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Abstract
Introduction. Adipose mesenchymal stem cell-derived exosomes (ADMSC-Exo) are a new strategy for the treatment 
of liver injury. However, mesenchymal stem cells (MSCs) exert therapeutic effects mainly by secreting hepatocyte 
growth factor (HGF). Therefore, we investigated the role of exosomes derived from ADMSC that overexpress HGF 
(ADMSCHGF-Exo) on liver injury. 
Material and methods. ADMSCs were isolated from young BALB/c female mice. Then exosomes derived from 
ADMSC transfecting negative control (ADMSCNC-Exo) and HGF overexpression (ADMSCHGF-Exo) were isolated 
and identified by quantitative polymerase chain reaction (qPCR), flow cytometry, western blot, transmission electron 
microscope and Nanosight particle tracking analysis. These exosomes were injected into male mice via tail vein after 
inducing liver injury by administering 40% carbon tetrachloride (CCl4)-olive oil twice a week (3 mL/kg, subcutaneously) 
for 6 weeks. Liver injury and liver collagen fiber accumulation were determined by histopathological analysis. Then, 
the levels of serum liver function indexes (alanine aminotransferase, aspartate aminotransferase, albumin, total biliru-
bin), hepatocyte-specific markers (albumin, cytokeratin-18 and hepatocyte nuclear factor 4α), hepatic fibrosis-related 
proteins (α-smooth muscle actin and collagen I) and Rho GTPase (cell division cycle 42 and ras-related C3 botulinum 
toxin substrate 1) were determined by Enzyme-linked immunosorbent assay (ELISA), immunohistochemistry, Western 
blot and qPCR. 
Results. ADMSCs were identified by high expression of CD105 and CD44 molecules and low expression of CD45 and 
CD34. ADMSCs-Exo, ADMSCNC-Exo and ADMSCHGF-Exo transfected cells had similar expression of exosome-spe-
cific membrane proteins (CD63, CD81 and CD9). Mice with CCl4-induced liver injury exhibited abnormal serum 
liver function indexes, altered expression of hepatocyte-specific markers, hepatic fibrosis-related proteins and Rho 
GTPase protein as well as histopathological changes and collagen fiber accumulation in the liver. These changes were 
reversed by ADMSC-Exo, ADMSCNC-Exo and ADMSCHGF-Exo administration with ADMSCHGF-Exo displaying the 
most significant impact. 
Conclusions. ADMSCHGF-Exo exerted a hepatoprotective effect in mice with experimental liver injury by alleviating 
hepatic fibrosis and restoring liver function. (Folia Histochemica et Cytobiologica 2023, Vol. 61, No. 3, 160–171) 
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[1]. In addition, the liver also is the major detoxifica-
tion organ, which is most exposed to drugs, chemicals 
and alcohol. Long-term exposure to excessive hazar-
dous substances will lead to liver injury, ultimately 
impacting patients’ health conditions and life quality 
[2]. Although some drugs, such as N-acetylcysteine, 
are approved for the treatment of liver injury, they 
have limited efficacy and significant side effects [3]. 
Therefore, it is urgent to find more safe and effective 
drugs for alleviating liver injury.

Introduction

The liver is vital for many important body functions, 
such as protein synthesis, anti-virus and anti-bacteria 
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The accumulated research indicated that mesen-
chymal stem cells (MSCs) have great potential in 
promoting liver regeneration and liver injury repair [4]. 
MSCs come from a wide range of sources, including 
adipose [5], bone marrow [6] and synovial tissues [7]. 
Of note, compared with other MSCs, adipose-derived 
MSCs (ADMSCs) are plentiful and can be easily obta-
ined without severe invasiveness and ethical issues [8, 
9]. Notably, recent studies have shown that ADMSCs 
have achieved certain therapeutic effects in some 
diseases by secreting exosomes [10–12]. Exosomes 
with a diameter of 40–100  nm can be secreted by 
donor cells and then delivered to recipient cells, thus 
playing a role in cell-to-cell communication [13–15]. 
It is well known that exosomes released by ADMSCs 
play a functional role in diseases by mimicking the 
effects of their parental cells, thus, we hypothesized 
that exosomes derived from ADMSCs may become 
a potential therapy for liver injury [16]. 

Hepatocyte growth factor (HGF) is a growth factor 
secreted by various cell types including MSCs [17], 
which exerts an important effect in promoting liver 
regeneration and repairing liver injury [18]. Multiple 
studies have shown that the overexpression of HGF can 
prevent acute liver injury induced by oxidative stress 
[19] and carbon tetrachloride (CCl4) [20], alleviate 
liver fibrosis [21], and accelerate liver regeneration 
in injured liver injury [22]. Interestingly, Cao et al. 
reported that the exosomes derived from ADMSCs 
that overexpressed HGF (ADMSCHGF-Exo) were 
more capable of skin wound repair in diabetic mice 
than the exosomes derived from control ADMSCs 
(ADMSCNC-Exo) [23]. However, it is not clear which 
role ADMSCHGF-Exo can play in liver injury. Studies 
have shown that proteins of Rho GTPase family are 
associated with the development of liver fibrosis [24], 
non-alcoholic fatty liver degeneration [25] and liver 
cancer [26]. Interestingly, HGF can regulate Rho 
GTPase in prostate cancer cells [27]. However, it is 
not clear whether ADMSCHGF-Exo can influence the 
development of liver injury by affecting Rho GTPase.

Therefore, in this study, we used an established 
model of murine liver injury to verify the potential 
therapeutic effects of ADMSCHGF-Exo.

Material and methods

Animals and experimental design. Specific pathogen-free 
BALB/c female mice (n = 5, 8–10 g, 3 weeks old) and BALB/c  
male mice (n = 30, 6  per group, 18–25  g, 6–8  weeks old) 
obtained from Shanghai Slake Animal Laboratory Co. Ltd 
(Certificate No. SCXK (Hu) 2017-0005) were maintained in 
an environment (22 ± 2°C) with a 12 h:12 h light-dark cycle 
and 50% humidity. BALB/c female mice were used to isolate 

ADMSCs, while BALB/c male mice were used to construct 
liver injury models.

The isolation and identification of ADMSCs. After the mice 
were euthanized with an overdose of isoflurane (5%), the 
subcutaneous adipose tissues in the medial inguinal region of 
the mice were collected and digested in Minimum Essential 
Medium-alpha (1061029, Gibco, USA) containing 0.1% colla-
genase type I solution (C1696, Bioswamp, China) at 37°C for 
50 min. After centrifugation at 1000 rpm for 5 min, the fat and 
supernatant from the upper layers were discarded and the cells 
were re-suspended in Dulbecco’s Modified Eagle’s Medium/ 
/Nutrient Mixture F-12 (DMEM/F12) culture medium (ZQ-600, 
Zqxzbio, China) with the addition of 10% fetal bovine serum 
(FBS, ZQ500-A, Zqxzbio, China) and 1% penicillin-strepto-
mycin (0513, ZQ500-A, Zqxzbio). Afterward, the cells were 
centrifuged again at 1000  rpm for 5  min, re-suspended in 
phosphate-buffered saline (PBS, SNB-001, Sunncell, China), 
and centrifuged once more at 1000 rpm for 5 min. Finally, the 
obtained cells were inoculated in DMEM/F12 medium conta-
ining 10% FBS at a density of 2 × 105/mL. The medium was 
changed for the first time after 24 h and every 3 days thereafter. 
The cells were passaged when they reached 90% confluence, and 
the morphology of cells of different generations was observed 
under an inverted microscope (NIB910, Boshida, China).

The third-generation ADMSCs were identified by flow cy-
tometry (CytoFLEX LX, Beckman Coulter, UK). At first, cells 
were collected and adjusted to the concentration of 1 × 106/mL, 
and then identified by the monoclonal antibodies (BD Bioscien-
ces, USA): CD45 (560695), CD44 (553134), CD105 (562759) 
and CD34 (551387) at the dilution of 1:50. 

Cell transfection. Genechem Co., Ltd. (China) provided a lenti-
viral vector (GOSL49905) that overexpressed HGF and a blank 
lentiviral vector (negative control, NC) that only encoded green 
fluorescent protein (GFP). Then, we entrusted Genscript Co., 
Ltd. to package and concentrate lentiviruses. ADMSCs were 
seeded into 24-well plates at 1 × 105/well 24 h prior to trans-
fection. On that next day, the cell culture medium was replaced 
with fresh medium containing 6 μg/mL of polybrene (A1001-9, 
Zqxzbio, China) and 10-fold serially diluted viral suspension. 
After the cells were incubated at 37°C for 24 h, the medium was 
changed and the culture was continued for 48 h. The efficiency 
of GFP expression was observed by fluorescence microscopy 
(Ts2-FC microscope, Nikon, Tokyo, Japan), and a fresh com-
plete medium containing 1 µg/mL of puromycin was replaced 
to screen stable transfection cells.

Gene expression analysis. Quantitative polymerase chain 
reaction (qPCR) was performed to evaluate the transfection 
efficiency or gene expression. Trizol reagent (ZC-0021, Zcbio, 
China) was used to extract total RNA from ADMSCs, and RNA 
purity was assessed by NanodropTM 2000  (ThermoFisher 
Scientific, Las Vegas, NV, USA). Afterwards, with the use of 
a reverse transcription kit (AC14007, ACMEC, China), we 
converted the total RNA to cDNA according to the manufactu-
rer’s instructions. Later, qPCR was carried out on an Mx3000P 
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system (Stratagene, San Diego, CA, USA) employing SYBR 
Green PCR Mastermix (ac17097, ACMEC, China). The cycle 
parameters for qPCR were as followed: pre-denaturation at 95°C 
for 10 min, denaturation at 95°C for 15 s, and annealing at 60°C 
for 60 s for 40 cycles. β-actin was considered as a housekeeping 
gene, and 2-ΔΔCT method was used as previously described with 
minor modifications to detect the mRNA expression of HGF, 
Albumin (ALB), Cytokeratin-18 (CK-18), hepatocyte nuclear 
factor 4α (HNF4α), α-smooth muscle actin (α-SMA), Collagen 
I, cell division cycle 42  (CDC42), ras-related C3 botulinum 
toxin substrate 1  (Rac1) [28]. Primers that were used in our 
experiment were listed as followed:

•	 HGF (mouse) forward, 5’-GGTTACAGGGGA-
ACCAGCAA -3’

•	 HGF (mouse) reverse, 5’-TCGGATGTTTGGG-
TCAGTGG-3’

•	 ALB (mouse) forward, 5’-GTGGATCCCTGG-
TGGAAAGG-3’

•	 ALB (mouse) reverse, 5’-GGTTTGGACCCT-
CAGTCGAG-3’

•	 CK-18  (mouse) forward, 5’-GACATCCATG-
GACTCCGCAA-3’

•	 CK-18 (mouse) reverse, 5’-ATCTGTGCCTTG-
TATCGGGC-3’

•	 HNF4α (mouse) forward, 5’-GGGGTTCTGC-
TGGCTCATAC-3’

•	 HNF4α (mouse) reverse, 5’-GATGCTTTCC-
CAATGACGGC-3’

•	 α-SMA (mouse) forward, 5’-GAATGCAGTG-
GAAGAGACCCA-3’

•	 α-SMA (mouse) reverse, 5’-GCAGGGCATA-
GCCCTCATAG-3’

•	 Collagen I (mouse) forward, 5’-GAGCGGA-
GAGTACTGGATCG-3’

•	 Collagen I (mouse) reverse, 5’-GCTTCTTT-
TCCTTGGGGTTC-3’

•	 CDC42 (mouse) forward, 5’-CCTCCGGAAAC-
TCAACCCAA-3’

•	 CDC42 (mouse) reverse, 5’-CTAGCAAGCCA-
ACCCTTTTCA-3’

•	 Rac1  (mouse) forward, 5’-TGTCCCCCTCC-
TGTCAAGAA-3’

•	 Rac1 (mouse) reverse, 5’-GCATCAAATGCGA-
AGGCTCG-3’

•	 β-actin forward, 5’-GGGAAATCGTGCGTGAC 
-3’

•	 β-actin reverse, 5’-AGGCTGGAAAAGAGCCT 
-3’

Isolation and identification of exosomes from ADMSCs. 
The exosomes were obtained using an exosome isolation kit 
(41201ES25, Yeasen, China). The culture medium of ADMSCs 
was collected into a 15 mL centrifuge tube and centrifuged at 
3000 g for 10 min. The supernatant (10 mL) from the centrifuge 
tube was transferred to a new centrifuge tube, which was mixed 

with an exosome separation reagent (2.5 mL) and placed at 4°C 
for 2 h. The mixture was centrifuged at 10,000 g for 60 min and 
the precipitate was collected and resuspended in 100 μL PBS. 
The samples were centrifuged at 12000 g for 2 min to obtain the 
supernatant. Then the supernatant was filtrated with a 0.22 μm 
filter to purify the exosomes. 

The morphology of exosomes was observed under a trans-
mission electron microscope (TEM, H7650, Hitachi, Japan) at 
the Medical Research Center, Academy of Chinese Medical 
Sciences (Zhejiang, China). In short, approximately 25 μL of 
exosome sample was dropped on a carbon-coated grid. After 
2 min, the grid was incubated again with 2% phosphotungstic 
acid for 2 min, and its edges were dried with filter paper. Finally, 
images were obtained by TEM. Moreover, exosome diameter 
was analyzed with nanoparticle tracking analysis (NTA, Nano-
Sight NS300, Malvern Instruments, UK). Exosome surface mar-
kers (CD63, CD81 and CD9) were detected using Western blot. 

Western blot. The total protein in mouse liver tissues and 
exosome protein in ADMSCs-Exo, ADMSCNC-Exo and ADM-
SCHGF-Exo were extracted by RIPA solution (AC13971, Acmec, 
China) and exosome protein extraction kit (BES21253BO, 
Bioesn, China), respectively. Afterwards, the concentration 
of protein was determined by the bicinchoninic acid (BCA) 
assay kit (AC13859, Acmec, China). Sodium dodecyl sulfate 
polyacrylamide (SDS-PAGE) gels gel electrophoresis was 
performed to separate proteins, after which the proteins were 
loaded onto the Polyvinylidene Fluoride (PVDF) membranes 
(0.2 µm, FFP24, Beyotime, China). After being blocked with 
a blocking buffer (ZY100878, Zeye Biotechnology, China), the 
membranes were incubated with specific primary antibodies 
for 24 h. In the following, the complex on the membrane was 
bound by the secondary antibody. Finally, the protein bands 
were exposed using imaging equipment (610020-9Q, Qinxi-
nag, China) outfitted with an enhanced chemiluminescence kit 
(P1020-100, APPLYGEN, China). 

The information of the primary antibodies was as fol-
lows: CD63  (AF5117, 26  kDa), CD81  (DF2306, 26  kDa), 
CD9  (AF5139, 25  kDa), ALB (DF6396, 69  kDa), CK-
18  (AF0191, 48  kDa), HNF4α (AF6297, 53  kDa), α-SMA 
(AF1032, 42  kDa), Collagen-I (AF7001, 129  kDa), 
CDC42 (ab187643, 1/10000, 21 kDa), Rac1 (ab155938, 21 kDa) 
and β-actin (AF7018, 1/10000, 42 kDa). Unless otherwise spe-
cified, the dilution of other antibodies was 1/1000. All of the 
antibodies were obtained from Abcam (Waltham, MA, USA) 
or Affinity (USA). 

Establishment of liver injury model. Liver injury mice 
were established as previously described with minor modi-
fications [29–31]. BALB/c male mice were randomized into 
5  groups: control group, model group, ADMSC-Exo group,  
ADMSCNC-Exo group and ADMSCHGF-Exo group (n = 6). In 
the latter four groups, mice were subcutaneously (s.c.) injected 
with 40% CCl4-olive oil solution 5 mL/kg on the first day. Then, 
mice were subcutaneously injected with 40% CCl4-olive oil 
(3 mL/kg) twice a week for 6 weeks. At the same time, these 
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mice were fed with high-fat and low-protein feed (79.5% pure 
corn flour and 20% lard, mixed with 0.5% cholesterol) and 
0.5% alcohol was added to drinking water. The mice in the 
control group were injected s.c. with an equal volume of olive 
oil solution every time and fed with normal feed and normal 
drinking water. Blood was taken from orbit sinus and serum was 
used to measure biochemical indices of liver function. Then, 
the exosomes isolated from ADMSCs, ADMSCs transfected 
with NC and ADMSCs overexpressed with HGF (400 μg/μL, 
200 μL) were injected into mice via tail vein once a week for 
4 weeks (during the 4 weeks, mice did not receive CCl4-olive 
oil, and were supplied with standard chow diet and normal 
drinking water). The control mice were injected with the same 
volume of PBS. 

Enzyme-linked immunosorbent assay (ELISA). After mice 
were treated with ADMSCs for 2 weeks or 4 weeks, their blo-
od was collected from the abdominal aorta and centrifuged to 
obtain serum. The activities of serum alanine aminotransferase 
(ALT, ZC-38191), aspartate aminotransferase (AST, ZC-38728), 
ALB (ZC-37920) and the contents of total bilirubin (TBIL, 
ZC-38083) in mice were determined by corresponding ELISA 
kit (Zcibio, China). To extract supernatant serum, mouse blood 
was collected and centrifuged at 3500 rpm for 15 min. In a well 
plate, the target antibody was coated first. A serum or a standard 
was then introduced to the well to bind to the target antibody. 
After that, a horseradish peroxidase-labeled antibody was added 
to the well. The 3,3′,5,5′-tetramethylbenzidine (TMB) substrate 
was added for coloring after the unbound antibody had been 
thoroughly washed. Finally, a microplate reader (HBS-ScanX, 
DeTiebio, China) was employed to measure the absorbance at 
450 nm.

Hematoxylin and eosin (H&E) staining. The liver samples 
were fixed in 4% paraformaldehyde (P35120, Acmec, China), 
then embedded in paraffin and cut with microtome into 4 μm-
-thick sections. Paraffin slices were dewaxed by xylene, soaked 
in absolute ethanol, 90% ethanol and 75% ethanol in turn, and 
finally washed with tap water. The sections were sequentially 
immersed in hematoxylin dye solution (PAB180015, Bio-
swamp), shortly washed with tap water, and placed in eosin dye 
solution (PAB180016, Bioswamp). Subsequently, the sections 
were successively dehydrated with 70%, 80%, 95% and 100% 
ethanol, cleared with xylene and finally mounted with neutral 
balsam (I1711, Bioswamp). The stained sections were observed 
under an optical microscope (E100, Nikon, Japan). 

Sirius red staining. The liver sections were stained with Sirius 
red staining kits (MM1004, Maokangbio, China) for 1 h. After 
washing off the surface dyeing solution with tap water, the 
sections were subjected to conventional dehydration, transpa-
rency and sealing. 

Immunohistochemistry (IHC). The IHC procedure was carried 
out using the IHC kit (IHC200) provided by Bioswamp. The 
treated sections were placed in 0.01M sodium citrate buffer 
and the antigen was retrieved under high pressure (125°C, 
103  KPa). Following that, the sections were incubated with 

3% H2O2 for 10 min and 10% goat serum for 1 h. After that, 
the sections were incubated with anti-ALB (1:300, ab192603,), 
anti-CK-18  (1:800, ab181597), and anti-HNF4α antibodies 
(1:400, ab199431) overnight at 4°C. The following day, se-
condary antibodies (1:5000, AF5131, Abcam, USA), were 
applied dropwise to the sections and incubated for 20 min at 
room temperature. The sections were next sequentially stained 
with 3,3-diaminobenzidine (DAB) developing solution and 
hematoxylin dye solution. After washing with running water 
again, the sections were subjected to conventional dehydration, 
transparency and sealing. All the primary antibodies were pur-
chased from Abcam (China). 

Statistical analysis. The quantitative data were expressed as 
mean ± standard deviation (SD). One-way analysis of variance 
(ANOVA) with Tukey’s test were employed to evaluate the 
significant differences among multiple groups. Dunnett’s T3 test 
or independent sample T test was used for heterogeneity of 
variance. Kruskal-Wallis H test was used for the measurement 
of data that did not conform to normal distribution. Utilizing 
the software SPSS 19.0, the analysis of these data was conduc-
ted, and P-values less than 0.05 were considered statistically 
significant. 

Results

Isolation and identification of exosomes derived 
from ADMSCs
ADMSCs were isolated from mice and cultured in 
DMEM/F12 medium. As shown in Fig. 1A, ADMSCs 
exhibited a fibrous or spindle shape with uniform cell 
morphology. With the help of flow cytometry, we 
found that ADMSCs were positive for CD105  and 
CD44 and negative for CD45 and CD34 (Fig. 1B). The 
above results demonstrated our successful isolation of 
ADMSCs. After HGF was overexpressed in ADMSCs, 
levels of mouse HGF mRNA were elevated in ADM-
SCsHGF, indicating successful transfection (Fig. 2A,  
P < 0.01). Furthermore, there were no significant dif-
ferences in the expressions of surface markers (CD45, 
CD44, CD105 and CD34) between ADMSCsNC and 
ADMSCsHGF (Fig. 2B). Then, exosomes were isolated 
from ADMSCs, their morphology was shown in Fig. 
2C, and their diameter was approximately 200 nm (Fig. 
2D). Notably, there were no significant differences in 
the expressions of CD63, CD81, and CD9 proteins 
between the ADMSC-Exo and ADMSCNC-Exo, as well 
as the ADMSCNC-Exo and ADMSCHGF-Exo (Fig. 2E). 

ADMSCHGF-Exo treatment improved liver  
function indexes in serum for liver injury mice
Firstly, the levels of liver function indexes in the serum 
of liver injury mice after 2 weeks and 4 weeks of AD-
MSCHGF-Exo treatment were determined. As shown in 
Fig. 3, the serum ALT, AST and TBIL levels of model 
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Figure 1. Isolation and identification of ADMSCs. A. ADMSCs isolated from mouse subcutaneous fatty tissues were observed 
under the microscope. B. The expressions of ADMSC surface markers, including CD45, CD44, CD105 and CD34 were measured 
by flow cytometry. n = 3. Abbreviation: ADMSCs — adipose-derived mesenchymal stem cells.

Figure 2. Lentivirus-HGF transfection increased HGF mRNA expression but did not affect the properties of mesenchymal stem cells 
and Exos. A. The expression of HGF mRNA in ADMSCs was detected by qPCR. B. Flow cytometry analysis for the expressions 
of the surface markers of ADMSCs, including CD45, CD44, CD105 and CD34. C. The morphology of ADMSC-Exo was viewed 
by TEM. Scale bar, 100 nm. D. Particle size distribution and concentration of ADMSC-Exo were analyzed by NTA. E. Detection 
of ADMSC-Exo marker protein expressions (CD9, CD63, and CD81) by western blot. +P < 0.05, and ++P < 0.01 vs. ADMSCs. The 
results were presented as the mean ± standard deviation. n = 3. Abbreviations: Exo — exosome; HGF — hepatocyte growth factor; 
NTA — nanoparticle tracking analysis; qPCR — quantitative polymerase chain reaction; TEM — transmission electron microscopy.
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mice were significantly higher while the ALB content 
was significantly lower than these of the control group 
(P < 0.01). However, the exosomes secreted by AD-
MSCs, NC-transfected ADMSCs or HGF-transfected 
ADMSCs effectively decreased activities of ALT, AST 
and TBIL levels but upregulated ALB content in serum 
of liver-injured mice, among which ADMSCHGF-Exo 
had the most significant effects (P < 0.05). 

ADMSCHGF-Exo treatment ameliorated  
histopathological changes in the liver and hepatic 
collagen fiber accumulation
The liver samples from mice of experimental groups 
were collected and the morphology of stained liver 
sections was analyzed. In the CCl4-liver injured mice, 
hepatic lobules were disordered, the structure of liver 
cells was destroyed, moreover, many necrotic cells 
and inflammatory cell infiltration were observed in the 

Figure 3. HGF overexpression in ADMSC-Exos improved liver functions of liver injury mice. ELISA was applied to quantify 
serum ALT and AST activities as well as ALB and TBIL contents of the mice after 2 and 4 weeks of ADMSC treatment. #P < 0.05,  
and ##P < 0.01 vs.Con; –P < 0.05, and --P < 0.01 vs. Mod; *P < 0.05, **P < 0.01 vs. ADMSCNC-Exo. The results were presented as the 
mean ± standard deviation. n = 6. Abbreviations: ALB — albumin; ALT — alanine aminotransferase; AST — aspartate aminotrans-
ferase; ELISA — Enzyme-linked immunosorbent assay; TBIL — total bilirubin.

Figure 4. HGF overexpression in ADMSC-Exos recovered the pathological injuries of liver fibrosis in liver injury mice. A. The 
representative images of liver slices stained with HE. B. The representative images of liver slices stained by Sirius red. Magnification 
200×, scale bar = 100 μm; Magnification 400×, scale bar = 50 μm, n = 6. Abbreviation: HE — hematoxylin and eosin.
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liver tissues (Fig. 4A). After treatment with ADMSC-
-Exo or ADMSCNC-Exo, the histopathological changes 
of the model mice were alleviated. After treatment of 
model mice with ADMSCHGF-Exo, the morphology  
of the liver returned almost to normal with radially 
arranged hepatocyte cords and sinusoids ending in 
central veins, however, with some areas of fatty de-
generation and necrosis. Moreover, Sirius red staining 
revealed that the hepatic tissues of the mice in the 
control group exhibited normal structures (Fig. 4B). 
However, fiber extension and collagen accumulation 
which formed partial compartments were observed 
in the model group, moreover, model mice also de-
veloped pseudolobular-like structures in the liver. 
These lesions were alleviated  after the treatment with 
ADMSC-Exo, ADMSCNC-Exo and ADMSCHGF-Exo, 
among which ADMSCHGF-Exo had the best effects. 

ADMSCHGF-Exo treatment upregulated the 
expressions of ALB, CK-18 and HNF4α yet  
downregulated the expression of α-SMA  
in CCl4-injured liver
The expressions of hepatocyte markers (ALB, CK-
18 and HNF4α) were determined by IHC, qPCR and 
western blot, and the expression of hepatic fibrosis-
-related protein (α-SMA) was tested by qPCR and 
western blot. Firstly, the IHC results unveiled that 
the immunoreactivities of albumin (localized in the 
cytoplasm), CK-18 (localized in the cytoplasm) and 
HNF4α (localized in the nucleus) were downregu-
lated in the CCl4-damaged liver, while these trends 
were rescued by ADMSC-Exo, ADMSCNC-Exo and 
ADMSCHGF-Exo administration, among which ADM-
SCHGF-EXO had the strongest effect (Fig. 5, P < 0.01). 

The expressions of hepatocyte markers detected 
by qPCR and western blot were consistent with the 

Figure 5. HGF overexpression in ADMSC-Exos promoted hepatic protein expressions in liver injury mice. After 4 weeks of ADMSC 
treatment, the immunoreactivities of ALB (localized in the cytoplasm), CK-18 (localized in the cytoplasm) and HNF4α (localized 
in the nucleus) in the liver tissues of the mice were tested by immunohistochemistry. Magnification 200×, scale bar = 100 μm; 
magnification 400×, scale bar = 50 μm.; n = 6. Abbreviations: CK-18 — Cytokeratin-18; HNF4α — hepatocyte nuclear factor 4α.
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IHC results (Fig. 6, P < 0.01). Specifically, the levels 
of albumin, CK-18 and HNF4α mRNA and protein 
expressions were downregulated in CCl4-liver injured 
mice, yet, ADMSC-Exo, ADMSCNC-Exo and ADM-
SCHGF-Exo administration significantly upregulated 
the levels of albumin, CK-18 and HNF4α mRNA and 
protein expressions for CCl4-liver injured mice, among 
which ADMSCHGF-EXO had the strongest effects  
(P < 0.05). In addition, the upregulation of α-SMA 
induced by modeling was reversed by ADMSC-Exo, 
ADMSCNC-Exo and ADMSCHGF-Exo, however, 
the mRNA level of α-SMA changed significantly  
(P < 0.01) but the protein level did not.

ADMSCHGF-Exo treatment suppressed  
the expressions of Collagen I and Rho GTPase  
in liver for liver injury mice
The results of qPCR and western blot revealed that 
the expressions of Collagen I and Rho GTPase 
(CDC42 and Rac1) were higher in the model group 
than in the control group (Fig. 7A, B; P < 0.01). Ho-
wever, the overexpressing Collagen I, CDC42  and 

Rac1 were suppressed by ADMSC-Exo, ADMSCNC-

-Exo and ADMSCHGF-Exo, among which ADMSCHGF-

-EXO had the strongest effects (P < 0.05).

Discussion

Recently, stem cells and their underlying utilization 
in cell therapy have drawn much attention, owing to 
their capacity of self-renewal and differentiation into 
many cell types in different inducing environments 
[32]. Utilizing the paracrine mechanism of MSCs is 
a promising strategy to promote liver regeneration 
and repair liver injury [33]. Additionally, both human 
and rat MSCs have the ability to differentiate into 
hepatocyte-like cells after transplantation into the 
liver of rats [34]. Clinical trials have also found that 
MSCs’ injection can be utilized to treat liver disorders 
with satisfying therapeutic effects and high tolerabi-
lity [35, 36]. In addition, ADMSCs offer numerous 
advantages over other sources of MSCs in terms of 
ethical acquisition, origin, renewal characteristics, 
and immunogenicity [37]. Therefore, we studied the 

Figure 6. HGF overexpression in ADMSC-Exos facilitated hepatic gene expression but suppressed α-SMA expression in liver injury 
mice. A. After 4 weeks of ADMSC treatment, qPCR was utilized to measure the mRNA levels of ALB, CK-18, HNF4α and α-SMA 
in the liver tissues of the mice. B. After 4 weeks of ADMSC treatment, western blot was utilized to measure the protein levels of 
ALB, CK-18, HNF4α and α-SMA in the liver tissues of the mice. The results were presented as the mean ± standard deviation. 
n = 6. #P < 0.05, and ##P < 0.01 vs. Con; –P<0.05, and --P < 0.01 vs. Mod (model group); *P < 0.05, **P < 0.01 vs. ADMSCNC-Exo. 
Abbreviation: α-SMA — α-smooth muscle actin.
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role of ADMSCs-Exo in liver injury. In this study, we 
first identified primary cultured ADMSCs. CD105 and 
CD44 are generally considered markers of MSCs, whi-
le CD45 and CD34 are hematopoietic markers. In the 
previous study, ADMSCs expressed CD105 and CD44, 
but hardly expressed CD45 and CD34 [38]. Our rese-
arch was consistent with the previous research, which 
suggests that we have successfully isolated ADMSCs. 
Subsequently, we identified the exosomes, and all of 
them expressed exosome-specific membrane proteins 
(CD63, CD81 and CD9) [39], which indicated that we 
successfully isolated exosomes. In addition, ADM-
SC-Exo, ADMSCNC-Exo and ADMSCHGF-Exo have 
the same expressions of exosome-specific membrane 
proteins, which implies that HGF overexpression did 
not affect exosome secretion. 

The CCl4-induced animal model is a classical 
model for screening protective drugs against liver 
injury, and its main mechanism is that CCl4 activates 
cytochrome P-450  to form extremely toxic trichlo-
romethyl (CCl3•) as well as trichloromethyl peroxyl 
(CCl3O2•) free radicals [40]. Then, both CCl3• as well 
as its peroxy radicals can bind to lipids or proteins, or 
abstract a hydrogen atom from an unsaturated lipid, 
thereby causing lipid peroxidation and liver injury 
[41]. CCl4 consistently induces liver damage in various 
animal species, even including non-human primates 
[42]. In previous studies, the activities of ALT, AST, as 
well as the levels of ALB, TBIL were abnormal [43], 
liver fibrosis was aggravated [44], the expressions of 
hepatocyte-specific markers (ALB, CK-18 and HN-

F4α) were decreased [45, 46], while the expressions 
of hepatic fibrosis-related proteins (α-SMA and col-
lagen I) were increased in CCl4-induced liver injury 
animal model [47], which were similar to the clinical 
symptoms of patients with liver injury [48, 49]. As 
expected, in the presented study, mice with CCl4-in-
duced liver injury exhibited abnormal serum liver 
function indexes, injured liver tissues as well as altered 
hepatocyte-specific marker expressions in the liver, 
suggesting the successful modeling of liver injury. 

Exosomes play a pivotal role in MSCs-mediated 
repair of injured tissues. It has been demonstrated 
that CCl4-induced liver injury can be alleviated by 
treatment with MSCs-derived exosomes [50, 51]. 
Interestingly, the therapeutic effects of MSCs de-
pend entirely or partially on HGF secretion, and 
HGF-modified MSCs can enhance the therapeutic 
effects of MSCs [52]. The hepatoprotective effects 
of HGF have been widely reported. Following liver 
injury, HGF expression will be enhanced reactively 
to improve cellular regeneration [53]. A published 
study has demonstrated that HGF can protect the liver 
from radiation-induced injury by inhibiting apoptosis 
and transforming growth factor-β1 expression [54]. 
Moreover, an in vivo study has proved that HGF can 
reduce liver fibrosis for liver disease [55]. Shams et 
al. compared the effects of MSCs pretreated with HGF 
and untreated MSCs on CCl4-induced hepatocytes, and 
found that the former provided better protection for 
CCl4-induced hepatocytes than the latter, indicating the 
importance of overexpression of HGF for liver injury 

Figure 7. HGF overexpression in ADMSC-Exos ameliorated liver fibrosis in liver injury mice by suppressing the Rho pathway. 
After 4 weeks of ADMSC treatment, the expressions of Collagen I, CDC42 and Rac1 in the liver tissues of the mice were de-
tected at both mRNA (A) and protein (B) levels. The results were presented as the mean ± standard deviation. n = 6. #P < 0.05,  
and ##P < 0.01 vs. Con; -P < 0.05, and --P < 0.01 vs. Mod (model group); *P < 0.05, **P < 0.01 vs. ADMSCNC-Exo. Abbreviations: CDC42  
— cell division cycle 42; Rac1 — Ras-related C3 botulinum toxin substrate 1.
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repair and liver function recovery [56]. Consistently, 
in this study, we found that ADMSC-Exo can improve 
CCl4-induced liver injury, and HGF magnified the 
effect of ADMSCs. 

Later, we focused on the regulation of Rho GTPase 
by ADMSCHGF-Exo. CDC42 and Rac1 belong to Rho 
GTPase protein family, the former regulates cell po-
larity, and the latter regulates the protrusion of lamel-
lipodia at the leading edge [57]. More importantly, 
CDC42 and Rac1 can influence the downstream signal 
transduction pathway to promote the development of 
liver injury. Zheng et al. reported that miR-31 allevia-
ted acetaminophen-induced liver injury by inhibiting 
CDC42 from limiting JNK signal over-activation [58]. 
Chaker et al. pointed out that inhibiting CDC42 thro-
ugh the Wnt5a/PI3K/miR-122  pathway enhanced 
the differentiation of ADMSCs-derived hepatocytes 
[59]. Zhao et al. found that abnormal activation of 
Rac1/JNK promoted CCl4-induced liver injury [60]. 
Consistently, we also observed the high expressions of 
CDC42 and Rac1 in the liver tissues of model mice. 
In this study, we also discovered that ADMSCHGF-Exo 
can effectively reduce the expressions of CDC42 and 
Rac1, indicating that ADMSCHGF-Exo may alleviate 
liver injury by regulating Rho GTPase. 

In a word, this study demonstrated that ADMSCHGF- 
-Exo exerted its hepatoprotective effects by regulating 
Rho GTPase, thereby alleviating liver fibrosis and 
restoring liver function in CCl4-induced liver injury 
mice. This study hopes to provide an in-depth theoreti-
cal basis for the clinical application of ADMSC-Exo 
in liver injury. 
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