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Abstract

Purpose: Peritoneal fibrosis is a serious complication of long-term peritoneal
dialysis, attributable to inflammation and mitochondrial dysfunction. Mitochonic
acid-5 (MA-5), an indole-3-acetic acid derivative, improves mitochondrial
dysfunction and has therapeutic potential against various diseases including
kidney diseases. However, whether MA-5 is effective against peritoneal fibrosis
remains unclear. Therefore, we investigated the effect of MA-5 using a peritoneal
fibrosis mouse model.

Methods: Peritoneal fibrosis was induced in C57BL/6 mice via intraperitoneal
injection of chlorhexidine gluconate (CG) every other day for 3 weeks. MA-5
was administered daily by oral gavage. The mice were divided into control, MA-
5, CG, and CG + MA-5 groups. Following treatment, immunohistochemical
analyses were performed.

Results: Fibrotic thickening of the parietal peritoneum induced by CG was
substantially attenuated by MA-5. The number of o-smooth muscle actin-
positive myofibroblasts, transforming growth factor B-positive cells, F4/80-
positive macrophages, monocyte chemotactic protein 1-positive cells, and 4-

hydroxy-2-nonenal-positive cells was considerably decreased. In addition,
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reduced ATP5al-positive and uncoupling protein 2-positive cells in the CG group
were notably increased by MA-5.

Conclusions: MA-5 may ameliorate peritoneal fibrosis by suppressing
macrophage infiltration and oxidative stress, thus restoring mitochondrial

function. Overall, MA-5 has therapeutic potential against peritoneal fibrosis.
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Introduction

Peritoneal dialysis (PD) is a well-established treatment for end-stage renal
disease. However, long-term PD leads to histopathological changes in the
peritoneum, such as peritoneal fibrosis, which is attributed to increased collagen
accumulation and myofibroblast proliferation with inflammatory cell infiltration
in submesothelial areas [ 1-3]. In particular, peritoneal fibrosis leads to decreased
PD eftectiveness and ultrafiltration failure, resulting in PD withdrawal [4].
Moreover, peritoneal fibrosis can progress to encapsulating peritoneal sclerosis
resulting in high mortality; it is one of the most critical complications of PD [5].
Recently, oxidative stress has been reported to play an important role in
peritoneal injury, including fibrosis [6]. However, the precise mechanism of
peritoneal fibrosis in patients with PD remains unclear, and no specific treatment
has been established.

Mitochondrial dysfunction causes increased oxidative stress and plays an
important role in fibrosis in organs such as the lungs [7, 8], liver [9, 10], and
kidneys [11] by increasing the production of cytokines, such as transforming

growth factor B (TGF-B), by macrophages and the activation of myofibroblasts.



67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

Additionally, mitochondrial dysfunction contributes to peritoneal fibrosis by
increasing oxidative stress [6, 12—14].

Mitochonic acid 5 (MA-5), 4-(2,4-difluorophenyl)-2-(1H-indol-3-yl)-4-
oxobutanoic acid, is a newly-identified mitochondria-homing drug. MA-5 is a
derivative of indole-3-acetic acid (IAA), which is a plant hormone auxin and
accumulates in patients with renal failure [15]. MA-5 facilitates mitochondrial
ATP production and reduces oxidative stress in fibroblasts from patients with
mitochondrial diseases [16]. Moreover, MA-5 has therapeutic potential against
mitochondrial dysfunction in kidney disease models [17]. Based on these results,
we predicted that MA-5 may ameliorate peritoneal fibrosis by improving
mitochondrial dysfunction. Therefore, our aim was to investigate the effect of
MA-5 in a peritoneal fibrosis mouse model induced by chlorhexidine gluconate

(CG).

Materials and Methods

Materials
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MA-5 was provided by Dr. T. Abe (Tohoku University Graduate School of
Medicine, Sendai, Japan) and was dissolved in 0.2 mL distilled water to obtain a
final concentration of 0.25 mg/mL (2 mg/kg). We started administering MA-5 at
a low dose of 2 mg/kg, and as the antifibrotic effect was confirmed and no
adverse events such as liver damage were observed, we set the concentration to 2
mg/kg. CG solution was purchased from Dainippon Sumitomo Pharma (Osaka,

Japan) and diluted to 0.05% with 15% ethanol in saline.

Animals

Ten-week-old male C57BL/6 mice weighing 24-29 g (Japan SLC Inc., Shizuoka,
Japan) were used in this study. They were housed in standard rodent cages in a
light- and temperature-controlled room at the Biomedical Research Center,
Center for Frontier Life Sciences, Nagasaki University (Nagasaki, Japan). They
had free access to pelleted rodent food and drinking water. The experimental
protocol was approved by the Ethics Review Committee for Animal
Experimentation of Nagasaki University School of Medicine (approval number

1506261242-7).
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Animal experimental protocol

Peritoneal fibrosis was induced via the intraperitoneal injection of 0.05% CG in
15% ethanol dissolved in saline, as described previously, with a slight
modification [18, 19]. The mice were injected with CG into the peritoneal cavity
at a volume of 10 mL/kg every other day. When injecting CG into the peritoneal
cavity, the needle was inserted into the lateral abdomen of the mice. The
peritoneal tissues were collected from the midline part. The collected peritoneal
tissues were not affected by the needle prick. MA-5 was administered orally
every day at a concentration of 2 mg/kg from the time of the initial CG injection.
The mice were divided into four groups: control (CTL), in which 15% ethanol
dissolved in saline was injected intraperitoneally, and the vehicle was
administered orally (n = 5); MA-5, in which 15% ethanol dissolved in saline was
injected intraperitoneally, and MA-5 was administered orally (n = 5); CG, in
which CG was injected intraperitoneally, and the vehicle was administered orally
(n=8); and CG + MA-5, in which CG was injected intraperitoneally, and MA-5

was administered orally (n = 8). Twenty-one days after the first administration,
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the mice were sacrificed, and the peritoneal tissues were dissected.

Histological and immunohistochemical analyses

The peritoneal tissues were fixed in 4% paraformaldehyde in phosphate-buffered
saline (PBS; pH 7.4) immediately after sampling and embedded in paraffin for
histological examination and immunohistochemistry. For morphological
examination, 4-um-thick paraffin-embedded tissues were stained with Masson’s
trichrome stain. The following antibodies were used for immunohistochemistry:
rabbit anti-type III collagen (1:400; LB-1393; LSL Co., Tokyo, Japan); rabbit
anti- TGF-3 (1:25; sc-146; Santa Cruz Biotechnology, Santa Cruz, CA); mouse
anti-oi-smooth muscle actin (a-SMA; 1:50; A2547; Sigma-Aldrich, St. Louis,
MO), which was used as a myofibroblast marker; rat anti-F4/80 (1:50; MCA497;
Bio-Rad, Hercules, CA), which was used as a macrophage marker; goat anti-
monocyte chemotactic protein 1 (MCP1; 1:200; sc-1784; Santa Cruz
Biotechnology); rabbit anti-CD31 (1:1000; ab182981; Abcam, Cambridge, UK),
which was used as a vessel marker; mouse anti-4-hydroxy-2-nonenal (4-HNE;

1:50; MHN-100P; JaICA, Shizuoka, Japan), which was used as an oxidative
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stress marker; rabbit anti-superoxide dismutase 2 (SOD2; 1:100; ab13534,
Abcam), which was used as an antioxidant marker; rabbit anti-ATP5al (1:50;
AS5884; ABclonal, Woburn, MA); and uncoupling protein 2 (UCP2; 1:50;
ab203244, Abcam), which was used as a mitochondrial expression marker.
After deparaffinization, the sections were treated with proteinase K (P2308;
Sigma-Aldrich) for 15 min at 37 °C for antigen retrieval for type III collagen,
TGF-B, a-SMA, F4/80, MCP1, and UCP?2 staining. For CD31, 4-HNE, SOD2,
and ATP5al staining, the sections were heated to 95 °C for 15 min in 10 mM
citrate buffer (pH 6.0) for antigen retrieval. The sections were treated with 0.3%
H>0; in methanol for 20 min to inactivate endogenous peroxidase activity and
then incubated with a blocking solution (Protein Block Serum-Free [ X0909;
Dako, Carpinteria, CA], 10% normal goat serum, or 10% normal rabbit serum)
for 30 min at room temperature (RT). The sections were then incubated with the
primary antibody diluted in the blocking solution for 1 h at RT (type III collagen,
o-SMA, and MCP1) or overnight at 4 °C (TGF-3, F4/80, CD31, 4-HNE, SOD2,
ATP5al, and UCP2). For type III collagen staining, the sections were treated
with the primary antibody for 1 h at RT followed by incubation with horseradish

peroxidase (HRP)-conjugated swine anti-rabbit immunoglobulin antibody

10
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(P0399; Dako) diluted at 1:50 for 30 min at RT. The sections were reacted with
the avidin-biotin complex using appropriate VECTASTAIN Elite ABC Kits (PK-
6101 for TGF-J staining or PK-6105 for MCP1 staining; Vector Laboratories,
Burlingame, CA) after incubation with the primary antibody for TGF-f staining
and MCP1 staining, respectively. For a-SMA staining, the sections were stained
using the rabbit EnVision kit (K4002; Dako) with a complex of the primary
antibody and HRP-conjugated rabbit anti-mouse immunoglobulin antibody
(PO161; Dako) for 1 h at RT. For F4/80 staining, the sections were treated with
the primary antibody overnight at 4 °C, and HRP-conjugated rabbit anti-rat
immunoglobulin antibody (P0450; Dako) diluted to 1:100 ratio for 30 min at RT
and then incubated with HRP-conjugated swine anti-rabbit immunoglobulin
antibody (P0399; Dako) diluted to 1:50 ratio for 30 min at RT. For CD31
staining, after treating the sections with the primary antibodies overnight at 4 °C,
they were incubated with the rabbit EnVision kit (K4003; Dako) for 1 h at RT.
For 4-HNE, SOD2, ATP5al, and UCP2 staining, after treating the sections with
the primary antibodies overnight at 4 °C, they were incubated with HRP-
conjugated goat anti-mouse immunoglobulin antibody (P0447; Dako) diluted to

1:50 ratio or goat anti-rabbit immunoglobulin antibody (P0448; Dako) diluted to

11
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1:200 ratio for 1 h at RT. After each reaction, the sections were washed with PBS.
The reaction products were visualized by treating the sections with hydrogen
peroxide and 3,3-diaminobenzidine tetrahydrochloride. Finally, after
counterstaining with methyl green, the sections were dehydrated and mounted.
For all specimens, negative controls were prepared using normal IgG instead of

the primary antibody.

Immunofluorescence staining

The peritoneal tissues were fixed in 4% paraformaldehyde in PBS (pH 7.4)
immediately after sampling and embedded in paraffin for immunofluorescence
staining. The primary antibodies used for immunohistochemistry were as
follows: mouse anti-4-HNE (1:50; MHN-100P; JaICA) and UCP2 (1:100;
ab203244; Abcam). After deparaftinization, the sections were heated to 95 °C for
15 min in 10 mM citrate buffer (pH 6.0) for antigen retrieval. The sections were
incubated with a blocking solution (Protein Block Serum-Free [X0909; Dako])
for 60 min at RT. The sections were then incubated with the primary antibodies

diluted in the blocking solution overnight at 4 °C. The sections were incubated

12
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with the following secondary antibodies for 1 h: Alexa Fluor dye (Molecular
Probes Inc., Eugene, OR), 488-labeled goat anti-mouse IgG (A11001; Invitrogen,
Paisley, UK) for 4-HNE staining, or Alexa Fluor dye 594-labeled goat anti-rabbit
IgG (A11012; Invitrogen) for UCP2 staining. After each reaction, the sections
were washed with PBS. Finally, after counterstaining with 4’,6-diamidino-2-
phenylindole (DAPI), the sections were dehydrated and mounted. The sections
were analyzed using a fluorescence microscope (BZ-X710; KEYENCE, Osaka,
Japan). For all specimens, negative controls were prepared using normal IgG

instead of the primary antibody.

Histological analysis

To perform semiquantitative analysis of the morphological changes in the
peritoneum, we used digitized images and image analysis software
(WinROOF2018; Mitani Corporation, Fukui, Japan). We measured the thickness
of the submesothelial compact zone above the abdominal muscle in cross-
sections of the abdominal wall. The image was transformed into a matrix of 1440

% 1024 pixels and viewed at 200x or 400x magnification using a light

13
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microscope (Nikon ECLIPSE Ci-L; Nikon, Tokyo, Japan). Five different regions
were randomly selected, and the thickness of the submesothelial compact zone
was measured by Masson’s trichrome staining. In each peritoneal sample, the
type III collagen-positive area was calculated in five fields at 200%
magnification. The cells that were positive for TGF-B, a-SMA, F4/80, MCP1, 4-
HNE, SOD2, ATP5al, and UCP2 were counted in five fields at 200x or 400%
magnification. For SOD2, ATP5al, and UCP2, the proportion of positive cells
among all cells in the submesothelial compact zone per field was calculated. The

CD31-positive vessels were counted in five fields at 200x magnification.

Peritoneal equilibration test (PET)

The peritoneal equilibration test (PET) was performed just before the sacrifice on
day 21. Eight milliliters of 2.5% Reguneal solution (ATB3627; Baxter Japan,
Tokyo, Japan) was injected into the abdominal cavity of mice. After 1 h, the
peritoneal effluent was collected. Blood samples were obtained from the inferior
vena cava immediately after the PET. Creatinine levels of peritoneal effluent and

serum were measured at SRL, Inc. (Tokyo, Japan). The dialysate-to-serum (D/S)

14
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ratio of creatinine was calculated.

Quantification of proteins by enzyme-linked immunosorbent assay (ELISA)

Protein concentration in PD effluent and serum was measured using an enzyme-
linked immunosorbent assay (ELISA) for 8-hydroxy-2’-deoxyguanosine (8-
OHdG; KOG-HS10/E; JalCA). Optical density was measured using a microplate

reader (Synergy LX Multi-Mode Microplate Reader; BioTek, Winooski, VT).

Statistical analyses

Data are expressed as mean + standard error. Differences among the groups were
examined for statistical significance using repeated measures analysis of variance
(Tukey’s honest significant difference test). Statistical significance was set at p <
0.05. All statistical analyses were performed using JMP version 15 software

(SAS Institute Inc., Cary, NC).

Results

15
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248  MA-5 attenuates peritoneal fibrotic thickening induced by CG

249

250  To assess the effect of MA-5 on peritoneal fibrotic thickening induced by CG, we
251  performed Masson’s trichrome staining (Fig. 1a—e). In the CTL group, the

252  surface of the peritoneal tissue was covered with a monolayer of mesothelial
253  cells but displayed no thickening of the submesothelial compact zone (Fig. 1a).
254  Inthe MA-5 group, the peritoneum was not affected by the administration of
255 MA-5 and was similar to that in the CTL group (Fig. 1b) (14.1 vs. 21.0 um, p=
256  0.90). However, the peritoneal tissues in the CG group showed considerable
257  thickening of the submesothelial compact zone (Fig. 1c) (93.8 vs. 21.0 um, p <
258 0.0001). Additionally, the thickness of the submesothelial compact zone in the
259  CG + MA-5 group was significantly lower than that in the CG group (Fig. 1d)
260  (66.5 vs. 93.8 um, p=0.0092).

261 Further, we performed immunohistochemistry of type III collagen to analyze
262  collagen deposition (Fig. 1f=1). In the CG group, type III collagen was diffusely
263  expressed, and the positive area was significantly larger than that in the CTL

264  group (Fig. 1f, g) (198.3 vs. 27.8 um?, p < 0.0001). Type III collagen-positive
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area in the CG + MA-5 group (Fig. 1h) was significantly reduced compared with
that in the CG group (110.6 vs. 198.3 um?, p=0.0022).

These results indicate that MA-5 has an antifibrotic effect on peritoneal
fibrosis induced by CG.

Furthermore, we evaluated peritoneal permeability by performing PET (Online
Resource 1). The D/S ratio of creatinine in the CG group was significantly higher
than that in the CTL group (0.76 vs. 0.46, p=0.0091). However, the D/S ratio of
creatinine in the CG + MA-5 group was lower than that in the CG group,
although the difference was not statistically significant (0.70 vs. 0.76, p = 0.76).
These results, consistent with the results of the histological analysis, suggest that
MA-5 may attenuate the peritoneal hyperpermeability of our CG-induced

peritoneal fibrosis mouse model.

MA-5 attenuates fibrosis by suppressing TGF-$ and o-SMA

As TGF-J is known to be a crucial factor in the development of fibrosis, we
examined the number of TGF-B-positive cells in the peritoneal tissues using

immunohistochemistry (Fig. 2a—d). In the CTL group, a few TGF--positive cells

17
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were found in the submesothelial zone (Fig. 2a, ). In the CG group, numerous
TGF-B-positive cells were observed in the thickened peritoneum (Fig. 2b, f)
(226.5 vs. 23.1 cells/field, p=0.021), whereas TGF-B-positive cells were
significantly reduced in the CG + MA-5 group (Fig. 2¢, g) compared with those
in the CG group (69.8 vs. 226.5 cells/field, p = 0.0089).

Furthermore, we evaluated the expression of a-SMA, which is a marker of
myofibroblasts in peritoneal tissues (Fig. 2h-n). In the CTL group, the number of
o-SMA-positive cells was low in the submesothelial zone (Fig. 2h, ). On the
contrary, in the CG group, numerous o-SMA-positive cells accumulated in the
thickened peritoneum, especially in the upper layer (Fig. 2i, m) (281.3 vs. 29.7
cells/field, p = 0.0023), whereas the number of ai-SMA-positive cells was
significantly decreased in the CG + MA-5 group (Fig. 2j, n) compared with that
in the CG group (116.3 vs. 281.3 cells/field, p=0.015).

These results indicate that MA-5 suppressed TGF-P expression and o.-SMA-
positive myofibroblast proliferation in the peritoneum in our CG-induced

peritoneal fibrosis mouse model.

MA-5 ameliorates macrophage infiltration and MCP1 expression

18
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CG induces peritoneal fibrosis via macrophage infiltration [20]. Therefore, we
investigated the degree of macrophage infiltration by performing
immunohistochemistry for F4/80 as a marker for mouse macrophages in
peritoneal tissues (Fig. 3a—g). In the CTL group, a small number of macrophages
were found in the submesothelial zone (Fig. 3a, ). In the CG group, numerous
macrophages were observed in the thickened peritoneum (Fig. 3b, f) (107.6 vs.
9.6 cells/field, p < 0.0001), whereas the number of macrophages was
considerably reduced in the CG + MA-5 group (Fig. 3c, g) compared to that in
the CG group (62.1 vs. 107.6 cells/field, p=0.0010). We also investigated the
expression of MCP1, which promotes macrophage infiltration (Fig. 3h-n). In the
CTL group, a few MCP1-positive cells were found in the submesothelial zone
(Fig. 3h, 1). In the CG group, numerous MCP1-positive cells were detected in the
thickened peritoneum (Fig. 31, m) (262.4 vs. 20.7 cells/field, p=0.0011),
whereas MCP1-positive cells were considerably decreased in the CG + MA-5
group (Fig. 3j, n) compared with those in the CG group (96.7 vs. 262.4
cells/field, p= 0.0062).

These results suggest that MA-5 repressed the expression of MCP1 and
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macrophage infiltration in the peritoneum of our CG-induced peritoneal fibrosis

mouse model.

MA-S suppresses angiogenesis

In our previous studies, we have shown that some drugs improved peritoneal
fibrosis and reduced angiogenesis [21, 22]. Therefore, in this study, we evaluated
angiogenesis by immunohistochemistry of CD31, a marker of vessels, in the
peritoneal tissues (Fig. 4a—g). In the CTL group, no CD31-positive vessels were
found in the submesothelial zone (Fig. 4a, €). On the contrary, in the CG group,
several CD31-positive vessels were detected (Fig. 4b, f) (17.4 vs. 0.0
vessels/field, p < 0.0001), whereas CD31-positive vessels were significantly
decreased in the CG + MA-5 group (Fig. 4¢c, g) compared with those in the CG
group (6.4 vs. 17.4 vessels/field, p=0.0010). These results indicate that MA-5
suppressed angiogenesis in the peritoneum of our CG-induced peritoneal fibrosis

mouse model.

MA-5 decreases oxidative stress

20
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4-HNE is a natural byproduct of lipid peroxidation, which generally reflects
oxidative stress [12]. Therefore, we evaluated the oxidative stress level in
peritoneal tissues by immunohistochemistry for 4-HNE (Fig. 5a—g). In the CTL
group, a few 4-HNE-positive cells were found in the submesothelial zone (Fig.
Sa, e). In the CG group, numerous 4-HNE-positive macrophages and
myofibroblasts were observed in the thickened peritoneum (Fig. 5b, d, ) (75.3
vs. 0.7 cells/field, p < 0.0001), whereas 4-HNE-positive cells were significantly
reduced in the CG + MA-5 group (Fig. 5c, g), compared with those in the CG
group (45.5 vs. 75.3 cells/field, p=0.0051). These results suggest that MA-5
may reduce peritoneal oxidative stress induced by CG.

Additionally, we measured the concentration of 8-OHdG, one of the oxidative
stress markers, in peritoneal effluent and serum (Online Resource 2). No
significant difference in the 8-OHdG concentration in both peritoneal effluent
(0.13 vs. 0.22 ng/mL, p=0.48; 0.22 vs. 0.19 ng/mL, p=0.87) and serum (0.20
vs. 0.24 ng/mL, p=0.99; 0.24 vs. 0.80 ng/mL, p=0.051) between the CTL and
the CG groups and the CG and the CG + MA-5 groups was observed. These

results indicated that the effect of MA-5 could be limited to the peritoneal region.
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Moreover, we performed immunohistochemistry of SOD2 to evaluate
antioxidant capacity (Online Resource 3). There was no significant difference in
the proportion of SOD2-positive cells in the submesothelial zone (74.0% vs.
79.7%, p=0.53; 79.7% vs. 81.5%, p=0.92) between the CTL (Online Resource
3a) and the CG group (Online Resource 3b) and the CG and CG + MA-5 groups
(Online Resource 3c). These results suggested that MA-5 might not be involved

in the antioxidant capacity of the peritoneum.

MA-S restores the decreased expression of mitochondrial components

Mitochondrial dysfunction has been reported to cause peritoneal fibrosis via
increased oxidative stress [6, 12—14], and MA-5 recovers mitochondrial function
by reducing oxidative stress in kidney tissues and cardiac myocytes [18].
Therefore, we assessed the mitochondrial component expression level in the
peritoneal tissues by performing immunohistochemistry of ATP5al and UCP2,
both of which play an important role in mitochondrial function (Fig. 6a—g). In the
CTL group, ATP5al and UCP2 expression was preserved in the submesothelial

zone, mainly in mesothelial cells (Fig. 6a, €). However, in the CG group, the
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proportion of positive cells for ATP5al and UCP2 was lower than that in the CTL
group (Fig. 6b, f) (58.3% vs. 83.5%, p=0.0006; 54.2% vs. 89.5%, p < 0.0001).
Meanwhile, the decreased proportion of positive cells for ATP5al and UCP2 was
restored in the CG + MA-5 group mainly in myofibroblasts and macrophages
(Fig. 6¢, g) (74.2% vs. 58.3%, p=0.011; 87.3% vs. 54.2 %, p < 0.0001). These
results suggest that MA-5 may ameliorate mitochondrial dysfunction in the
peritoneum of our CG-induced peritoneal fibrosis mouse model.

Moreover, we performed double immunofluorescence staining of 4-HNE and
UCP2 (Fig. 7a—c). In the CTL group, most of the cells, the majority of which
were mesothelial cells, were 4-HNE-negative and UCP2-positive (Fig. 7a). In the
CG group, most of the cells that appeared to be myofibroblasts were 4-HNE-
negative and UCP2-positive, whereas 4-HNE-positive and UCP2-negative cells
were observed among the cells that appeared to be macrophages (Fig. 7b). In the
CG + MA-5 group, myofibroblasts were similar to those in the CG group;
however, 4-HNE-negative and UCP2-positive macrophages were increased
compared with those in the CG group (Fig. 7¢). These results suggest MA-5
treatment may reduce oxidative stress in cells with improved mitochondrial

function, which appear to be mainly macrophages.
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392  Discussion

393

394  In this study, we demonstrate that MA-5 considerably attenuated CG-induced
395  peritoneal fibrosis by reducing the number of myofibroblasts in mice.

396  Furthermore, this antifibrotic effect was accompanied by a decrease in

397 macrophage infiltration. We also showed that oxidative stress was reduced, and
398  mitochondrial function was restored by treatment with MA-5. These findings
399  suggest that MA-5 is beneficial for preventing the progression of peritoneal
400 fibrosis.

401 Macrophage infiltration is involved in CG-induced peritoneal fibrosis [19]. In
402  the present study, we observed that MA-5 reduced macrophage infiltration into
403  the peritoneum. Moreover, MA-5 suppressed MCP1 expression of

404  myofibroblasts and macrophages in the peritoneum. MCP1 has been shown to
405 play an important role in the initiation and progression of peritoneal fibrosis via
406  the recruitment and activation of macrophages, which secrete profibrotic

407  cytokines, such as TGF-3 [20, 23]. Thus, our results suggest that MA-5

408 ameliorates peritoneal fibrosis by repressing macrophage infiltration and TGF-3

24



409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

expression via the suppression of MCP1 expression. Furthermore, MA-5 reduced
CD31-positive vessels in the peritoneum, suggesting that MA-5 also has anti-
angiogenic effects accompanied by its antifibrotic effects.

Oxidative stress triggers inflammatory conditions, including macrophage
infiltration in the peritoneum, and mitochondria are a major site for the
production of reactive oxygen species (ROS) [6, 14, 24, 25]. As for the
mechanism of the effects of MA-5 on mitochondria, previous studies have shown
that MA-5 binds to mitofilin, an inner mitochondrial membrane protein, and
induces ATP synthase oligomerization, supercomplex formation, and a
conformational change in cristae [26]. These improvements in mitochondrial
morphology and dynamics promote effective ATP synthesis without generating
mitochondrial ROS [26]. In addition, it has been reported that supercomplex
formation prevents excessive mitochondrial ROS production [27]. Furthermore,
the proportion of ATP5al- and UCP2-positive cells in myofibroblasts and
macrophages was restored in our study. The number of 4-HNE-positive
myofibroblasts and macrophages was reduced in the CG + MA-5 group
compared with that in the CG group, suggesting that MA-5 treatment recovered

mitochondrial function and reduced oxidative stress in cells comprising the

25



427  peritoneal submesothelial compact zone. The double immunofluorescence

428  staining for 4-HNE and UCP2 showed that 4-HNE-negative and UCP2-positive
429  macrophages in the CG + MA-5 group increased compared with those in the CG
430  group, suggesting that MA-5 treatment improved the mitochondrial function of
431 macrophages mainly and reduced oxidative stress.

432 These results indicate that MA-5 can inhibit peritoneal fibrosis by suppressing
433  inflammation, including macrophage infiltration, via the reduction of oxidative
434  stress by restoring mitochondrial function.

435 Although our results show the beneficial effects of MA-5 treatment, our study
436  has some limitations. First, we used a CG-induced peritoneal fibrosis mouse

437  model, but CG may not imitate human peritoneal fibrosis. Nevertheless, the CG
438 model can be regarded as an important experimental model because the

439  histological changes, including myofibroblast proliferation and macrophage

440  infiltration in the CG model, were similar to those of peritoneal fibrosis in PD
441  patients. These similarities strongly indicate that the CG model is suitable for
442  studying the pathogenesis and treatment of peritoneal fibrosis. Second, MA-5
443  and CG were administered simultaneously. The effects of MA-5 as a therapeutic

444  intervention after CG initiation have not been determined. Therefore, the
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therapeutic efficacy of MA-5 requires further investigation. Finally, in our study,
the direct causal relationship between MA-5 and the restoration of mitochondrial
function and morphology was not elucidated. However, it has been confirmed by
electron microscopy that mitochondrial cristae enlarged and shortened by
mitochondrial damage become thinner and longer with MA-5 administration

[26]. Further studies are needed to establish the protective mechanism of MA-5.

Conclusions

We demonstrate that MA-5 can ameliorate peritoneal fibrosis in a CG-induced
peritoneal fibrosis mouse model. Our results indicate that the antifibrotic effect of
MA-5 may involve the suppression of macrophage infiltration via the recovery of
mitochondrial function and reduction in oxidative stress. Thus, MA-5 constitutes

a novel treatment option for the prevention of peritoneal fibrosis.
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Figure Legends

Fig. 1 Masson’s trichrome staining of the peritoneum (a—¢) and
immunohistochemical analysis of type III collagen in the peritoneum (f-i). (a, b)
In the CTL and MA-5 groups, the monolayer of mesothelial cells covered the
entire surface of the peritoneum without thickening of the submesothelial
compact zone. (¢) The parietal peritoneal tissues of the CG group showed
considerable fibrotic thickening of the submesothelial compact zone and the
presence of numerous cells. (d) The CG + MA-5 group showed significantly less
thickening of the submesothelial area than the CG group. (e) The bar graph
shows the thickening of the submesothelial compact zone. (f) In the CTL group,
there was slight type III collagen deposition. (g) In the CG group, the type 111
collagen-positive area significantly increased in the thickened peritoneum. (h) In
the CG + MA-5 group, the type III collagen-positive area significantly decreased
compared with that in the CG group. (i) The bar graph shows the type III
collagen-positive area. ** represents p < 0.01; *** represents p < 0.001; Tukey’s
honest significant difference test. Original magnification 200x; bars indicate the
thickness of the submesothelial zone. CG = chlorhexidine gluconate; CTL =

control; MA-5 = mitochonic acid-5
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Fig. 2 Immunohistochemical analysis of TGF-f (a—g) and 0.-SMA (h—n) in the
peritoneum. (a, ¢) In the CTL group, minimal TGF-3 expression was observed.
(b, f) In the CG group, TGF-J expression was significantly increased in the
thickened peritoneum compared with that in the CG group. (c, g) In the CG +
MA-5 group, TGF-P expression was significantly decreased compared with that
in the CG group. (d) The bar graph shows the number of TGF-B-positive cells at
200x magnification. (h, 1) In the CTL group, a few a.-SMA-positive cells were
observed. (i, m) In the CG group, the number of a-SMA-positive cells
significantly increased in the thickened peritoneum. (j, n) In the CG + MA-5
group, the number of a-SMA positive cells was significantly decreased compared
with that in the CG group. (h) The bar graph shows the number of o-SMA-
positive cells at 200x magnification. * represents p < 0.05; ** represents p <
0.01; Tukey’s honest significant difference test. Original magnification 200% (a—
¢, h—j) or 400% (e—g, I-n); bars indicate the thickness of the submesothelial zone.
o-SMA = a-smooth muscle actin; CG = chlorhexidine gluconate; CTL = control;

MA-5 = mitochonic acid-5; TGF-8 = transforming growth factor 3
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Fig. 3 Immunohistochemical analysis for F4/80 (a—g) and MCP1 (h-n) in the
peritoneum. (a, €) In the CTL group, a few F4/80-positive cells were observed.
(b, 1) In the CG group, the number of F4/80-positive cells was significantly
increased in the thickened peritoneum. (c, g) In the CG + MA-5 group, the
number of F4/80-positive cells significantly decreased compared with that in the
CG group. (d) The bar graph shows the number of F4/80-positive cells at 200%
magnification. (h, 1) In the CTL group, minimal MCP1 expression was observed.
(1, m) In the CG group, MCP1 expression was significantly increased in the
thickened peritoneum compared with that in the CTL group. (j, n) In the CG +
MA-5 group, MCP1 expression was significantly decreased compared with that
in the CG group. (k) The bar graph shows the number of MCP1-positive cells at
200x magnification. * represents p < 0.05; ** represents p < 0.01; *** represents
p < 0.001; Tukey’s honest significant difference test. Original magnification
200x (a—c, h—j) or 400x (e—g, I-n); bars indicate the thickness of the
submesothelial zone. CG = chlorhexidine gluconate; CTL = control; MA-5 =

mitochonic acid-5; MCP1 = monocyte chemotactic protein 1.

Fig. 4 Immunohistochemical analysis for CD31 in the peritoneum. (a, ) In the
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CTL group, no CD31-positive vessels were observed. (b, f) In the CG group, the
number of CD31-positive vessels was significantly increased in the thickened
peritoneum. (c, g) In the CG + MA-5 group, the number of CD31-positive
vessels significantly decreased compared with that in the CG group. (d) The bar
graph shows the number of CD31-positive vessels. ** represents p < 0.01; ***
represents P < 0.001; Tukey’s honest significant difference test. Original
magnification 200x (a—c) or 400x (e—g); bars indicate the thickness of the
submesothelial zone. CTL = control; MA-5 = mitochonic acid-5; CG =

chlorhexidine gluconate. Arrows indicate CD31-positive vessels

Fig. 5 Immunohistochemical analysis of 4-HNE (a—g) in the peritoneum. (a, €) In
the CTL group, minimal 4-HNE expression was observed. (b, f) In the CG group,
4-HNE expression significantly increased in the thickened peritoneum compared
with that in the CTL group. (c, g) In the CG + MA-5 group, 4-HNE expression
significantly decreased compared with that in the CG group. (d) The bar graph
shows the number of 4-HNE-positive cells at 200x magnification. ** represents
p < 0.01; *** represents p < 0.001; Tukey’s honest significant difference test.

Original magnification 200x (a—c) or 400x (e—g); bars indicate the thickness of
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the submesothelial zone. 4-HNE = 4-hydroxy-2-nonenal; CTL = control; MA-5 =

mitochonic acid-5; CG = chlorhexidine gluconate

Fig. 6 Immunohistochemical analysis for ATP5al (a—d) and UCP2 (e—h) in the
peritoneum. (a) In the CTL group, ATP5al expression in the component cells was
preserved. (b) In the CG group, the proportion of ATP5al-positive cells
significantly decreased in the thickened peritoneum compared with that in the
CTL group. (c¢) In the CG + MA-5 group, the decreased proportion of ATP5al-
positive cells was significantly restored compared with that in the CG group. (d)
The bar graph shows the proportion of ATP5al-positive cells. () In the CTL
group, the expression of UCP2 in the component cells was maintained. (f) In the
CG group, the proportion of UCP2-positive cells significantly reduced in the
thickened peritoneum. (g) In the CG + MA-5 group, the reduced proportion of
UCP2-positive cells was significantly recovered compared with that in the CG
group. (h) The bar graph shows the proportion of UCP2-positive cells. **
represents P < 0.01; *** represents p < 0.001; Tukey’s honest significant
difference test. Original magnification 400x%; bars indicate the thickness of the

submesothelial zone. UCP2 = uncoupling protein 2; CTL = control; MA-5 =
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mitochonic acid-5; CG = chlorhexidine gluconate

Fig. 7 Immunofluorescence staining of 4-HNE and UCP2 in the peritoneum. (a)
In the CTL group, most of the cells were 4-HNE-negative and UCP2-positive. (b)
In the CG group, most of the cells that appeared to be myofibroblasts were 4-
HNE-negative and UCP2-positive, and 4-HNE-positive and UCP2-negative cells
were observed among the cells that appeared to be macrophages. (¢) In the CG +
MA-5 group, most of the cells that appeared to be myofibroblasts were 4-HNE-
negative and UCP2-positive, and 4-HNE-negative and UCP2-positive cells that
appeared to be macrophages were increased compared with those in the CG
group. Original magnification 400x%; bars indicate the thickness of the
submesothelial zone. 4-HNE = 4-hydroxy-2-nonenal; UCP2 = uncoupling protein
2; DAPI = 4',6-diamidino-2-phenylindole; CTL = control; MA-5 = mitochonic
acid-5; CG = chlorhexidine gluconate. Arrows indicate myofibroblasts, and

arrowheads indicate macrophages

Online Resource 1 The results of the peritoneal equilibration test. The bar graph

shows the D/S ratio of creatinine. D/S ratio of creatinine in the CG group was
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higher compared with that in the CTL group. The D/S ratio of creatinine in the
CG + MA-5 group was lower than that in the CG group, although the difference
was not statistically significant. ** represents p < 0.01. D/S = dialysate-to-serum;

CTL = control; MA-5 = mitochonic acid-5; CG = chlorhexidine gluconate

Online Resource 2 The concentration of 8-OHdAG in peritoneal effluent (a) and
serum (b). The bar graphs show the concentration of 8-OHdG. There was no
significant difference in the concentration of 8-OHdG both in peritoneal effluent
and serum among the groups. 8-OHdG = 8-hydroxy-2’-deoxyguanosine; CTL =

control; MA-5 = mitochonic acid-5; CG = chlorhexidine gluconate

Online Resource 3 Immunohistochemical analysis for SOD2 in the peritoneum
(a—d). There was no significant difference in the proportion of SOD2-positive
cells in the submesothelial zone among the CTL group (a), the CG group (b), and
the CG + MA-5 group (c). (d) The bar graph shows the proportion of SOD2-
positive cells. Original magnification 400x; bars indicate the thickness of the
submesothelial zone. SOD2 = superoxide dismutase 2; CTL = control; MA-5 =

mitochonic acid-5; CG = chlorhexidine gluconate
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