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a b s t r a c t

Introduction: Currently, there are no approved drugs for treating non-alcoholic steatohepatitis (NASH);
however, mesenchymal stem cells (MSCs) and their small extracellular vesicles (sEVs), which possess
immunomodulatory activities, are potential candidates. This study aimed to develop a mouse model of
NASH with rapid accumulation of fibrosis using the pre-established melanocortin type-4 receptor
knockout (Mc4r-KO) NASH mouse model and lipopolysaccharide (LPS), and to evaluate the therapeutic
effect of MSCs and their sEVs.
Methods: Mc4r-KO mice (8 weeks old, male) were fed a western diet (WD) for 8 weeks. Next, the mice
were intraperitoneally injected with lipopolysaccharide (LPS) twice a week for 4 weeks while continuing
the WD. To confirm the therapeutic effect of MSCs and sEVs, human adipose tissue-derived MSCs or their
sEVs were administered 12 weeks after initiation of the WD, and serum testing, quantitative analysis of
fibrosis, and quantitative reverse transcription-polymerase chain reaction qRT-PCR were performed.
Results: By providing a WD combined with LPS treatment, we successfully developed a NASHmodel with
rapid accumulation of fibrosis. Both human MSCs and their sEVs decreased serum alanine transaminase
levels and inflammatory markers based on qRT-PCR. Histological analysis showed that MSC or sEV
treatment did not affect fat accumulation. However, an improvement in fibrosis in the groups treated
with MSCs and their sEVs was observed. Furthermore, after administering MSCs and sEVs, there was a
significant increase in anti-inflammatory macrophages in the liver.
Conclusion: We successfully developed a NASH model with rapid accumulation of fibrosis and confirmed
the anti-inflammatory and anti-fibrotic effects of MSCs and their sEVs, which may be options for future
therapy.
© 2020, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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1. Introduction

Currently, the incidence of non-alcoholic fatty liver disease
(NAFLD), which is often associated with metabolic syndrome and
type 2 diabetes mellitus, is increasing worldwide. Non-alcoholic
steatohepatitis (NASH), which is a part of NAFLD, is character-
ized by inflammation and fibrosis of the liver, and can eventually
lead to hepatocellular carcinoma; thus, NASH is one of the most
important causes of chronic liver diseases, including cirrhosis [1].
Several factors such as consumption of a high-fat diet (HFD),
genetic factors such as Patatin-like phospholipase domain-
containing protein 3 (PNPLA3)-associated NAFLD, oxidative
stress, production of excessive cytokines and adipokines, over-
expression of toll-like receptors (TLRs), and inflammation caused
by gut-derived factors such as lipopolysaccharide (LPS) are
responsible for the development of NASH [2]. According to the
multiple-parallel hit hypothesis, these complex pathological
conditions act as multiple insults on a predisposed individual,
leading to the development of NAFLD.

An appropriate mouse model that reflects the complex patho-
logical conditions of NASH is required for studying this disease.
Melanocortin-4 receptor-deficient (Mc4r-KO) mice fed an HFD or
Western diet (WD) have been reported as a NASH model with a
phenotype similar to that of humanNASH.MC4R is expressed in the
hypothalamic nuclei, where it regulates food intake and body-
weight; hence, Mc4r-KO mice cannot control their appetite and
exhibit symptoms similar to those of human NASH, such as obesity,
insulin resistance, and liver steatosis. When HFD was started 8
weeks after birth, steatohepatitis with fibrosis was observed 28
weeks after birth, and hepatocellular carcinoma occurred approx-
imately 1 year after birth. Thus, the effect of drugs used for treating
steatosis, fibrosis, and carcinogenesis can be evaluated using this
mouse model [3e8]; however, the time required for manifestation
of the NASH disease conditions is long, which is a drawback of using
this model.

In addition, the dearth of drugs that can reduce inflammation or
fibrosis is another bottleneck in NASH research. Currently, drugs
approved for NASH treatment in the clinical setting are absent, and
exercise therapy and diet therapy are considered fundamental for
obtaining favorable outcomes. Mesenchymal stem cells (MSCs) and
their sEVs are being studied in the treatment of various diseases,
including cirrhosis and acute liver diseases [9e11]. MSCs, which
possess multipotent differentiation ability and low antigenicity, can
self-renew and differentiate into adipocytes, cartilage, and bone;
currently, their immunosuppressive and modulatory activities are
attracting attention. MSCs are often termed “medical signaling
cells” or “conducting cells” and can be cultured from not only bone
marrow but also medical waste such as adipose tissue and umbil-
ical cord tissues [12]. MSCs, which secrete cytokines, chemokines,
growth factors, and sEVs, have been shown to improve fibrosis and
promote liver regeneration in a liver cirrhosis model. Our previous
study elucidated that MSCs can change the polarity of macrophages
toward an anti-inflammatory phenotype and indirectly contribute
to fibrosis regression in a cirrhosis mouse model. MSC-derived sEVs
can transport cargo such as proteins, lipids, and microRNAs (miR-
NAs) to reduce acute liver injury and improve liver fibrosis in cases
of chronic liver injury. sEVs have also attracted attention as one of
the mechanisms of tissue repair by MSCs [10,11,13e16].

In the present study, based on the multiple-parallel hit hy-
pothesis, we used the pre-establishedMc4r-KO NASHmousemodel
and lipopolysaccharide (LPS), which can induce inflammation, to
establish NASH faster than in the previously established model. We
evaluated the therapeutic effect of MSCs and their sEVs using this
new mouse model.
2. Materials and methods

2.1. Mouse

Mc4r-KO mice with a C57BL/6J background were provided by
Joel K. Elmquist (University of Texas Southern Medical Center,
Dallas, TX, USA) [17]. Four randomly selected mice were housed in
individual cages with a 12 h day/night cycle and were allowed free
access to food andwater. All animal experiments were conducted in
compliance with the regulations and approval of the Institutional
Animal Care Committee of the Niigata University. The NASH model
mice were developed using Western diet (WD; Research Diets, Inc.,
New Brunswick, NJ, USA)-fed-Mc4r-KO mice from 8 weeks of age.
The mice were fed a normal diet until 8 weeks (ND; CE-2; CLEA
Japan, Inc. Tokyo, Japan).

2.2. LPS

LPS (SigmaeAldrich, Tokyo, Japan; LPS from Escherichia coli
O111:B4; catalog number L2630) was dissolved in phosphate-
buffered saline (PBS) (0.1 mg/ml), and 0.3 mg/kg LPS was injected
intraperitoneally twice a week.

2.3. MSCs

Human adipose tissue-derived mesenchymal stem cells (AD-
MSCs; passage 2) were obtained from PromoCell (Heidelberg,
Germany; catalog number C-12977) and expanded until passage 4
using MSC growth medium DXF (catalog number C-28010) in the
presence of 5% CO2 at 37 �C. Mice were administered 1 � 106 cells.

2.4. sEVs

Conditioned medium isolated from MSC culture was collected
and centrifuged at 2000�g for 10 min to remove the cells and cell
debris. The supernatant was then filtered using Stericup® Quick
Release (Millipore Corporation, Billerica, MA, USA) and centrifuged
using an SW41Ti rotor (Beckman Coulter, Brea, CA, USA) and Op-
tima XL-100 K ultracentrifuge (Beckman Coulter) at 125,000�g for
70 min at 4 �C. The sEVs were washed in PBS and recentrifuged at
the same speed before resuspending in 100 ml PBS. sEV size was
confirmed using a Nanosight (mean size ¼ ~100 nm) and electron
microscopy. The total protein was quantified using QubitR
following the manufacturer's instructions. Mice were administered
1.0 mg, 2.5 mg, or 5.0 mg of sEVs.

2.5. Immunohistochemistry

For staining of the liver tissue, 10% formalin-fixed tissue was cut
into 4-mm-thick sections. The paraffin sections were deparaffinized,
rehydrated, and stained with hematoxylin and eosin (H & E) and
Sirius Red for histological examination following the manufactur-
er's standard protocols. Immunohistochemistry for F4/80 (Abcam,
Cambridge, UK; ab111101; rabbit monoclonal to F4/80, dilution 1/
200), TLR4 (Abcam; ab13867; rabbit monoclonal to TLR4, dilution
1/100), and alpha smooth muscle actin (aSMA; Abcam; ab124964;
rabbit monoclonal to aSMA, dilution 1/50) was performed as fol-
lows. The dewaxed tissues were subjected to antigen retrieval using
a microwave in 10 mM sodium citrate buffer, pH 6.0, for 20 min.
Endogenous peroxidase activity was blocked by treatment with 3%
H2O2 in PBS for 10 min at room temperature, followed by avidin-
biotin blocking. Each antibody was applied overnight in antibody
diluent reagent solution (Thermo Fisher Scientific, Waltham, MA,
USA). The secondary antibody reaction was performed using the
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Vecstain ABC kit (Vector Laboratories, Burlingame, CA, USA). The
sections were colored by reactionwith DAB TRIS tablets (Muto Pure
Chemicals, Tokyo, Japan). The number of F4/80-positive cells was
counted in at least 20 fields at 400 � magnification.

2.6. Analysis of fibrosis

Hepatic collagen content was measured using the Sirius Red-
stained tissue and ImageJ software (version 1.6.0 20, National In-
stitutes of Health, Bethesda, MD, USA).

2.7. Serum test

Blood samples were taken from the heart of themice four weeks
after cell or sEV injection. Serum alanine aminotransferase (ALT),
alkaline phosphatase (ALP), total bilirubin (T-bil), total cholesterol
(T-cho), albumin (ALB), glucose, glycoalbumin (GA), triglyceride
(TG), and free fatty acid (FFA) levels were determined by the Ori-
ental Yeast Co., Ltd (OYC, headquarter Tokyo, Japan).

2.8. Quantitative reverse transcription-polymerase chain reaction
(qRT-PCR)

Total RNA was extracted from the liver using the RNeasy kit
(Qiagen, Hilden, Germany) and QuantiTect reverse transcription kit
(Qiagen) according to the manufacturer's protocol. The RNA con-
centration was determined using a NanoDrop spectrophotometer
(Thermo Fisher Scientific, Schwerte, Germany). Primers were pur-
chased from Qiagen. qRT-PCR was performed using a Step One Plus
Real-Time PCR System (Applied Biosystems, Foster City, CA, USA).
Gapdh was used as the internal control, and the DDCt method was
used to analyze the fold change in relative gene expression with
respect to the control.

2.9. Flow cytometric analysis

The liver was perfused with PBS and dissected finely. The
dissected tissues were then pressed through 200-gauge stainless
steel mesh and suspended in Eagle's minimal essential medium
(MEM) supplemented with 5 mM HEPES (Nissui Pharmaceutical
Co., Tokyo, Japan) and 2% heat-inactivated newborn calf serum.
After washing, the cells were fractionated via centrifugation in
15 ml 35% Percoll solution (Pharmacia Fine Chemicals, Piscataway,
NJ, USA) for 15 min at 2000 rpm. The pellet was resuspended in an
erythrocyte-lysing solution (ACK Lysing Buffer; Thermo Fisher
Scientific). The single-cell suspensions obtained were stained with
a mixture of appropriate anti-mouse antibodies and analyzed using
FACSCalibur (Becton Dickinson; BD; Franklin Lakes, NJ, USA).

2.10. Statistical analyses

Statistical analyses were performed using the GraphPad Prism6
software (GraphPad Software Inc., La Jolla, CA, USA). Data are pre-
sented as means ± SD. Differences between groups were analyzed
using one-way analysis of variance (ANOVA). P < 0.05 was
considered statistically significant.

3. Results

3.1. Inflammation in LPS-treated Mc4r-KO mice was stronger than
in control mice

Initially, we aimed to establish a mouse model with rapid NASH
development using the Mc4r-KO mouse. Toward this, we divided
mice into three groups. For the control mice,WDwas started from 8
weeks after birth and continued for 12 weeks. PBS was injected
during the last 4 weeks twice a week (12W control model). To
determine the effect of LPS, WD was started from 8 weeks after
birth and continued for 12 weeks; LPS was injected twice a week
during the last 4 weeks (12W LPS model). For comparison with the
12W model, WD was started from 8 weeks after birth and
continued for 20 weeks (20Wmodel) (Fig. 1a). Bodyweight (Fig. 2a)
and the liver-to-bodyweight ratio (Fig. 2b) were highest in the 20W
model, and the 12W LPS (p < 0.05) and 20W models (p < 0.05)
tended to show higher ALT levels (Fig. 2c) compared to the 12W
control model. T-cho levels did not differ significantly between the
three groups; however, serum T-bil levels in the 20W model were
significantly higher (p < 0.05) than those in the 12W control model
(Fig. 2c), serum ALB levels in the 12W LPS model were significantly
lower (p < 0.01) than those in the 12W control model, and serum
TG levels in the 12W control model were significantly higher than
those in the 12W LPS model (p < 0.05) and 20W model (p < 0.05)
(Fig. 2c). qRT-PCR using liver tissue revealed that the mRNA levels
of Il6, Tnfa, and Timp1 in the 12W LPS model (Il6; p < 0.05, Tnfa;
p < 0.05, Timp1; p < 0.05) and 20W model (Il6; p < 0.05, Tnfa;
p < 0.05, Timp1; p < 0.01) were significantly higher than those in
the 12W control model, and that the mRNA levels did not differ
significantly between the 12W LPS and 20Wmodels (Fig. 2d). These
results suggested that inflammation was stronger in the 12W LPS
model than in the 12W control model and was more similar to that
in the 20W model.

3.2. LPS-treated Mc4r-KO mice showed accelerated formation of
crown-like structures (CLS) and earlier formation of fibrosis than
control mice

We performed H & E staining, Sirius Red staining, and F4/80
immunohistochemistry to assess changes in hepatic damage and
fibrosis in all groups. First, we evaluated fibrosis using Sirius Red
staining (Fig. 3a). Quantitative analysis of the Sirius Red-stained
area showed that fibrosis was significantly higher in the 12W
LPS model (10.4 ± 2.9%; p < 0.01) and 20W model (11.6 ± 4.8%;
p < 0.01) than in the 12W control model (2.6 ± 0.9%), and that
there was no significant difference between the 12W LPS model
and the 20W model (Fig. 3b). Next, immunohistochemistry for
F4/80 revealed that the number of CLS in the 12W LPS model
(26.1 ± 2.0 cells/field; p < 0.01) and 20W model (28.2 ± 0.7 cells/
field; p < 0.01) was significantly higher than that in the 12W
control model (15.1 ± 1.5 cells/field), and that there was no
significant difference in CLS number between the 12W LPS and
20W models (Fig. 3c). In the F4/80-positive area, we observed
relatively strong TLR4 and aSMA expression, suggesting that
macrophage activation and fibrogenesis are correlated. Taken
together, these results suggested that the 12W LPS and 20W
models were similar in terms of the number of CLS and extent of
fibrosis, indicating that the 12W LPS model showed rapid
development of NASH.

3.3. Adipose tissue-derived MSCs and their sEVs attenuated
inflammation and reduced fibrosis in the rapid NASH fibrosis model

Next, based on the 12W LPS model, we evaluated the thera-
peutic effect of AD-MSCs and AD-MSC-derived sEVs, which were
injected once 4 weeks prior to analysis. Three different doses of
sEVs were evaluated, namely, 1.0 mg, 2.5 mg, and 5.0 mg (Fig. 1b).
The bodyweight and liver-to-body weight ratio revealed no sig-
nificant difference between the control (PBS) group, MSC injection
group, and sEV injection groups (1.0 mg, 2.5 mg, and 5.0 mg) (Fig. 4a
and b). The serum levels of ALT, T-cho, T-bil, ALB, glucose, GA, TG,
and FFA showed that while there was no significant difference in



Fig. 1. Experimental protocol. (a) Mc4r-KO mice were fed a WD from 8 weeks of age and followed up for an additional 12 weeks; they were fed PBS (12W control model; n ¼ 8) or
LPS (12W LPS model; n ¼ 8) for the last 4 weeks. The 20W control model (n ¼ 8), which was fed a WD from 8 weeks of age and followed up for an additional 20 weeks, was set up as
a positive control for the 12W LPS model. (b) Mc4r-KO mice were fed a WD from 8 weeks of age and followed up for 16 weeks. LPS was administered 8 weeks from the start of the
WD and continued until 16 weeks. Twelve weeks from the start of WD, PBS (n ¼ 8), MSCs (n ¼ 8), or sEVs (1.0, 2.5, and 5.0 mg/mouse; sEV1.0, sEV2.5, and sEV5.0, respectively; n ¼ 8
per group) were administered via the tail vein. Cytometry analysis was performed 24 h after MSC or sEV therapy, and serum testing, quantitative analysis of fibrosis, and real-time
PCR using liver tissues were performed 4 weeks after MSC or sEV injection.
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T-bil, ALB, glucose, GA, TG, and FFA levels between the groups,
serum ALT levels tended to decrease after both MSC and sEV in-
jection. In particular, the effect was dose-dependent, and
compared to the control, injection of 5.0 mg sEVs significantly
decreased the serum levels of ALT (p < 0.05) (Fig. 4c). Furthermore,
the extent of fibrosis observed using Sirius Red staining (Fig. 5a
and c) and the number of CLS (Fig. 5b and d) decreased after MSC
and sEV treatment, which was indicative of the therapeutic effect
of AD-MSCs and sEVs in all groups. The therapeutic effect was
dose-dependent; the AD-MSC group (Sirius Red; p < 0.01, CLS;
p < 0.01) and the 2.5 mg (Sirius Red; p < 0.05, CLS; p < 0.05) and
5.0 mg sEV (Sirius Red; p < 0.01, CLS; p < 0.01) groups showed
significantly improved fibrosis and a decrease in the number of
CLS compared to the control, suggesting that the therapeutic ef-
fect of sEVs was similar to that of MSCs when a sufficient amount
of sEVs were used.
3.4. Number of anti-inflammatory macrophages in the liver
increased after MSC or sEV injection

We and others have previously reported thatMSCs can affect the
polarity of macrophages [10]. Hence, we determined the number of
anti-inflammatory macrophages (CD11b þ F4/80 þ Ly6clow) among
CD11b þ F4/80þ macrophages 24 h after injection of AD-MSCs or
5 mg sEVs. Both AD-MSCs and sEVs significantly increased the
number of CD11b þ F4/80 þ Ly6clow anti-inflammatory macro-
phages in the liver (Fig. 6a). Furthermore, we analyzed the levels of
the Mmp2, 8, 12, and 13 mRNAs using qRT-PCR. Mmp12 and 13
mRNA levels in the sEV injection group were significantly higher
(p < 0.05) than those in the control groups (Fig. 6b). These results
indicated that MSC or MSC-derived sEV injection increased the
frequency of anti-inflammatory macrophages in the liver, which
might contribute to the maintenance of hepatic homeostasis.



Fig. 2. Analysis of the effect of LPS. (a) Bodyweight, (b) liver-to-body weight ratio, and (c) serum laboratory data of ALT, T-cho, TG, T-bil, ALB, and FFA were determined in the 12W
control model, 12W LPS model, and 20W control model (n ¼ 8 for each group) (※p < 0.05, ※※p < 0.01, one-way ANOVA, Bonferroni test). (d) Changes in the mRNA expression of Il-6,
Timp1, and Tnfa in each group (n ¼ 8 for each group) were analyzed using qRT-PCR (※p < 0.05, ※※ p < 0.01, one-way ANOVA, Bonferroni test). ALT, alanine transaminase; T-cho, total
cholesterol; TG, triglycerides; T-bil, total bilirubin; ALB, albumin; FFA, free fatty acid.
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4. Discussion

In this study, we developed a new NASH model using Mc4r-KO
mice fed aWD and LPS. The transaminase levels, the number of CLS,
and fibrosis increased after LPS administration, resulting in a rela-
tively rapid development of NASH. Furthermore, we confirmed that
both AD-MSCs and their sEVs possess anti-inflammatory and anti-
fibrotic effects using the rapid NASH model.

Despite the availability of several experimental NASH mouse
models, replication of the natural course of human NASH devel-
opment in these models is challenging. Traditionally, methionine/
choline-deficient (MCD) mice are used for studying NASH; how-
ever, although these mice develop fatty liver, their body weight
decreases rapidly, and they do not show insulin resistance [18]. WD
is widely used to induce pathological NASH. It induces obesity and
insulin resistance; however, the induction of severe steatosis and
advanced fibrosis cannot be achieved even after prolonged WD
administration. Several groups have attempted to establish NASH
models that can mimic human NASH. Tsuchida et al. treated C57BL/
6 mice on a WD with carbon tetrachloride (CCl4) to establish rapid
progressive NASH [18]. Liebig et al. injected C57BL/6 mice with
200 mg streptozotocin (STZ) (which destroys b cells in the islet of



Fig. 3. Analysis of the effect of LPS. (a) H & E staining, (b) Sirius Red staining, and (c) immunohistochemistry for F4/80 are shown. (b) Quantitation of Sirius Red staining area and (c)
calculation of F4/80-positive crown-like structures (CLS) were performed in the 12W control model (n ¼ 8), 12W LPS model (n ¼ 8), and 20W control model (n ¼ 8) (※*p < 0.05, ※※

p < 0.01, one-way ANOVA, Bonferroni test). Scale bar, 100 mm.
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the pancreas) intra-peritoneally at day 2 post-natal, and at 28 days
of age, the mice were continuously fed a high-fat diet (HFD),
resulting in the development of NASH [19]. In this study, we used
Mc4r-KO mice, which developed obesity, insulin resistance, and
liver steatosis and fibrosis; nonetheless, the time required for NASH
development was still long. Hence, we used LPS to establish a
model of rapid NASH development.

Schwimmer et al. studied the association of intestinal micro-
biota and NAFLD in children with obesity with and without NAFLD.
They observed that lower a-diversity of the intestinal microbiome



Fig. 4. Analysis of the therapeutic effect of MSCs and sEVs using a rapid fibrosis mouse model. (a) Bodyweight and (b) liver-to-body weight ratios were analyzed in each therapy
group (n ¼ 8). (c) Serum ALT, T-cho, T-bil, ALB, glucose, GA, TG, and FFA levels were also determined in each therapy group (n ¼ 8) (※p < 0.05, ※※ p < 0.01, one-way ANOVA,
Bonferroni test). ALT, alanine transaminase; T-cho, total cholesterol; T-bil, total bilirubin; ALB, albumin; GA, glycoalbumin; TG, triglyceride; FFA, free fatty acid.

T. Watanabe et al. / Regenerative Therapy 14 (2020) 252e261258
was associated with both the presence and severity of NAFLD. They
also reported that genes for LPS biosynthesis were upregulated
under NASH conditions [20]. Song et al. reported that LPS treatment
induces the accumulation of Yes-associated protein (YAP) in
Kupffer cells both in vitro and in mice, which was prevented by
macrophage/monocyte deletion of Tlr4. LPS transcriptionally acti-
vates YAP via AP-1 in macrophages/Kupffer cells. The LPS-induced
YAP further enhances the expression of pro-inflammatory cyto-
kines MCP-1, TNF-a, and IL-6 via association of YAP with the TEAD-
binding motif in the promoter region of inflammatory cytokines
[21]. Based on these observations, we speculated that Mc4r-KO
mice treated with a WD and LPS could develop the pathological
conditions of NASH faster than WD-treated Mc4r-KO mice. We
believe that addition of LPS acts as “one of the hits” in the multiple-
parallel hit hypothesis.
Currently, there are no approved drugs for the treatment of
NASH, and diet therapy and exercise therapy are considered
important for obtaining favorable outcomes [2]. In this context,
MSCs and their sEVs are considered candidates for the treatment of
NASH. Although the underlying mechanisms are still not fully un-
derstood, MSCs and sEVs exhibited anti-inflammatory and anti-
fibrotic effects. Both therapies reduced ALT levels; in particular,
sEV therapy reduced ALT levels in a dose-dependent manner.
Furthermore, both MSC and sEV therapy decreased the number of
CLS and the fibrosis area. Both MSCs and sEVs are reported to
possess anti-inflammatory effects; for example, they can reduce T-
cell activation and induce regulatory T cells and anti-inflammatory
macrophages [10,22]. These effects may prevent the activation of
hepatic stellate cells, thereby reducing fibrogenesis. Macrophages
are possibly the target cells of MSCs and sEVs. Macrophages, which



Fig. 5. Analysis of the fibrosis area and crown-like structures (CLS) after MSC and sEV therapy using the rapid fibrosis mouse model (a and c) Quantitation of the Sirius Red-stained
area and (b and d) the F4/80-positive CLS were performed in each MSC and sEV therapy group (n ¼ 8 per group) (※ p < 0.05, ※※ p < 0.01, one-way ANOVA, Bonferroni test). Scale
bar, 100 mm.
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possess both pro- and anti-inflammatory effects, are recruited to
the damaged area, where they phagocytose the debris of hepato-
cytes. Previously, we have shown that MSC and bone marrow-
derived macrophage (BMM) combination therapy is more effec-
tive in ameliorating fibrosis than MSC and BMMmonotherapy [10].
In our current study, MSCs and sEVs induced anti-inflammatory
macrophages. Considering our current and previous study, we
suspect that induced anti-inflammatory macrophages may be
related to MMP production and induce oncostatin M (OSM), for
example, after phagocytosing hepatocyte debris. This induction of
anti-inflammatory macrophages may be related to fibrolysis and
promotion of regeneration [10]. Recently, Moroni et al. reported a
first-in-human phase I dose-escalation study and analyzed the
safety profile of autologous macrophage therapy. They collected
CD14þ cells via leukapheresis and CiniMACS and cultured these
withmacrophage colony-stimulating factor (M-CSF) for 7 days. This
study showed the importance of induction of appropriate macro-
phage polarization. In vivo, MSCs and sEVs can modulate the po-
larity of macrophages [23]. However, further analyses are necessary
to elucidate the relationship between MSCs and macrophages.



Fig. 6. Flow cytometric analysis of macrophages in the liver and qRT-PCR analysis of the liver tissue after treatment. (a) The frequency of Ly-6clow cells among CD11b þ F4/80þ cells
was calculated in the PBS group (n ¼ 5), MSC injection group (n ¼ 5), and sEV injection group (5.0 mg/mouse; exo5.0; n ¼ 5). (b) The changes in the mRNA expression of Mmp2,
Mmp8, Mmp12, and Mmp13 were analyzed in each group (n ¼ 5 per group) (※ p < 0.05, ※※ p < 0.01, one-way ANOVA, Bonferroni test).
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We observed that the therapeutic effects of MSCs and MSC-
derived sEVs were similar for NASH, although the underlying
mechanisms are not yet clear. Using two-photon excitation mi-
croscopy, we previously observed that most MSCs do not migrate
into the liver; instead, most MSCs were trapped in the lung and
disappeared from the lung, liver, and spleen in 7 days, suggesting
that humoral factors, including the sEVs of MSCs, are important
[10]. We suspect that owing to their small size, sEVs can be injected
in large amounts without causing lung embolization. Indeed, some
studies have reported that most sEVs are trapped in the liver for a
short term after injection. Furthermore, no explicit immunoge-
nicity has been reported in any cross-species studies on the use of
sEVs [13,24]. Therefore, similar to their parent MSCs, sEVs from
allogeneic MSCs are considered hypoimmunogenic. Thus, sEVs may
be ideal treatment tools for liver diseases, including NASH.
Currently, there are over 200 preclinical studies regarding sEV-
based therapies in various animal models [13,24]. Thus, sEV ther-
apy, which can induce anti-inflammatory and anti-fibrotic effects,
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can be potentially used in various fields and can be developed
commercially as a medical product.

One of the limitations of this study is that although theMc4r-KO
mouse is an ideal animal model for NASH, it does not completely
represent the human situation and still requires a long time to
mimic the conditions of human NASH. Furthermore, the contents of
the sEVs have not yet been identified. Reports show that sEVs carry
proteins, miRNAs, and lipids [25]; however, further studies are
warranted to identify and characterize the specific components
that possess therapeutic properties for NASH. Alternatively, the
lipid bilayer-enclosed sEVs themselves may act as therapeutics
owing to their stability, which also requires further investigation.
Nonetheless, MSC-derived sEVs are attractive therapeutic tools for
liver diseases, including NASH.
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