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Abstract. Alternatively activated macrophages (M2 macro-
phages) are involved in tissue remodeling and fibrosis, but 
their effects on peritoneal fibrosis (PF) induced by high 
glucose peritoneal dialysate have yet to be fully established. 
In this study, PF was induced in male Sprague-Dawley rats 
by intraperitoneal injection with Lactate-G4.25% dialysate 
(20 ml/rat/day) for 4 weeks. Control rats were given an 
intraperitoneal injection with saline. Establishment of the PF 
model was verified by Masson's trichrome and H&E staining. 
M1 macrophages (co-localization of CD68 and CCr7) and 
M2 macrophages (co-localization of CD68 and CD206) was 
assayed by immunofluorescence and immunohistochemistry. 
The levels of dialysate cytokines driving macrophage differ-
entiation (including IFN-γ, IL-2 and IL-4) were detected 
by ELISA. The expression of transforming growth factor 
(TGF)-β, p-Smad3, p-Smad2/3 and Smad7 in M2 macrophages 
(co-localization of CD68, CD206 and TGF-β, or p-Smad3, or 
p-Smad2/3, or Smad7) was measured by immunofluorescence. 
We found that PF rats had significantly thicker peritoneal 
membranes compared to control rats, indicating the successful 
establishment of our PF model. Compared to controls, PF rats 
had more peritoneal macrophages (CD68+ cells), more perito-
neal M1 macrophages and a greater percentage of peritoneal 
M2 macrophages. PF rats also had significantly greater levels 
of dialysate cytokine IL-4, which promotes differentiation to 
M2 macrophages, higher expression levels of TGF-β in perito-
neal M2 macrophages, upregulation of phosphorylated Smad3 
and Smad2/3, and downregulation of Smad7 in peritoneal M2 
macrophages. Our results indicate that M2 macrophages may 
play an important role in PF induced by high glucose, and that 

the cytokine environment in the abdominal cavities of PF rats 
promotes differentiation to M2 macrophages. The function of 
M2 macrophages in PF may be related to the TGF-β/Smad 
signaling pathways.

Introduction

Peritoneal dialysis (PD) is one of the renal replacement therapies 
for patients with end-stage renal diseases (1,2). However, the 
peritoneal membranes of PD patients are continually exposed to 
non-biocompatibility PD solution, especially high glucose, and 
repeated peritonitis causes chronic inflammation, eventually 
leading to peritoneal fibrosis (PF) (3,4). PF is a serious complica-
tion of long-term PD patients, resulting in ultrafiltration failure, 
increased solute transport and ultimately discontinuation of 
treatment (5,6). Several studies concerning the mechanism of 
PF focus mainly on the epithelial-to-myofibroblast transition 
of peritoneal mesothelial cells and the functional alteration of 
fibroblasts (7,8), but the role of macrophage differentiation in the 
pathogenesis of PF remains unknown.

Macrophages differentiate into functionally distinct immu-
nological populations depending on the cytokine environment. 
The M1 phenotype (classically activated) macrophages are 
thought to be induced by interferon (IFN)-γ and lipopolysac-
charide (LPS), which features the production of inducible nitric 
oxide synthase (iNOS) and upregulates the expression of macro-
phage MHC class II and CC (CC motif) chemokine receptor 7 
(CCr7) (9-11). Simultaneously, M1 produce the INF-γ and tumor 
necrosis factor (TNF)-α cytokines. These pro-inflammatory 
cytokines and M1 macrophages function predominantly in 
inflammation, tissue damage, in the killing of intracellular 
microbes and increased tumoricidal microbes (12-14).

Nevertheless, the M2 phenotype (alternatively activated) 
macrophages are induced under the influence of Th2 cyto-
kines, and, in particular, interleukin (IL)-4 and IL-13. This 
phenotype features upregulation of the expression of surface 
molecules, such as CD206 (also known as mannose receptor) 
and scavenger receptors (CD163) (10). More importantly, this 
specific macrophage subset is the main source of cytokines 
and chemokines, such as IL-10 and transforming growth factor 
(TGF)-β (12,13). Through the cytokine pathways mentioned 
above, M2 may play an important role in the downregulation 
of inflammation, tissue remodeling, elimination of tissue 
debris and apoptotic bodies, as well as in the induction of 
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fibrosis (15,16). Moreover, several researchers reported that 
M2 macrophages promote fibrosis by producing TGF-β and 
metalloproteinase (17). In turn, the TGF-β/smad pathway may 
have a significant impact on fibrosis (18-20).

However, would the number and percentage of M1/
M2 macrophages be altered in PF models induced by high 
glucose dialysate? What about the cytokine environment 
driving macrophage differentiation? Is there any relationship 
between M2 macrophage differentiation and the TGF-β/smad 
signaling pathway in PF? These issues are not well known. We 
hypothesized that M2 may be increased in PF models induced 
by high glucose dialysate, cytokines driving M2 macrophage 
differentiation may be predominant and the TGF-β/smad 
signaling pathway in M2 macrophages may be activated in PF 
models. In the present study, we tested this hypothesis in a rat 
model with intraperitoneal Lactate-G4.25% dialysate.

Materials and methods

Materials. Lactate-G4.25% dialysate was purchased from 
Baxter Healthcare, USA. Mouse anti-rat CD68, rabbit anti-
rat CD206 and rabbit anti-rat p-Smad7 were purchased from 
Abcam, USA. Mouse anti-rat CCr7 was purchased from Cell 
Application, and rabbit anti-rat p-Smad2/3 from Santa Cruz, 
USA. Rabbit anti-rat TGF-β was purchased from Millipore, 
USA, and rabbit anti-rat p-Smad3 from CST, USA. HRP 
rabbit/mouse was purchased from Dako, Denmark. Alexa 
Fluor 488 goat anti-rabbit IgG, goat anti-rabbit 543 and goat 
anti-rabbit 633 were purchased from Invitrogen, USA. Normal 
bovine and rabbit blocking serum were purchased from Boster 
Biological Technology Company, China. 4',6-Diamindino-2-
phenylindole dihydrochloride (DAPI) was purchased from 
Sigma, UK. Aqueous mounting medium was purchased 
from R&D, USA. INF-γ, IL-2 and IL-4 rat ELISA kits were 
purchased from Bender Medsystems, USA. QuantiChrom 
Arginase Assay kit was purchased from BioAssay, USA.

Animals. All rats were purchased from the Experimental 
Animal Centre of the Guangdong Province and raised in 
the Experimental Animal Centre at the Northern Campus 
of Sun Yat-Sen University. Experiments were conducted in 
accordance with animal care guidelines. A total of 12 male 
Sprague-Dawley rats weighing 120-150 g were randomly 
assigned to two groups: 6 rats received daily intraperitoneal 
(i.p.) injections of Lactate-G4.25% dialysate (100 ml/kg) 
containing 4.25% glucose, and comprised the PF group, 
and another 6 rats received daily i.p. injections of the same 
volume of saline and were used as the normal control. Rats 
were sacrificed 4 weeks after the initiation of the i.p. injec-
tions. Avoiding the needle puncture sites, the parietal and 
visceral layers of the peritoneum were separately collected, 
fixed in paraformaldehyde at 4˚C for 12 h, washed overnight 
in 7% sucrose phosphate-buffered saline (PBS) and embedded 
in paraffin. The PD solution in the abdominal cavity of the 
rats was obtained and centrifuged at 4˚C at 12,000 rpm for 
10 min, and supernatants were stored at -80˚C. The visceral 
peritoneum was frozen in liquid nitrogen and stored at -80˚C.

Histology and immunocytochemistry. Both parietal and visceral 
peritoneal tissues were collected at 4 weeks after the initiation of 

PD and fixed in paraformaldehyde for 12 h. Paraffin-embedded 
sections (5 µm) were cut and stained with H&E and Masson's 
trichrome. For confocal imaging analysis, 8-µm paraffin-
embedded sections were cut and dehydrated in xylene and a 
graded alcohol series, followed by microwave antigen retrieval. 
Sections were blocked with 1% albumin bovine fraction and 
normal goat serum for 30 min (37˚C), and then incubated with 
primary antibody overnight at 4˚C, washed in PBS and incu-
bated with Alexa Fluor-labeled secondary antibodies at 37˚C 
for 30 min. Two or three primary antibodies were co-dyed by 
the same protocol mentioned above. Next, sections were washed 
in PBS, incubated with DAPI for nuclear staining, sealed with 
aqueous mounting medium and viewed under a Zeiss LSM 
510 confocal imaging system (Zeiss, Germany). Five fields 
were randomly selected and viewed; the number of CD68-, 
CD68- and CCr7- (M1 macrophage subtype) or CD68- and 
CD206-positive cells (M2 macrophages subtype) and intensity 
of fluorescence in each field of view were incorporated into the 
semiquantitative estimation of fluorescence intensity.

ELISA. The cytokine profiles (including INF-γ, IL-2 and IL-4) 
of the rat PD solution supernatant were determined by the rat 
ELISA kit, as described by the manufacturer. The estimated 
sensitivity of human INF-γ, IL-2 and IL-4 ELISAs were 9.9, 
11 and 0.2 pg/ml, respectively.

Statistical analysis. All obtained numerical data were shown as 
the means ± SD. Comparisons between groups were performed 
using independent samples T test. Statistical t-test calculations 
were processed using the SPSS 16.0 software (SPSS Inc., USA). 
P<0.05 denoted a statistically significant difference.

Results

Change of peritoneum in PF model rats. As shown in Fig. 1, 
significantly thicker peritoneum was found in the PF model 
induced by Lactate-G4.25% dialysate compared to that in the 
normal control (232.±34.3 vs. 54.3±11.5 µm, P<0.01). Reduced 
mesothelial cells and accumulation of collagen matrix in the 
submesothelial area were also found in the PF model rats.

Macrophage accumulation in the peritoneum of PF model rats. 
Immunohistochemical staining results showed that the number 
of macrophages (CD68+ cells) in the peritoneal membranes 
of the PF model rats were significantly increased compared 
to those in the normal control (Fig. 2). Indirect immuno-
fluorescence staining with confocal photomicrographs showed 
that the number of M1 infiltration in the PF model rats was 
significantly enhanced compared to that in the normal control  
rats. However, there was no difference in the percentage of M1 
in total macrophages between the control and the PF model 
rats (Fig. 3). By contrast, co-localization signals of CD68 and 
CD206 were identified as M2 macrophages. Both the absolute 
number and percentage of M2 in total macrophages were 
significantly increased in the PF model rats compared to that 
in the normal control rats (Fig. 4).

Expression of cytokines related to macrophage differentiation 
or transverse in PD effluent of the PF model and control rats. 
IFN-γ and IL-2, both driving M1 macrophage differentiation, 
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were significantly increased in the PF model rats compared to 
the normal control. Moreover, IL-4 driving M2 macrophage 

differentiation was also significantly increased in the PF 
model rats compared to the normal control. However, the ratio 
of IFN-γ/IL-4 was significantly decreased in the PF model rats 
compared to that in the normal control (Fig. 5).

Activation of TGF-β/Smad signaling in M2 macrophages. 
Double immunostaining with confocal photomicrographs 
showed that TGF-β1 expression in M2 macrophages was mark-
edly increased in the PF model rats compared to the normal 

Figure 1. Thickness of the peritoneal membrane in PF model rats and normal 
control. Masson's trichrome staining of day-28 parietal peritoneal tissues. (A1) 
Control group (original magnification, x100); (A2) control group (original 
magnification, x200); (B1) PF model rat (original magnification, x100); (B2) 
PF model rat (original magnification, x200). Results represent groups of 6 rats.

Figure 2. Total infiltrating macrophages in the peritoneal membrane in the PF 
model and normal control. Immunohistochemistry showing the infiltrating 
macrophages (CD68+ cells) in the peritoneum. (A1) Control group (original 
magnification, x100); (A2) control group (original magnification, x200); (B1) 
PF model rats (original magnification, x100); (B2) PF model rats (original 
magnification, x200). Blue corresponds to nuclear staining and brown cor-
responds to CD68 staining. Results represent groups of 6 rats.

Figure 3. Number and percentage of M1 macrophages in the peritoneum of the control and PF model groups. Confocal photomicrographs show that the number 
of M1 macrophages (co-localization signals of CD68 and CCr7) was significantly increased in the PF model rats. The difference in the percentage of M1 was 
not significant between the control and the PF model groups. Blue corresponds to nuclear staining, red corresponds to CD68 staining and green corresponds 
to CCr7 staining. Results are the means ± SEM for a group of 6 rats. *P<0.01 vs. normal control. HP, high-power field.
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Figure 4. Number and percentage of M2 macrophages in the peritoneum of the control and PF model groups. Confocal photomicrographs show the number 
and percentage of M2 macrophages (co-localization signals of CD68 and CD206) are significantly increased in PF model rats. Blue corresponds to nuclear 
staining, red corresponds to CD68 staining and green corresponds to CD206 staining. Results are the means ± SEM for a group of 6 rats. *P<0.01 vs. normal 
control. HP, high-power field.

Figure 5. Cytokines driving macrophages in the dialysate of rats in the control and PF model groups. The level of driving M1 macrophage cytokines INF-γ and 
IL-2, and the level of driving M2 macrophage cytokine IL-4 were detected by ELISA. The ratio of IFN-γ/IL-4 was significantly increased in the PD model 
group. Each bar represents the mean ± SEM for a group of 6 rats. *P<0.01 vs. normal control.

Figure 6. Expression of TGF-β in peritoneal M2 macrophages in the PF model and normal control. Confocal photomicrographs show the TGF-β protein in 
peritoneal M2 macrophages (co-localization signals of CD68, CD206 and TGF-β) of control and PF model rats. Blue corresponds to nuclear staining, red 
corresponds to CD68 staining, green corresponds to CD206 staining and purple corresponds to TGF-β.
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rats (Fig. 6). Moreover, immunofluorescent staining showed 
that there was a marked increase in phosphorylated Smad3 and 
phosphorylated Smad2/3 cells translocated into nuclei of M2 

macrophages after treatment with Lactate-G4.25% dialysate 
(Figs. 7 and 8). Furthermore, expression of Smad7 in M2 macro-
phages was significantly decreased in the PF model rats (Fig. 9).

Figure 7. Phosphorylation of Smad3 in peritoneal M2 macrophages in the PF model and normal control. Confocal photomicrographs show the Smad3 protein 
in peritoneal M2 macrophages (co-localization signals of CD68, CD206 and Smad3) of control and PF model rats. Blue corresponds to nuclear staining, red 
corresponds to CD68 staining, green corresponds to CD206 staining and purple corresponds to Smad3.

Figure 8. Phosphorylation of Smad2/3 in peritoneal M2 macrophages in the PF model and normal control. Confocal photomicrographs show the Smad2/3 
protein in peritoneal M2 macrophages (co-localization signals of CD68, CD206 and Smad2/3) of control and PF model rats. Blue corresponds to nuclear 
staining, red corresponds to CD68 staining, green corresponds to CD206 staining and purple corresponds to Smad2/3.

Figure 9. Expression of Smad7 in peritoneal M2 macrophages. Confocal photomicrographs show the Smad7 protein in peritoneal M2 macrophages (co-
localization signals of CD68, CD206 and Smad7) of control and PF model rats. Blue corresponds to nuclear staining, red corresponds to CD68 staining, green 
corresponds to CD206 staining and purple corresponds to Smad7.
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Discussion

In the present study, our data showed that the number of M1 
macrophages and the number and percentage of M2 macro-
phages were significantly increased in the PF model rats 
induced by Lactate-G4.25% dialysate. Cytokines contributing 
to M2 differentiation in the PF model rats were predominant. 
We also found that TGF-β/Smad signals were activated in the 
peritoneal M2 macrophages of the PF model rats.

During PD, peritoneal cells are repeatedly exposed to a 
non-physiological hypertonic environment with high glucose 
content and low pH. Chronic changes in the peritoneum with 
fibrosis develop after years of PD (21). Peritoneal inflammation 
is a key and initial step in the development of PF associated 
with long-term PD (22,23). Macrophages are one of the main 
cell populations mediating inflammation, and play an impor-
tant role in innate and adaptive immune responses (24,25). 
Osada et al proved that CD68-positive cells (macrophages) in 
the peritoneum were marked in long-term PD patient samples 
(26). Our study showed that macrophages were significantly 
increased in the peritoneum of rats administered daily i.p. 
injections of Lactate-G4.25% dialysate. These data indicate 
that macrophages may play a key role in the pathogenesis of 
fibrosis of peritoneum exposed to PD solution.

Macrophages are classically activated towards the M1 
phenotype by LPS or IFN-γ, that promote active inflam-
mation. de Souza et al demonstrated that high glucose 
increased macrophage activation by lipoteichoic acid, 
evidenced by exacerbated nitric oxide and TNF-α produc-
tion (27). Similarly, macrophages in the peritoneum may be 
stimulated by dialysate containing high glucose and produce 
cytokines, such as TNF-α. Subsequently, these cytokines 
exert an autocrine effect driving macrophages to M1. In 
addition, the interaction of high glucose and the protein of 
cells contribute to the production of glycation end-products 
(GEPs), which significantly impact the differentiation of 
macrophages. Ohashi et al investigated the effect of four 
distinct GEP subtypes on the expression of intracellular adhe-
sion molecules and CD40 on monocytes, and the production 
of IFN-γ and TNF-α. These two are marker cytokines of M1 
macrophages and thus GEP induced by the interaction of high 
glucose and cells may be a potential mechanism of peritoneal 
macrophages differentiating to M1 (28). We found that the 
number of M1 macrophages was significantly increased in the 
PF model rats, and these M1 macrophages may be induced by 
ways mentioned previously. However, there was no difference 
in the percentage of M1 between the control and the PF model 
rats, which indicates that M1 macrophages are not predomi-
nant in fibrosis of the peritoneum.

By contrast, macrophages are alternatively activated 
towards the M2 phenotype by stimulation with IL-4 and IL-13. 
Several studies suggest that M2 macrophages play an impor-
tant role in fibrosis of the lung, liver, skin and muscle fibrosis 
(16,29-32). Murphy et al analyzed bronchoalveolar lavage or 
spontaneously expectorated sputum samples from 48 cystic 
fibrosis patients. Their data showed that surface expression 
of M2 macrophages was upregulated (29). Heymann et al 
conducted a study on the relationship between Kupffer cells 
and liver fibrosis. They demonstrated that M2 macrophages 
were not only critical to the progress of liver fibrosis, but were 

also important for reversing the damage (30). Desguerre et al 
performed a study on Duchenne muscular dystrophy and found 
that myofibers exhibited oxidative stress-induced protein 
alterations and became separated from capillaries by fibrosis, 
which was associated with the increase of M2 macrophages 
(16). Thus, they believed that M2 macrophages inhibit myogen-
esis, while promoting cellular collagen production, playing a 
key role in myofibrosis. Higashi-Kuwata et al found that in the 
skin from systemic sclerosis patients, the number of CD163+ 
or CD204+ cells between the collagen fibers was significantly 
larger than that in healthy controls (32). Our study showed that 
the number and percentage of peritoneal M2 macrophages 
were significantly increased in the PF model rats, which is in 
accordance with the studies mentioned previously. These data 
indicate that M2 macrophages may play crucial roles in the 
fibrosis of the peritoneum of rats receiving daily i.p. injections 
of Lactate-G4.25% dialysate.

Macrophages are alternatively activated to M2 macro-
phages, which produce functional cytokines, including TGF-β 
and IL-10 (12,13). Several studies suggest that TGF-β is a 
multifunctional cytokine central in the process of fibrogen-
esis and has been implicated in the initiation, progression 
and maintenance of PF (33,34). Moreover, TGF-β exhibits 
its bioactivities via serine/threonine kinase transmembrane 
receptors that phosphorylate its downstream mediators of the 
Smad family, including Smad2 and Smad3. Once activated, 
TGF-β is also capable of inducing expression of an inhibitory 
Smad7, which in turn prevents Smad2/3 phosphorylation via its 
negative-feedback mechanism (35,36). A previous study in our 
laboratory showed that prevention of PF by overexpression of 
Smad7 was associated with the inhibition of phosphorylation 
of Smad2/3, downstream of the TGF-β signaling pathway, as 
well as TGF-β expression (20). In the present study, the expres-
sion of TGF-β in peritoneal M2 was significantly increased 
in PF rats. Moreover, phosphorylation of Smad3 and Smad2/3 
was markedly upregulated, while Smad7 was downregulated 
in peritoneal M2 of those PF rats. All these results demon-
strate that M2 macrophages having an effect on PF may be 
associated with the TGF-β/Smad signaling pathways.

Taken together, we demonstrated that M2 macrophages play 
an important role in peritoneal fibrosis induced by dialysate 
containing high glucose. Moreover, in fibrotic peritoneum, the 
cytokine environment is advantageous for M2 differentiation. 
Notably, M2 macrophage function in PF may be associated 
with the TGF-β/Smad signaling pathways. These data also 
indicate that blockade of M2 macrophage differentiation may 
be a mechanism by which to prevent peritoneal fibrosis. The 
latter requires further study.
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