered microbial toxins and
antigens can activate macrophages and lymphocytes. The
activated macrophages can result in inflammation through
secretion of pro-inflammatory cytokines, such as tumor
necrosis factor, IL-1 and IL-6.30 However, these pro-

Fig. 7 Immunohistochemistry of ALK5 expression in peritoneal tissues. (A) Representative immunohistochemical staining of ALK5 protein expression. (B) The
percentage of cells with positive ALK5 staining.

Fig. 8 Masson staining in peritoneal tissues. Fibrosis is depicted with blue
staining.
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inflammatory cytokines can directly act on epithelial cell TJ
to down-regulate TJ-related protein expression.31 A previ-
ous study demonstrated that exposure to peritoneal dialysis
solutions can alter TJ proteins of rat peritoneal mesothelial
cells.32 In our PD model, the expression of occludin and ZO-
1 in ileum was decreased, suggesting a damage of intestinal
epithelial barrier structure. The increased permeability due to
altered ZO-1 and occluding may affect the transport of organic
molecules across the epithelium.6 In this study, ω-3PUFA in
both doses reduced activation of M2. Thus, is it possible to con-
clude that ω-3PUFA may have protective effects during PD.
This study also demonstrated that ω-3PUFA inhibited peri-

toneal fibrosis through inhibiting activation of fibroblasts and
M2 microphages; subsequently the TGF-β1-VEGF-ALK5 sig-
naling in rats received peritoneal dialysis with 4.25% glucose.
Although ω-3 fatty acids have been demonstrated to prolong
the survival of patients with heart failure and chronic kidney
disease,11,12 their effects on peritoneal fibrosis have not been
reported. This study in a peritoneal dialysis rat model first
demonstrated the protective effects of ω-3 fatty acids on peri-
toneal fibrosis-induced side effects. However, several weak-
nesses of this study should be acknowledged. First, no
physiological studies were done on peritoneal membrane to
see if there was co-relation of histological changes to mem-
brane function. Second, no peritoneal equilibration test was
performed or ultrafiltration was measured. Third, the expres-
sion of occludin and ZO-1 in peritoneum was not measured.
Forth, in this study, the findings were obtained from a
chronic experimental model. Whether the levels of mediators
released by M2 cells are also increased during actual experi-
mental conditions needs further studies.
In conclusion, ω-3 fatty acids can provide a protective role

in peritoneal dialysis-induced peritoneal fibrosis and injury
of the intestine.
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