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Abstract

Liver fibrosis results from collagen fiber deposition. Antler stem cells (ASCs) naturally in vivo differentiate into cartilage, which is
only made of Col I in collagen component; whereas liver fibrosis is caused by over-abundance of Col I and III. In addition, ASCs can
effectively promote regenerative wound healing in which tissue contains very few collagen fibers (Col I). In this study, we investigate
the therapeutic effects of ASCs in a rat model of CCly-induced liver fibrosis. Rats were treated with ASCs for 4 weeks in vivo, then
biochemical and histopathological analyses were performed. Furthermore, we established cell co-culture systems of hepatic stellate
cells (HSCs) and ASCs and of M1 macrophages and ASCs in vitro. Mesenchymal stem cells (MSCs) were used as a positive control.
The results showed that ASC transplantation alleviated liver fibrosis effectively as evidenced by reduced collagen accumulation,
decreased fatty degeneration, increased hepatocyte regeneration, decreased inflammation and significantly enhanced liver function;
moreover, ASCs decreased the expression of pro-fibrogenic factors including TGF-3 and x-SMA. Additionally, our study showed
that ASCs inhibit HSC activation and proliferation by controlling the expression of MMPs, TIMP1, TGF-f3, x-SMA and COL1A2
involved in these processes. Our results suggested that ASCs alleviate liver fibrosis effectively and inhibit HSC activation. Thus,

ASCs may serve as a novel stem cell source for the treatment of liver fibrosis in the clinic.
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Introduction

Liver fibrosis is a pathophysiological process that refers to the
abnormal increase of connective tissue in the liver caused by
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various pathogenic factors (Bataller and Brenner 2005). If the
damaging factors are present for an extended time, the process of
fibrosis will continue and develop into cirrhosis (Nishikawa and
Osaki 2015). Liver transplantation is the most effective method
for the treatment of end-stage liver fibrosis. However, it is limited
by a lack of donor organ availability, immune rejection, surgical
complications and high medical cost (Albanis and Friedman
2001). In recent years, stem cell transplantation has emerged as
an effective treatment for hepatic diseases (Eom et al. 2015;
Watanabe et al. 2019). Previous studies have shown that mesen-
chymal stem cells (MSCs) increase hepatocyte regeneration, en-
hance the liver functionality and reverse hepatic fibrosis (Huang
et al. 2016; Kisseleva and Brenner 2012; Lan et al. 2018).
Deer antlers are the only mammalian organ that can
completely regenerate every year (Li et al. 2014). According
to prior studies, the annual full regeneration of deer antlers is
mediated by ASCs (Li et al. 2010, Li and Suttie 2011).
Compared with other stem cell sources, ASCs have the advan-
tages of easy acquisition, high proliferative capacity and ex -
vivo expansion (Li and Suttie 2011). The rationale of using
ASCs to treat liver fibrosis is that ASCs naturally in vivo differ-
entiate into cartilage, which is only made of Col II in collagen
component (Li et al. 2014), whereas liver fibrosis is caused by
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over-abundance of Col I and IIT (Bataller and Brenner 2005). In
addition, ASCs can effectively promote regenerative wound
healing (Un-publ.), in contrast to normal scar wound healing.
Scar is mainly made of Col I, whereas regenerative wound
healing tissue contains very few collagen fibers (Col I) (Li
et al. 2009). Consequently, we thought it worthwhile to try to
use ASCs to treat liver fibrosis.

The aim of the present study is to use a rat CCls-induced
liver fibrosis model to investigate whether transplantation of
ASCs reduces liver fibrosis in vivo. We further analyzed the
molecular mechanism by which ASCs mediate their anti-
fibrotic activity in vitro. Our results provided the first evidence
that ASCs effectively reduce liver fibrosis. Thus, ASCs may
provide a new treatment for liver fibrosis in the clinic.

Materials and methods
Cell culture

ASCs were obtained from a 2-year-old male sika deer (Jilin,
China). Detailed procedures for primary ASC isolation and
identification have been described in our previous studies
(Li and Suttie 2003; Li and Suttic 2011; Sun et al. 2012). In
brief, 3 cm was cut from the tip of each antler along the
longitudinal axis. Then, the tip was cut into 5-mm-thick slices
along the same plane. The slices were further cut into 1~2 cm
strips. In order to include the full width of all tissue layers in
the antler growth center, only the strips from the central area
were collected. Then, these central pieces were used for pri-
mary culture. The ASCs were cultured in DMEM (Invitrogen,
Shanghai, China) supplemented with 10% FBS (Gibco, Life
Technologies, Australia), at 37 °C with saturated humidity and
5% CO,. ASCs were passaged using trypsin (Sigma, San
Francisco, USA) and stored in liquid nitrogen in freezing me-
dium (DMEM: FBS: DMSO = 6:3:1). Cells in their fifth pas-
sage were used for this study.

Wharton’s jelly-derived mesenchymal stem cells (WJ-
MSCs) were generously provided by Dr. Xiuying Li (Jilin
University, China). M1 macrophages were acquired from Dr.
Shi in our lab. The MSCs and M1 macrophages were cultured
following the same protocol as ASCs.

CCl -induced liver fibrosis in rats and cell
transplantation

The animal model was made according to previously published
methods with the following modifications (Cho et al. 2012).
Liver fibrosis was induced in SD rats (8-week-old, female, body
weight 200 g) by subcutaneous injection of CCl,. Forty percent
of CCly was administered at an initial dose of 3 ml/kg body
weight, followed by 30% CCl, 3 ml/kg body weight twice a
week for 8 weeks (Fig. 1a). Then, six rats were randomly selected
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Fig. 1 Effects of ASCs on liver fibrosis in CCly treated rats. aP>
Experimental design. Liver (a—a"’) and liver tissue section, stained with
H&E (c—¢""), Masson (b—b"’) and Sirius Red (e—e"’), bar=1 mm. f
Collagen abundance in the livers assessed by area quantification using
computer-assisted image analysis. g Histopathological analysis of liver
sections via Ishak scoring criteria. Ishak score from 0 to 6 (0 = no fibrosis,
6 = cirrhosis): mild (Ishak, 0-2) to severe fibrosis (Ishak, 3-6). h HYP
levels. i MDA levels. Note that ASC administration significantly allevi-
ated the liver fibrosis compared with the CCly + PBS group; no signifi-
cant difference to the intact group at levels of HYP and MDA and there
was a strong trend for ASC that had a better effect on reducing liver
fibrosis than MSC, although statistically not significant. ASCs: antler
stem cells; MSCs: mesenchymal stem cells; HYP: hydroxyproline;
MDA: malondialdehyde; mean + SD; n = 10. **#*p < 0.001

for liver histopathological analysis to test for hepatic fibrosis for-
mation. Next, the CCly-induced rats were randomly assigned into
three groups: CCl, + PBS (control), CCl, + MSC (positive con-
trol), CCly + ASC (treatment group), with ten rats per group (n =
10). Rats that had not been treated with CCl, served as intact
control (ten rats in intact group, n = 10). Rats received 1 x 10%
500 ul MSCs or ASCs once a week by injection through the tail
vein. CCl, injections were continued for a total of 12 weeks. Rats
were euthanized at 4 weeks after treatment.

Biochemical analysis

Rat blood samples were taken at 4 weeks after cell transplan-
tation and the serum was collected. Then, alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), gamma-glutamyltranspeptidase (y-GT),
direct bilirubin (DBIL), total bilirubin (TBIL), total protein
(TP) and albumin (ALB) concentrations were assessed using
an automated biochemical analyzer (AU-680, Beckman,
Germany). Liver homogenate (10%, w/v) was prepared by
homogenizing the right lobe of the liver on ice in 150 mM
Tris—HCI buffered saline (pH 7.2; Sigma-Aldrich) using a
polytron homogenizer (PT3100D; Kinematical, Lucerne,
Switzerland). Next, the levels of hydroxyproline (HYP) and
malondialdehyde (MDA) were measured using kits (NanJing
JianCheng Bioengineering Institute, A030-2, A003-1,
Nanjing, China) according to the manufacturer’s instructions.

Histopathological analysis

Liver tissue sections were taken from the left lobe of the liver
with 4 um thickness. The paraffin sections were deparaffinized
and rehydrated and stained with hematoxylin and eosin (H&E),
Masson and Sirius red for histological examination according to
the manufacturer’s standardized protocols. Briefly, Sirius Red
staining was performed by incubating slides in 0.1% Sirius Red
F3B for 1 h, washing twice in acidified water, dehydrating thrice
in 100% ethanol and then clearing in xylene. Morphometric
analysis was performed using digitally captured serial images.
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We used 10 random fields per section and 10 sections in total
(n=10 rats) for quantification of collagen deposition. The
collagen-stained area was calculated via Image-Pro Plus. The
degree of hepatic fibrosis was assessed according to the Ishak
modified scoring system (Wu et al. 2016).
Immunohistochemistry (IHC) and immunocytochemistry
(ICC) were measured with the Kit (Maixin KIT-9710, Fuzhou,
China) in accordance with the manufacturer’s instructions.
Briefly, the liver sections were deparaffinized, rehydrated and
incubated in a 99 °C water bath for 15 min. In addition, HSCs
crawled on the slide were incubated with 4% paraformaldehyde
for 10 min at room temperature. Then, the slide was incubated
with 3% H,0, for 15 min and blocked with 10% normal goat
serum for 1 h at 37 °C. This was followed by incubation with
primary antibody against PCNA (ab15497, 1:500 dilution,
Abcam, Cambridge, UK), x-SMA (ab5694, 1:500 dilution,
Abcam, Cambridge, UK), TGF-f3 (ab92468, 1:500 dilution,
Abcam, Cambridge, UK) and Col1A2 (ab96723, 1:500 dilution,
Abcam, Cambridge, UK) overnight at 4 °C. Next, slides were
incubated with biotinylated goat-anti-rabbit IgG antibody. We
used diaminobenzidine solution as the chromogenic agent for
15 min at 37 °C, incubated with avidin peroxidase reagent and
hematoxylin for counterstaining. Finally, slides were
photographed using an optical microscope (Olympus, Tokyo
Metropolitan, Japan). We used 10 random fields per section
and 10 sections in total (n =10 rats) for quantification of ITHC
results. The IHC results were calculated via Image-Pro Plus.

Cell co-culture and IF staining

HSCs were resuscitated, passaged and seeded at a density of
3000 cells/cm?, when reaching 50% confluence. Next, 24-well
plates with 0.4-pm-pore Transwell inserts were used to physical-
ly separate the two cell populations. Activated HSCs were plated
in standard complete medium; SFM, MSCs and ASCs were
respectively added at the same density on top of the inserts.
After 48 h, the cells were incubated with 4% paraformaldehyde
on 24-well plates at room temperature for 10 min, then with 1%
bovine serum albumin (BSA, Biosharp, China) for 30 min. Next,
cells underwent immunofluorescent labeling to detect the expres-
sion of TGF-f3. Cells were incubated with primary antibody
TGF-3 (ab 92486, 1:100 dilution, Abcam, UK), followed by
incubation with a secondary antibody (goat-anti-rabbit IgG,
ab15007, 1:500 dilution, Abcam, UK) for 30 min at room tem-
perature. F-actin was stained with rhodamine phalloidin
(Thermal Scientific, USA). The nuclei were labeled with DAPI
(Thermal Scientific, USA). Fluorescent images were captured by
EVOS (Thermo Scientific, USA).

Western blot

HSCs under the SFM, MSC and ASC co-culture conditions as
above were cultured for 48 h followed by cell collection and
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protein extraction. HSC protein samples in SDS sample buffer
were heated to 95 °C for 10 min and separated on SDS-
polyacrylamide gels. Resolved proteins were then electro-
blotted onto nitrocellulose membranes and probed with anti-
body against MMP1, TIMP1, x-SMA, TGF-3 and GAPDH
overnight at 4 °C. The antibodies were as follows: MMP1 (ab
92486, 1:1000 dilution, Abcam, UK), TIMP1 (ab 2464,
1:1000 dilution, Abcam, UK), x-SMA (ab 5694, 1:1000 di-
lution, Abcam, UK), TGF-3 (ab 92486, 1:1000 dilution,
Abcam, UK) and GAPDH (ab 8245, 1:1000 dilution,
Abcam, UK). These were followed by secondary antibody
HRP-conjugated goat-anti-rabbit IgG (ab15007, 1:1000 dilu-
tion, Abcam, UK) and visualized by chemiluminescent detec-
tion according to the manufacturer’s instructions (Immobilon
western chemiluminescent HRP substrate, Millipore).

Quantitative real-time PCR

HSCs under the SFM, MSCs and ASCs co-culture conditions
as above were cultured for 48 h followed by HSC collection
and mRNA extraction. In addition, M1 macrophages were co-
cultured with SFM, MSCs and ASCs. M1 macrophages were
plated in standard complete medium; MSCs and ASCs were
added at the same density on top of the inserts. After 48 h of
co-culture, M1 macrophages were collected and mRNA was
extracted. Total RNA was isolated from the cells using Trizol
reagent (Invitrogen, Shanghai, China) according to the manu-
facturer’s protocol. Total RNA (1 pg) was reverse-transcribed
and the resulting cDNA was used as a template in qRT-PCR
using a standard SYBR premix Ex Taq (Invitrogen, Shanghai,
China) using the Real-Time PCR Detection System (Roche,
Basel, Switzerland). GAPDH served as the internal control
and experiments were conducted in triplicate. The primers
are listed in Table 1. All reactions were performed in triplicate
and the data were analyzed using the 27 2AC method.

Statistical analysis

Statistical analysis was performed using Prism 6 (Graph Pad
software). Multiple comparisons were analyzed by one-way
ANOVA, followed by post hoc Tukey test. All quantitative data
were given as the mean + SD for at least three independent
experiments. Differences were considered significant at p < 0.05.

Results

Effects of ASCs on liver fibrosis in CCl, rats

To confirm the effects of ASCs on liver fibrosis, we
used a CCly-induced liver fibrosis model in vivo (Fig.

la). Rats were injected with CCl, for 8 weeks to induce
liver fibrosis, which was then treated with MSCs



Cell Tissue Res (2020) 379:195-206

199

Table 1 Primers used for gqRT-PCR

Gene name Primers Sequences Product size (bp)

MMP1 Forward agacagecgceatcttcttgt 156
Reverse cttgeegtgggtagagtcat

MMP2 Forward atgacagctgcaccactgag 174
Reverse atttgttgeccaggaaagtg

MMP8 Forward gaagacgcttccatttctge 152
Reverse ttgcatcagtgcagttccte

MMP9 Forward ggtaatgctgagggtgcaat 217
Reverse caaaaatgaaggggaaagea

MMP13 Forward ttgagetggactcattgtcg 168
Reverse tcacctctaageeggagaaa

TIMP1 Forward tcagattatgccagggaacc 175
Reverse cttgeegtgggtagagtcat

zx-SMA Forward actgggacgacatggaaaag 195
Reverse tacatggcagggacattgaa

TGF- Forward atacgcctgagtggctgtet 164
Reverse tgggactgatcccattgatt

IL-1 Forward atttccgecttccagagaat 186
Reverse gagtctcatgggggaattga

IL-2 Forward aaactccccatgatgetcac 172
Reverse gaaatttccagcegtcttcca

IL-6 Forward ccggagaggagacttcacag 195
Reverse acagtgcatcatcgctgttc

TNF-x Forward gtgacgtggagttgggtett 187
Reverse gagtccgtettggtcagage

GAPDH Forward agacagccgcatcttettgt 158
Reverse cttgeegtgggtagagtcat

(CCl4; +MSC) and ASCs (CCly+ ASC) for 4 weeks.
The sham treated with PBS (CCl, + PBS) is the control.
In comparison to intact rats (Fig. 1b), the livers of the
CCly + PBS-treated group (Fig. 1b’) were enlarged,
coarser and nodular on the surface and liver lobes were
fused with each other and to the peritoneal organs. The
histopathological results showed that rats treated with
ASCs (Fig. 1b"") showed a reduction in surface coarse-
ness, became reddish, smoother and more lustrous com-
pared with CCl, + PBS-treated (Fig. 1b'); and the colla-
gen fiber area was reduced in the ASC-treated group
(Fig. 1c¢"'—e""). Moreover, we quantified the Masson-
stained and Sirius red-stained areas to analyze the area
of collagen fibers. The percentage of collagen area was
significantly decreased in ASC-treated rats as compared
to CCly + PBS-treated (Fig. 1f, p<0.001). Furthermore,
the mean Ishak score showed a statistically significant
reduction in the ASCs-treated group as compared to
CCly + PBS-treated (Fig. 1g, p<0.001).

Next, we detected HYP and MDA levels that indicat-
ed the degree of change in liver collagen fibers and
lipid peroxidation. The HYP and MDA levels in the
liver tissue of CCly+ PBS-treated rats were significantly
higher than intact rats (Fig. 1h and i; p<0.001).
Intravenous administration of ASCs significantly re-
duced both HYP and MDA levels compared to CCly +
PBS-treated rats. These results suggested that ASCs
could alleviate CCl-induced liver fibrosis and that the
effects were similar to MSCs.

Effects of ASCs on liver functionality in CCl, rats

Biochemical analyses were performed to assess the restoration
of liver function and decrease in liver fibrosis. In comparison
to intact rats, the levels of ALT, AST, ALP, y-GT, DBIL,
TBIL, TP and ALB in CCl, + PBS-treated group was signif-
icantly different (Fig. 2a—h, p <0.001). The results showed
that ALT, AST, ALP, y-GT, DBIL and TBIL levels were sig-
nificantly decreased in the ASC-treated group compared to the
CCl, + PBS group (Fig. 2a—f, p <0.001). In addition, the se-
rum level of TP in the ASCs-treated group was higher than in
the CCly + PBS-treated group and ALB in the ASCs-treated
group was lower than in the CCly + PBS-treated group (Fig.
2g, h; p<0.001). These results suggested that ASCs improve
liver function in liver injury induced by CCly.

Effect of ASCs on PCNA, a-SMA and TGF-p expression
in CCl, rats

To determine whether transplanted ASCs promote hepatocyte
proliferation, the number of PCNA™ cells was counted in ten
random fields per rat. The results showed that the number of
PCNA™ nuclei was significantly increased in the ASCs-treated
group (Fig. 3a"’), compared to the CCl, + PBS-treated group
(Fig. 3a" and d; p<0.001). To evaluate the effect of ASCs on
activation of HSCs, IHC was used to examine o-SMA™ cells in
the liver sections, revealing a significantly reduced positive ex-
pression in the ASC-treated group (Fig. 3b™) as compared to the
CCly + PBS-treated group (Fig. 3b’ and ¢; p < 0.001). Similarly,
we observed only a few cells with positive TGF-* expression
in the intact (Fig. 3¢c), MSCs (Fig. 3¢’), and ASC-treated groups
(Fig. 3¢"), but intensely stained TGF-B* cells were present
around the portal and ductal region in CCl, + PBS-treated liver
tissue (Fig. 3¢’ and 3f; p <0.001). These results suggested that
ASCs promoted hepatocyte proliferation and inhibited HSC ac-
tivation in CCl-induced liver fibrosis.

Effect of ASC co-culture on fibrosis
and inflammation-related gene expression

We detected the expression of related genes and proteins in ac-
tivated HSCs under the co-culture with ASCs (Fig. 4a").
Immunofluorescence (IF) results demonstrated that the
TGF-B* expression was decreased in HSCs under ASC co-
culture as compared to SFM conditions (Fig. 4b and b”). The
results suggested that ASCs block HSCs activation via inhibiting
TGF-f3 expression. In addition, we investigated M1 macrophage
inflammatory gene expression in the different co-culture groups.
The results showed that IL-1, IL-2, IL-6 and TNF-o expression
was significantly decreased in the ASC-treated group, compared
to the other two control groups (Fig. 4f—i; p < 0.05). These results
suggested that ASCs decreased the TGF-3 and inflammation-
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Fig. 2 Effects of ASCs on serum biochemical parameters in CCly-treated
rats. a ALT levels. b AST levels. ¢ ALP levels. d y-GT levels. e DBIL
levels. f TBIL levels. g TP levels. h ALB levels. Note that ASC admin-
istration significantly recovered liver function compared with the CCl4 +
PBS group; CCly + PBS-treated rats significantly damaged liver function

related gene expression; moreover, ASC had a better effect on
reducing inflammation than MSC.

Next, we detected TGF-3 expression using additional
methods including qRT-PCR, Western blot and ICC. We found
that TGF-[3 was also decreased in HSCs co-cultured with ASCs,
compared to the other two control groups (Fig. Sa—c, e—¢";
p<0.05). Moreover, the expression of x-SMA (Fig. 5d") and
COL1A2 (Fig. 5f"" was decreased in ASCs (compared to the
other two control groups, Fig. 5d, d” and e, ¢'; p <0.05).
Furthermore, the expression of MMP1, MMP2, MMPS,
MMP9, and MMP13 was significantly increased, while
TIMP1 was decreased compared to the other two control groups
(Fig. Sa; p<0.05). Interestingly, the co-culture of ASCs was
more effective than MSCs at regulating MMPs, TIMP1, «-
SMA, TGF-f3 and COL1A2 expression in HSCs.

Discussion

Liver fibrosis is the result of extracellular matrix (ECM) pro-
tein deposition, which is mainly mediated by activated HSCs
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compared with the intact group; ALT: alanine aminotransferase; AST:
aspartate aminotransferase; ALP: alkaline phosphatase; y-GT: gamma
glutamyl transpeptidase; DBIL: direct bilirubin; TBIL: totalbilirubin;
TP: total protein; ALB: albumin; mean + SD; n=10; ** p<0.01; ***
»<0.001

(Elpek 2014; Lee and Friedman 2011). In this study, we in-
vestigated the therapeutic effects of ASCs in a CCly-induced
rat liver fibrosis model. We found that ASCs administration
alleviated liver fibrosis, which includes reducing collagen ac-
cumulation, decreasing fatty degeneration, increasing hepato-
cyte regeneration and significantly enhancing liver function-
ality. Moreover, ASCs decreased the expression of pro-
fibrogenic factors including TGF-3 and «-SMA. The thera-
peutic effects were similar to that of the positive control group
(MSCs). These results suggested that ASCs transplantation
had a beneficial effect on the CCly-induced liver fibrosis
model.

More importantly, our study also showed that ASCs inhibit
HSC activation and proliferation, controlling the expression of
several genes involved in these processes. It has been previ-
ously reported that TGF-f3 regulates the balance between
ECM deposition and degradation (Bowen et al. 2013; Sakai
et al. 2014). In addition, TGF-f3 could inhibit the production
of collagenase and protease and promote the production of
tissue inhibitors of MMPs (Hasan et al. 2016). Here, we also
showed that TGF-f3 was significantly decreased both in CCl,



Cell Tissue Res (2020) 379:195-206

201

PCNA postive area (%)
a-SMA postive area (%)
N

\ o=

84S v S

¢
R

l***—***l . 0.08- —
é *kk *
o 006{ T
©
o
2
004 .
o
@
o 0.02-
O
-
0.00-— T T

M Intact

CCl,+PBS [l CCl,+MSC [l CCl, + ASC

Fig. 3 Effects of ASCs on expression of the fibrosis-related genes in
CCly-treated rats. Immunohistochemistry analyses of PCNA (a—a"’), a-
SMA (b-b"") and TGF-f3 (c—c") in liver tissue. d—f Positive cell area
analysis of PCNA, «-SMA and TGF-3 for immunohistochemical results
via Image-Pro Plus. Note that ASC administration significantly increased

rats and HSCs treated with ASCs. The expression of x-SMA
in liver tissue is an indicator of HSC activation, suggesting
that activated HSCs expressing «-SMA are involved in the
occurrence and development of hepatic fibrosis (Lindert et al.
2005). Here, we demonstrated that «-SMA was significantly
decreased both in vivo and vitro. Previous studies have shown

the number of PCNA-positive cells and decreased the number of x-SMA
and TGF-(3-positive cells compared with the CCl, + PBS group; PCNA:
proliferating cell nuclear antigen; «-SMA: anti-« smooth muscle actin;
TGF-f: transforming growth factor-f3; mean=+SD; n=10. *p <0.05;
*#p < 0.01; ***p <0.001

that increased MMPs (i.e., MMP-1, -2, -8, -9 and -13) (Nart
et al. 2010; Rabani et al. 2010; Zhou et al. 2004) and de-
creased TIMP1 (Ali et al. 2012) are usually associated with
the reversing of fibrosis. Here, we found that the expression of
MMPs was increased, while the expression of TIMP1 was
decreased in vitro. Previous work indicated that MMP1
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Fig. 4 Effects of ASCs on the TGF-f3 in HSCs and inflammation-related
gene expression in the M1 macrophage via co-culture approach. a—a"
Experimental design. Representative images of immunofluorescence
staining performed for TGF-f3 (green, b-b", c—") in HSCs. Phalloidin
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promoted HSC apoptosis in the presence of low levels of
TIMP1 (Knittel et al. 2000) and that low TIMP1 expression
levels promoted the clearance of the fibrotic matrix and re-
duced the accumulation of ECM (Yoshiji et al. 2002).

The therapeutic properties of MSCs in treating hepatic fi-
brosis are related to their capacity for hepatocyte-like differ-
entiation (Jiang et al. 2007), trophic factor secretion
(Quintanilha et al. 2014), immune-modulatory functions
(Aggarwal and Pittenger 2005) and anti-fibrotic activity
(Meier et al. 2015). Previous work has shown that MSCs
can differentiate into hepatocytes both in vivo and in vitro
(Yin et al. 2015). Moreover, MSCs secrete multiple factors
that stimulate resident cells to promote the differentiation of
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and TNF-«) expression in the M1 macrophage. Note that ASC adminis-
tration decreased the TGF-f3 and inflammation-related genes expression;
administration of ASC had a better effect on reducing inflammation than
MSC; SFM: serum free medium; ASCs: antler stem cells; MSCs: mes-
enchymal stem cells; HSCs: hepatic stellate cells; mean + SD; n=3;
*p <0.05; ¥¥p <0.01; ***p <0.001

native progenitor cells and facilitate recovery of the injured
cells (Alfaifi et al. 2018). In fibrotic tissue, MSCs decrease
myofibroblast proliferation and promote anti-fibrotic activity
(El Agha et al. 2017). At the same time, MSCs are able to
reduce the proliferation of activated HSCs and balance ECM
synthesis and degradation (Duarte et al. 2015). However, the
mechanism by which ASCs may act in the treatment of liver
fibrosis is not clear. ASCs may release factors that enhance the
level of MMP1, which can degrade the ECM, by inhibiting
TIMP1 expression or by direct secretion of MMP1; the other
factors that might inhibit HSC activation via inhibiting TGF-f3
signaling pathway include TGF-3, a-SMA and COL1A2
(Fig. 6).
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Fig. 5 Effects of ASCs on expression of the fibrosis-related genes in
HSCs via co-culture approach. a Relative mRNA expression levels of
MMPs, TIMP1, a-SMA and TGF-f3. b Western blotting analysis of the
expression of MMP1, TIMP1, «-SMA and TGF-f3. ¢ The relative
MMPI, TIMP1, «-SMA and TGF-f intensity via western blotting.
Photomicrographs of immunocytochemical staining for x-SMA (d—d"),
TGF-f3 (e—¢") and COL1A2 (f~f"). Note that ASC administration

IL-1, IL-2, IL-6 and TNF-« are the three main inflammatory
factors in the inflammation process (Wang et al. 2016). TNF-o
is an important factor in the association of inflammatory re-
sponses with specific immune responses. It can act on many cell
types to induce the production of IL-1 and IL-6 (Wang et al.
2016). These three factors can increase the permeability of cap-
illaries, activate other inflammatory cells and stimulate the

significantly increased the expression of MMPs and decreased expression
of TIMP1, «-SMA and TGF- compared with the CCl,+PBS group;
MMPs: matrix metalloproteinases; TIMP1: tissue inhibitors of metallo-
proteinase 1; x-SMA: anti- smooth muscle actin; TGF-3: transforming
growth factor-f3; red arrows indicate positive cells, bar =50 um; mean +
SD; n=3; *p <0.05; **p <0.01; ***p <0.001

formation of oxygen radicals, thus leading to more severe in-
flammatory responses and damaging intact tissue (Luz-
Crawford et al. 2017). In our study, ASC co-culture significantly
decreased the upregulation of M1 macrophage gene expression,
which typically occurs in response to inflammatory signals (Fig.
4). Thus, we speculated that ASCs promote liver tissue repair by
reducing the inflammatory response.
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Fig. 6 Mechanism underlying
reduction of liver fibrosis by

ASCs. ASCs releasing factors \ /

(assume) reduce ECM and de-

crease TGF-f3 expression. ASCs
inhibit HSC activation via upreg-
ulating the MMP expression and

downregulating TIMP1, o-SMA, -
TGF-3 and COL1A2 expression. “
ASCs: antler stem cells; ECM: ” MMPs
extracellular matrix; HSCs: he- 7 -
patic stellate cells; TGF-[3: 7/

transforming growth factor-(3 V4

A previous study showed that ASCs have strong pro-
liferation and differentiation ability (Li and Suttie 2011).
ASCs can be passaged for dozens of generations while
maintaining growth capabilities and in vitro, they can
casily differentiate into skin, blood vessels, nerves and
other tissues (Li et al. 2010; Li and Suttie 2011).
Currently, ASCs have been classified as a special type
of MSCs, as they express some key embryonic stem cell
markers, such as Oct4, SOX2, Nanog, TERT and
nucleostemin (Li and Chu 2016; Li et al. 2009) in addi-
tion to classic MSC markers. Although treatment using
xenogeneic stem cell transplantation is controversial, a
prior study showed that ASCs had no risk of tumor
formation and had low immunogenicity (Li and Suttie
2011). In addition, another previous study showed that
the characteristics of the complete organ regeneration of
deer antlers can be applied to the study of other mam-
malian organ regeneration (Li et al. 2014), such as liver
regeneration. We studied ASCs primarily to find key
factors involved and the potential mechanism of liver
fibrosis treatment. Our study found that ASCs signifi-
cantly promote liver regeneration and promote recovery
of liver function (Figs. 2 and 3). Therefore, ASCs may
be developed into a more efficacious therapeutic reagent
than other types of MSCs currently under investigation
for liver fibrosis in the clinic. In the future studies, we
will use the ASC exosomes for treating liver fibrosis to

@ Springer

overcome the problem of immunocompatibility thus
leading to the development of effective and safe cell-
free regenerative reagents with predictable therapeutic
effects.

Conclusion

In conclusion, our study showed that ASCs from the
antler growth center alleviate liver fibrosis, inhibit
HSC activation, promote hepatocyte regeneration, de-
crease inflammation and restore liver function. These
results are extremely promising and suggest that ASCs
may be used as a novel stem cell source for the treat-
ment of liver fibrosis in the clinic. Understanding ASCs
and the relevant molecules that regulate liver regenera-
tion may provide a new therapeutic approach for reduc-
ing liver fibrosis.
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