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Abstract
Background  Peritoneal dialysis (PD) is essential for patients with end-stage renal disease. Peritoneal fibrosis (PF) is a com-
plex inflammatory, fibrogenic process. No effective treatments are available to prevent these processes. Hepatocyte growth 
factor (HGF) possesses anti-inflammatory and anti-fibrotic properties. The aim of this study was to analyze whether HGF 
suppresses MGO-induced peritoneal inflammation and fibrosis in a mouse model.
Methods  PF was induced by intraperitoneal (IP) injections of MGO for 14 days. C57/BL/6 mice were divided into three 
groups: Sham group (only vehicle); Sham + MGO group (PF induced by MGO); and HGF + MGO group (PF mice treated 
with recombinant human-HGF). PF was assessed from tissue samples by Masson’s trichrome staining. Inflammation and 
fibrosis-associated factors were assessed by immunohistochemistry and quantitative real-time PCR.
Results  MGO-injected mice showed significant thickening of the submesothelial compact zone with PF. Treatment with HGF 
significantly reduced PM thickness and suppressed the expression of collagen I and III and α-SMA. Expression of profibrotic 
and proinflammatory cytokines (TGF-β, TNF-α, IL-1β) was reduced by HGF treatment. The number of macrophages, and 
M1 and M2 macrophage-related markers, such as CD86, CD206, and CD163, was reduced in HGF + MGO mice.
Conclusion  HGF attenuates MGO-induced PF in mice. Furthermore, HGF treatment reduces myofibroblast and macrophage 
infiltration, and attenuates the upregulated expression of proinflammatory and profibrotic genes in peritoneal tissues. HGF 
might be an effective approach to prevent the development of PF in patients undergoing PD.
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Introduction

Peritoneal dialysis (PD) is an essential treatment for patients 
with end-stage renal disease. According to the 2018 United 
States Renal Data System (USRDS) report, PD was needed 
for 2.7% renal replacements in Japan, and 7.0% in the United 
States. In Hong Kong, PD accounted for as much as 20–70% 
of modalities [1]. PD involves continuous dialysis, causes 
less burden on the cardiovascular system, and is better than 
other renal replacement therapy modalities for maintain-
ing residual renal function. However, PD is known to cause 
functional and structural changes in the peritoneum [2–4]. 

PF is characterized by abdominal proliferation of α-smooth 
muscle actin (α-SMA) positive myofibroblasts, and signifi-
cant accumulation of extracellular matrix (ECM) proteins 
[5]. Metalloproteinases (MMPs) are involved in ECM degra-
dation, and play an important role in fibrosis, cancer growth, 
and invasion. MMP3 can decompose type III collagen and 
proteoglycan, and MMP9 can decompose α2 chain of type I 
collagen and acid insoluble type I and type III collagen [6]. 
Transforming growth factor-β (TGF-β) and MMPs are key 
molecules involved in fibrosis and remodeling [7–9]. PF has 
two cooperative processes caused by PD, fibrosis itself, and 
inflammation, the processes showing bidirectional mutual 
induction [10]. M1 macrophages and M2 macrophages are 
involved in peritoneal inflammation, with M1 macrophages 
playing an important pathogenic role in PF [11]. Marker 
expression of M1 macrophages includes CD86 and MHC-
II, whereas that of M2 macrophages includes CD163 and 

 *	 Shiroh Tanoue 
	 tanoue@m.kufm.kagoshima-u.ac.jp

1	 Digestive and Lifestyle Diseases, Kagoshima University 
Graduate School of Medical and Dental Sciences, 8‑35‑1, 
Sakuragaoka, Kagoshima 890‑8520, Japan

http://orcid.org/0000-0002-9148-1940
http://crossmark.crossref.org/dialog/?doi=10.1007/s10157-021-02067-y&domain=pdf


936	 Clinical and Experimental Nephrology (2021) 25:935–943

1 3

CD206. F4/80 molecule is only expressed on the surface of 
tissue macrophages.

Methylglyoxal (MGO) is a major precursor of advanced 
glycation end products (AGEs) and cause of DNA, protein, 
and transcription modulators glycation. AGEs and these 
glycations upregulate the production of both inflammatory 
molecules and molecules that provoke tissue injury. Many 
factors have been reported to cause accumulation of MGO, 
including hyperglycemia, uremia, oxidative stress, aging, 
and inflammation [12]. Furthermore, peritoneal MGO injec-
tion has been established as a mouse model for PF [13]. The 
chlorhexidine model is a typical PH model, but compared 
to the chlorhexidine model, the MGO model has the same 
histological features as peritonitis patients, such as thicken-
ing of the medial subepithelial compact zone, filtration of 
inflammatory cells, and new blood vessels [14].

Hepatocyte growth factor  (HGF) is a mesenchymal 
cell-derived growth factor that affects various target cells 
[15–17]. It was originally recognized and cloned as a potent 
mitogen of primary cultured hepatocytes, and was puri-
fied as a hepatocyte mitogen from patients with fulminant 
hepatic failure. HGF has been reported to have an impor-
tant role in liver, gastrointestinal tract, kidneys, lungs, and 
nervous system regeneration and repair [18]. It has been 
demonstrated that dialysate HGF concentration is signifi-
cantly higher among patients with ultrafiltration failure [19]. 
Additionally, human peritoneal mesothelial cells constantly 
synthesize HGF, and treatment of human peritoneal meso-
thelial cells with HGF blocks glucose-induced mesenchymal 
epithelial transition (c-MET) [20]. HGF also has an anti-
inflammatory and anti-fibrotic effect. While many studies 
have demonstrated the anti-fibrotic effect of HGF in various 
tissues [17, 19, 21–23], little research has been done on the 
anti-inflammatory and anti-fibrotic effects of HGF particu-
larly in peritoneal tissue. To date, there is no effective treat-
ment to prevent peritoneal inflammation and fibrosis.

In this study, we investigated the efficacy of HGF treat-
ment in peritoneal tissue using an experimental mouse 
model of MGO-induced PF.

Materials and methods

Animal model of PF and administration 
of recombinant‑HGF

PF animal model induced by MGO [14] was established 
in 7-week-old C57BL/6 J male mice weighing 17–20 g 
obtained from Charles River Japan (Kanagawa, Japan) to 
compare the degree of PF with or without HGF administra-
tion. All animal experimental procedures were performed 
in accordance with protocols and guidelines for animal 
experiments approved by the Institutional Animal Care and 

Use Committees of Kagoshima University (Permit Number: 
MD18007). Mice were maintained in a light- and tempera-
ture-controlled room (23 ± 1 °C) in the Laboratory Animal 
Center of Kagoshima University (Kagoshima, Japan). Mice 
were acclimatized to these conditions for 7 days prior to their 
use in experiments. Subsequently, the mice were divided 
into three groups (n = 5 per group): Sham, Sham + MGO, 
and HGF + MGO. Subcutaneous (SC) osmotic pumps (Alzet 
Model 1002, CA, USA) with a fluid capacity of 100 μL, 
delivery rate of 0.25 μl/h, were implanted on the backs of all 
the mice on day 0. The Sham group received saline (100 ml/
kg) by IP injection for 14 days, and saline was delivered via 
osmotic pump. PF was induced in mice by MGO administra-
tion [12] [12]. The Sham + MGO group received IP injec-
tions of MGO (0.1 mmol/body, M0252, Sigma-Aldrich) for 
14 days, and saline was delivered via osmotic pump. The 
HGF + MGO group received IP MGO injections (0.1 mmol/
body, M0252, Sigma-Aldrich) for 14 days, and HGF (5 mg/
ml, Eisai, Tokyo, Japan) was delivered via osmotic pump 14. 
Tissue and blood samples were collected from mice under 
a combination anesthesia of ketamine and medetomidine, 
intraperitoneally on day 14. Measurement of plasma HGF 
concentration was outsourced to BML (Kagoshima, Japan).

Histologic and immunohistochemical examination

To confirm that HGF release was functioning properly from 
SC pumps, proliferation cell nuclear antigen (PCNA) immu-
nohistochemistry of liver tissue was performed. To analyze 
morphological peritoneal changes, 4-μm-thick peritoneal tis-
sues collected from mouse abdomen were stained with Mas-
son’s trichrome. Nine 200-μm fields were randomly selected 
at 200 × magnification. Thickness of the submesothelial zone 
was measured by image analysis software (Keyence, Osaka, 
Japan).

To examine collagen I, collagen III, and α-SMA peri-
toneal expression, immunohistochemical analysis was per-
formed and the following primary antibodies were used: 
Rabbit polyclonal anti-type I Collagen antibody (Abcam, 
Cambridge, UK), Rabbit Polyclonal anti-type III Collagen 
antibody (Abcam, Cambridge, UK), Anti-α-SMA Antibody 
(Cell Signaling, Danbers, MA, USA), and Rat Monoclonal 
F4/80 Antibody (Bio-Rad, Hercules, CA, USA).

Nine 200-µm fields were randomly selected at 200 × mag-
nification from the areas of peritoneum that stained positive 
for type I and type III antibodies. Samples were analyzed by 
an image analysis software (Keyence, Osaka, Japan), and a 
number of cells positive for α-SMA, CD68, and F4/80 in the 
submesothelial zone were counted.
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Quantitative real‑time PCR

The expression of TNF-α, IL-1β, TGF-β, MMP3, MMP9, 
CD86, CD163, and CD206 genes in peritoneal samples 
was analyzed using quantitative real-time polymerase chain 
reaction (qPCR). Total RNA was extracted from perito-
neal tissues using TRIzol reagent (Ambion, Austin, TX, 
USA). RNA purity was confirmed by spectrophotometry, 
and A260/A280 ratios ranged from 1.9 to 2.1. After total 
RNA was reverse-transcribed to cDNA by Prime Script RT 
Reagent Kit (Takara, Otsu, Japan), qPCR was performed 
using the StepOnePlus Real-Time PCR system (Applied 
Biosystems, Foster City, CA, USA), and comparisons were 
obtained using the ΔΔCT method (Applied Biosystems, 
Foster City, CA, USA). Primers were designed based on 
published sequences (Supplementary Table 1), and β-actin 
was used as an internal control.

Western blot assay

Expression of c-MET and phospho-c-MET in peritoneal tis-
sue was analyzed using total protein extracted from liver 
tissue. Protein concentration was measured using the DC 
Protein Assay (BIO-RAD, Hercules, CA, USA). Western 
blotting of the extracted proteins was performed by incu-
bation with Anti-Rabbit primary antibodies of Anti-Met 
(SP260, Santa Cruz Biotechnology, Santa Cruz, CA, USA), 
Anti-phospho-Met (Tyr1234/1235) (D26, Cell Signaling, 
Danbers, MA, USA), followed by incubation with Anti-
Rabbit secondary antibody (Cell Signaling, Danbers, MA, 
USA). Internal reference and quantified bands were meas-
ured with Fusion Solo with Fusion Capt17 (Vilber-Lourmat, 
Marne-la-Vallée cedex, France).

Statistical analysis

Data were expressed as mean ± standard deviation (SD), 
unless specified otherwise. Statistical analyses were per-
formed using SPSS software version 26 (SPSS Inc., Chi-
cago, IL, USA). Kruskal–Wallis analysis of variance 
(ANOVA) was used to determine the statistical significance 
of the differences at p < 0.05.

Results

HGF suppresses body weight loss and thickening 
of MGO‑induced PF

The Sham + MGO group exhibited a significantly lower 
body weight gain than the Sham and HGF + MGO 
groups (p < 0.05) (Fig. 1c). The peritoneal tissue of the 
Sham + MGO group showed significant thickening of the 

submesothelial compact zone compared with the Sham 
group (p < 0.05). Peritoneal tissue of the MGO + HGF group 
showed a significant decrease in thickening compared with 
the Sham + MGO group (p < 0.05) (Fig. 1). No mice died 
during these experiments in any of the groups.

HGF attenuates the expression of α‑SMA, and type I 
and type III collagen

Accumulation of α-SMA expression cells was observed 
in the submesothelial compact zone in the Sham + MGO 
group. HGF administration significantly reduced the number 
of α-SMA positive cells in the HGF + MGO group compared 
to the Sham + MGO group (Fig. 2a).

A narrow range of positive areas of type I and type III 
collagen was observed in the Sham group. Both types of 
collagen were diffusely expressed at the submesothelial 
compact zone in the Sham + MGO group. Moreover, in the 
MGO + HGF group, positive areas of both collagen types 
were significantly reduced compared with the Sham + MGO 
group (p < 0.05) (Fig. 2b).

HGF decreases TNF‑α, IL‑1β, TGF‑β, MMP3, 
and MMP9 gene expressions

Expression of TNF-α and IL-1β genes were increased in 
the Sham + MGO group. Conversely, expression of both the 
genes was significantly decreased or tended to decrease in 
the HGF + MGO group, compared with the Sham + MGO 
group (p < 0.05) (Fig. 3).

Expression of TGF-β, MMP3, and MMP9 in HGF + MGO 
group was significantly reduced or showed a tendency to 
decrease, compared with the Sham + MGO group (p < 0.05) 
(Fig. 3).

The number of CD68- and F4/80-positive cells was 
increased in the Sham + MGO group, but was signifi-
cantly reduced in the HGF + MGO group compared to the 
Sham + MGO group (p < 0.05) (Fig. 4a, b). HGF treatment 
significantly downregulated mRNA expression of the M1 
markers (CD86) and M2 markers (CD206 and CD163) 
(Fig. 4c).

Discussion

In this study, HGF administration in mice suppressed the 
progression of MGO-induced PF. HGF treatment also 
reduced myofibroblast and macrophage infiltration, and 
attenuated the upregulated expression of proinflammatory 
and profibrotic genes in the peritoneal tissue. To our knowl-
edge, this is the first study to demonstrate the anti-fibrotic 
effect of HGF on PF in vivo.
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In PD, peritoneal tissues are constantly exposed to non-
physiological fluids that cause various histological changes, 
such as shedding of peritoneal mesothelial cells, mesothelial 
layer thickening, fibrosis, infiltration of inflammatory cells, 
angiogenesis, and reduction of peritoneal function [2–4]. In 
addition, it has been reported that fibroblasts presenting in 
the lower layer of peritoneal mesothelial cells are mainly 
derived from fibroblasts observed during peritoneal injury, 
rather than transformation from mesothelial cells [24]. 
Hyperosmolarity from high glucose concentrations, GDPs, 
and dialysates containing AGEs reportedly cause peritoneal 
degradation. Conventional commercial dialysates, which 
contain GDPs and 2–33 μM MGO, have the potential to 

induce mesenchymal-like mesothelial cell formation [14]. 
GDPs have been used for developing many animal PF mod-
els. MGO is an extremely toxic GDP in PD fluid, and a 
strong promoter for AGE formation [12]. As mentioned 
above, AGEs induce inflammation and angiogenesis.

The MGO model was used in this study, and the expres-
sions of proinflammatory and profibrotic markers, such as 
TNF-α, IL-1β, TGF-β, α-SMA, and collagen type I and III 
were found to be upregulated in the peritoneal tissue in this 
mouse model. Collagen is the main component of the ECM, 
with type I collagen being the most abundant of the collagen 
protein family in fibrosis [6]. Collagen fragments (polypep-
tides) enhance the production of IL-1β by human peripheral 
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Fig. 1   Hepatocyte growth factor (HGF) suppresses thickening of per-
itoneal fibrosis in methylglyoxal (MGO)-injected mice. Representa-
tive photomicrographs of peritoneal tissues stained with Masson’s 
trichrome (200 ×) (a). Comparison of the average of nine randomly 
selected 200-μm fields of submesothelial zone at 200 × magnifica-

tion. The peritoneal tissue of the Sham + MGO group showed signifi-
cant thickening of the submesothelial compact zone compared with 
the Sham group. Peritoneal tissue of the HGF + MGO group showed 
significant decrease in thickening compared with the Sham + MGO 
group (*p < 0.05) (b)
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B

Fig. 2   Hepatocyte growth factor (HGF) inhibits α-smooth muscle 
actin (α-SMA) and reduces type I and III collagen expression in mice 
with peritoneal fibrosis. Immunohistochemical analysis of α-SMA 
(a), and type I and III collagen expression (b) in peritoneal fibrosis in 

mice. The number of α-SMA expressing cells and type I and III colla-
gen pixels were significantly higher in Sham + MGO (methylglyoxal) 
group and lower in HGF + MGO group. Statistical analyses were per-
formed using ANOVA (*p < 0.05)
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blood mononuclear cells [25]. Type I collagen stimulates 
mouse peritoneal macrophages to aggregate and produce 
proinflammatory molecules through reactive oxygen spe-
cies upregulation.

TGF-β is known to induce differentiation of peritoneal 
mesothelial cells and fibroblasts into myofibroblasts with 
collagen-producing ability. It is believed that these actions 
result in the suppression of PF [26]. It had been reported 
that HGF has anti-fibrotic effects on various organs such as 
the liver, kidney, lung, and heart by inhibition of collagen I, 
collagen III, and TGF-β [16, 21, 27]. Thickening of the peri-
toneal mesothelial tissue was observed with MGO adminis-
tration, and the accumulation of collagen I, collagen III, and 
TGF-β was observed through immunohistological analyses, 
suggesting that TGF-β-mediated fibrosis had progressed. 
Similarly, in the group that received MGO, the expression 
of F4/80 and CD68 increased in the peritoneal mesothelial 
tissue, suggesting an increase in inflammatory macrophages.

In peritoneal dialysis patients, it is considered that the 
peritoneal mesothelial cells are shed by contact with non-
physiological dialysate, and it has been shown that the peri-
toneal mesothelial cells secrete HGF. Susan et al. reported 
that HGF dialysis effluent levels were higher in the low-
glucose dialysate group and that there was no difference 

between the two groups after these patients switched to high-
glucose-based dialysate. This result indicates that high glu-
cose dialysate reduces HGF production in mesothelial cells 
[28]. In a rat model of chlorhexidine, Matsuoka et al. used 
rat peritoneal mesothelial cells transfected with full-length 
human-HGF cDNA into the expression vector to reverse the 
pathological changes in the peritoneum [29].

Ido et al. found that, in the liver tissue of the rat model, 
injection of HGF induced tyrosine phosphorylation of 
c-MET, a specific receptor for HGF [30]. HGF has an 
important role in the regeneration of organs, and has an 
anti-inflammatory and anti-fibrotic effect in various tis-
sues [17, 19, 21–23]. Though it has been reported that HGF 
reduced the effects of TGF-β-induced α-SMA and collagen 
I of human peritoneal fibroblasts in vitro [31], it is unclear if 
HGF has similar anti-inflammatory and anti-fibrotic effects 
on peritoneal tissue in vivo. Fibrosis results from inflam-
matory reactions. Macrophage aggregation, which occurs 
secondary to inflammation, is widely involved in subse-
quent fibrotic processes [32]. Macrophages play important 
roles in innate cellular immunity and produce proinflam-
matory cytokines, such as TNF-α and IL-1β under inflam-
matory conditions [33]. Macrophages can be polarized to 
exhibit different phenotypes by cytokine production and, 

IL
1β

m
R

N
A 

ex
pr

es
si

on

TN
F-

α
m

R
N

A 
ex

pr
es

si
on

TG
F-

β
m

R
N

A 
ex

pr
es

si
on

M
m

P3
m

R
N

A 
ex

pr
es

si
on

M
m

P9
m

R
N

A 
ex

pr
es

si
on

0

1

2

3

4

1 2 3
0

1

2

3

4

5

6

1 2 3
0

1

2

3

1 2 3

0

1

2

3

1 2 3
0

1

2

3

1 2 3

Sham Sham+MGO HGF+MGO Sham Sham+MGO HGF+MGO Sham Sham+MGO HGF+MGO

Sham Sham+MGO HGF+MGO Sham Sham+MGO HGF+MGO

＊
＊ ＊

551.0=p390.0=p

Fig. 3   Expression of proinflammatory cytokines and fibrosis-related genes in the peritoneal membrane of mice. Hepatocyte growth factor (HGF) 
altered the proinflammatory cytokine and fibrosis-related genes of the peritoneal membrane



941Clinical and Experimental Nephrology (2021) 25:935–943	

1 3

C
D

68
+ 

po
si

tiv
e 

ce
lls

B

F4
/8

0 
po

si
tiv

e 
ce

lls

0

50

100

150

200

250

300

350

1 2 3
0

20

40

60

80

100

120

1 2 3Sham HGF+MGOSham+MGO Sham HGF+MGOSham+MGO

＊ ＊

＊

＊ ＊

＊

C

0

0.5

1

1.5

2

1 2 3
0

0.5

1

1.5

2

1 2 3
0

1

2

3

1 2 3Sham Sham+MGO HGF+MGO Sham Sham+MGO HGF+MGO Sham Sham+MGO HGF+MGO

C
D

86
m

R
N

A 
ex

pr
es

si
on

C
D

20
6

m
R

N
A 

ex
pr

es
si

on

C
D

16
3

m
R

N
A 

ex
pr

es
si

on

＊

＊ ＊
p=0.06

＊

A

CD68+

F4/80

Sham HGF+MGOSham+MGO

100µm100µm100µm

100µm100µm100µm

Fig. 4   Hepatocyte growth factor attenuates macrophage infiltration and expression of M1 an M2 macrophage markers in mice with peritoneal 
fibrosis



942	 Clinical and Experimental Nephrology (2021) 25:935–943

1 3

accordingly, two macrophage subsets (M1 and M2) have 
been identified. M1 macrophages generate proinflammatory 
cytokines and function mainly in inflammatory reactions and 
tissue destruction. In contrast, M2 macrophages produce 
anti-inflammatory and profibrotic cytokines such as TGF-β, 
and promote tissue remodeling and fibrosis [34]. M1 mac-
rophages upregulate CD86 protein levels, and produce proin-
flammatory cytokines, such as IL-1β and TNF-α. CD86 and 
CD80 are markers for M1 macrophages. CD206 and CD163 
are markers for M2 macrophages which are involved in the 
anti-inflammatory and fibrotic processes [35, 36]. CD206 
is a receptor involved in endocytosis, and is the most com-
monly used marker of M2 macrophages.

By inhibiting angiogenesis and inflammation, mac-
rophage-derived TGF-β is suppressed, and the TGF-β pro-
tein levels in PD patients with peritonitis are increased [37]. 
PF and monocytes/macrophages are closely related. CD86- 
and CD206-positive macrophages are both present in peri-
toneal macrophages, and CD68 is highly expressed in blood 
monocytes and tissue macrophages. F4/80 is also expressed 
at high levels on the surface of various macrophage of vari-
ous tissues in mice [38]. Some previous studies showed 
that monocytes express c-MET, which is a specific HGF 
receptor, and HGF affects the differentiation and function of 
monocytes and macrophages [39–42]. However, the effect 
of HGF-MET signaling against monocytes/macrophages in 
peritoneal tissues remains unclear. In our study, we found 
that HGF administration inhibits infiltration of M1 and M2 
macrophages in peritoneal tissue (Fig. 4). These results sug-
gest that HGF affects macrophage infiltration and polariza-
tion, causing attenuation of proinflammatory and profibrotic 
factors.

The study limitation is that it does not assess all down-
stream factors of HGF. Activation of MET by HGF induces 
kinase catalytic activity of MET and initiates transphos-
phorylation of Tyr1234 and Tyr1235. These two tyrosine 
residues bind to various signaling factors and initiate vari-
ous biological activities driven by MET. Evaluation and 
investigation of these downstream factors of HGF will be 
considered.

In summary, we demonstrated that HGF attenuates MGO-
induced PF in mice, and HGF treatment reduced myofibro-
blast and macrophage infiltration. Furthermore, we found 
that HGF attenuated the upregulated expression of proin-
flammatory and profibrotic genes in peritoneal tissue. Our 
results are promising for the future of PF treatment, and may 
shed light on a possible new approach for preventing PF 
by treatment with HGF in patients undergoing PD. Further 
studies are needed before these experimental findings can be 
translated into clinical applications.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10157-​021-​02067-y.
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