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Abstract. The clinical symptoms of chronic hepatitis  B 
virus (HBV) infection include severe liver damage, which is 
associated with the elimination of the HBV‑infected cells by 
the immune system. It has been suggested that suppression of 
HBV replication is not sufficient for patients with hepatitis B 
and the damaged liver function requires restoration. In the 
present study, mesenchymal stem cells (MSCs) were combined 
with short hairpin (sh)RNA to treat liver injury and suppress 
HBV replication in a mouse model. Lx‑shRNA157‑1694 
(an shRNA expression plasmid containing two shRNA 
expression cassettes) and mouse immortal (mi)MSCs stably 
expressing shRNA (miMSC‑shRNA) were constructed and 
their suppressive effects on HBV expression were investi-
gated using reverse transcription-polymerase chain reaction 
(RT‑PCR), ELISA and immunofluorescence. Hepatogenic 
differentiation of miMSC‑shRNA was induced in vitro and 
confirmed by morphology, reverse transcription‑semi‑quan-
titative and ‑quantitative PCR, urea production and Periodic 
acid‑Schiff staining analyses. miMSCs and the shRNA 
expression plasmid alone or combined with miMSCs stably 
expressing shRNA were injected into mice. The former 
therapeutic regimen successfully suppressed HBV expression 

in sera and liver tissue, whereas the latter only suppressed 
HBV expression in liver tissue. Analyses of serum alanine 
aminotransferase levels, aspartate aminotransferase levels, 
liver weight/body weight ratio percentage and sirius red 
staining demonstrated marked amelioration of liver injury in 
mice treated with both therapeutic regimens. The results of 
the present study suggest that miMSCs combined with shRNA 
treatment may alleviate liver injury and suppress HBV expres-
sion, thus providing a novel potential therapeutic strategy for 
the treatment of liver injury induced by HBV infection.

Introduction

The World Health Organization estimates that 240 million 
persons globally are chronically infected with hepatitis B 
virus (HBV), a hepatotropic DNA virus that replicates via 
reverse transcription (1). HBV may induce acute and chronic 
infections. Chronically infected individuals are at an increased 
risk of liver cirrhosis and hepatocellular carcinoma (2). A 
critical clinical symptom of chronic hepatitis B is severe 
liver damage (3). As HBV is noncytopathic to infected hepa-
tocytes, host‑specific immune responses are predominantly 
responsible for the liver damage (4). Cytotoxic T lymphocytes 
(CTLs) not only clear HBV, but may also destroy infected 
hepatocytes (4). Furthermore, intrahepatic stellate cells are 
activated by the HBV infection via the stimulation of a variety 
of cytokines, which is followed by matrix deposition, fibrosis 
and eventually liver cirrhosis  (3). Two types of agents are 
currently available for the treatment of hepatitis B: Nucleotide 
analogues and immune system modulator interferons  (5). 
Nucleotide analogues may suppress viral replication but are 
frequently associated with an increase in drug‑resistant HBV 
mutants, which results in treatment failure and progression to 
liver disease (6). Immune system modulator interferons may 
also suppress viral replication but the treatment is costly and 
side effects associated with interferons limit their clinical 
use (7). Although these treatments are able to suppress virus 
replication, they cannot relieve liver damage effectively in 
the long term.

Mesenchymal stem cells (MSCs) are multipotent adult stem 
cells present in bone marrow, adipose tissue and cord blood, 
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and have been identified as an attractive candidate for liver 
repair (8). Various factors contribute to this promise of MSCs, 
including the easy isolation and expansion of these cells in 
culture, ability to evade the host immune response recognition, 
immunomodulatory properties and migratory behavior (9). 
MSCs have also been demonstrated to form functional hepa-
tocytes in vitro (10) and possess the ability to secrete soluble 
factors stimulating endogenous parenchymal cells to support 
tissue recovery (11). Furthermore, MSC transplantation in a 
liver fibrosis model has been indicated to reduce fibrosis and 
restore depleted hepatic function (12).

A short hairpin (sh)RNA is an artificial RNA molecule 
with a tight hairpin turn that may be used to silence target 
gene expression via RNA interference (RNAi)  (13). The 
pregenomic RNA, which is longer than genome length, is an 
essential replication intermediate that may be disabled using 
RNAi‑based methods (14). There are four major overlapping 
open reading frames of the compact viral genome: PreC/core, 
polymerase, surface and X (15). HBV transcripts also overlap 
with each other and have common 3'  sequences that are 
defined by the single transcription termination signal (16). 
Single RNAi effector molecules may therefore have cognates 
in more than one of the viral RNAs (17) and multiple sites 
on the viral genome have been successfully targeted by small 
interfering (si)RNAs (14).

In the present study, MSCs and shRNAs were combined 
to treat liver injury induced by HBV in a mouse model. Using 
in vivo and in vitro assays, it was assessed whether combined 
treatment may ameliorate liver injury and suppress virus 
replication at the same time.

Materials and methods

Cell culture. Mouse immortal mesenchymal stem cells 
(miMSCs; C3H10T1/2) acquired from China‑Japan Union 
Hospital of Jilin University (Changchun, China) were 
cultured in Human Umbilical Cord Blood MSC Complete 
Medium (cat. no.  HUXUB‑90011; Cyagen Biosciences, 
Inc., Guangzhou, China). A human hepatoblastoma cell 
line (HepG2) and mouse hepatocellular carcinoma cell line 
(Hepa1‑6) were purchased from the Cell Bank of the Type 
Culture Collection of the Chinese Academy of Sciences 
(Shanghai, China) and were cultured in Dulbecco's modi-
fied Eagle's medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS) (both from HyClone; GE Healthcare Life 
Sciences, Logan, UT, USA). An HBV‑transfected human hepa-
toblastoma cell line (HepG2.2.15) was purchased from Jennio 
Biological Technology (Guangzhou, China). HepG2.2.15 cells 
were cultured in DMEM supplemented with 10% FBS. Cell 
cultures were performed at 37˚C in a humidified atmosphere 
containing 5% CO2.

Plasmids. Lx‑shRNA157, Lx‑shRNA1694 were obtained by 
cloning the 157i shRNA expression cassette and the 1694i 
shRNA expression cassette into a pLVX‑shRNA1 vector 
(AXYBIO, Changsha, China); while Lx‑shRNA157‑1694 was 
obtained by cloning both 157i and 1694i shRNA expression 
cassettes into one pLVX‑shRNA1 vector. Lx‑shRNA157 expresses 
157i, which targets the HBV S gene; Lx‑shRNA1694 can express 
1694i, which targets the HBV X gene; and Lx‑shRNA157‑1694 

has the ability to express 157i and 1694i. Hygro‑157‑1694 
contains the same RNAi target as Lx‑shRNA157‑1694, was 
constructed by Suzhou GenePharma Co., Ltd. (Suzhou, China) 
(http://www.genepharma.cn/index.asp). pZAC‑1.2HBV, an 
HBV genomic expression plasmid, was obtained from Professor 
Panyong Mao (Beijing 302 Hospital, Beijing, China).

Evaluation of effect of transfection with Lx‑shRNA157, 
Lx‑shRNA1694 and Lx‑shRNA157‑1694. HepG2.2.15, 
a reported HBV‑producing cell line  (13) was used to 
evaluate the effect of LxshRNA157, Lx‑shRNA1694 
and Lx‑shRNA157‑1694. Three types of plasmids were 
transfected into HepG2.5.15 cells in 6‑well‑plates using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) at 3  µg/well. The transfection 
was done according to the manufacturer's instructions for 
Lipofectamine  2000. At 48  h post transfection, mRNA 
expression of HBV S and HBV X genes were detected using 
reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). The levels of HBsAg/HBeAg in the cell culture 
medium were also detected.

Construction of miMSCs stably expressing shRNA. The 
shRNA expression plasmid Hygro‑157‑1694 (2  µg/well in 
6‑well tissue culture plates) was transfected into miMSCs using 
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.). The transfection was performed according to the 
manufacturer's instructions for Lipofectamine 2000. At 24 h 
post‑transfection, the cells were cultured with Human Umbilical 
Cord Blood MSC Complete Medium (cat. no. HUXUB‑90011; 
Cyagen Biosciences, Inc.) containing hygromycin B (300 µg/ml; 
v900372; Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) 
and 10% FBS for 14 days. The medium was removed and 
replaced with fresh Human Umbilical Cord Blood MSC 
Complete Medium containing hygromycin B (300 µg/ml) every 
2 days. Following antibiotic selection, miMSCs stably expressing 
shRNA (miMSC‑shRNA) were plated in Human Umbilical 
Cord Blood MSC Complete Medium containing hygromycin B 
(50 µg/ml) at ~1 cell/well in 96‑well tissue culture plates to 
select monoclones. Following culture to 1x106 cells/clone, 
miMSC‑shRNA monoclones were stored at ‑80˚C until use. 
All cell culture steps were performed at 37˚C in a humidified 
atmosphere containing 5% CO2.

Evaluation of interference function of miMSC‑shRNA 
monoclones. HBV‑expressing plasmid (pZAC‑1.2HBV, 3 µg) 
was transfected into miMSCs or two miMSCs stably expressing 
shRNA monoclones (miMSC‑shRNA1, miMSC‑shRNA2) in 
6‑well plates using Lipofectamine 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc.). At 48 h post‑transfection, HBV S and X 
mRNA expression levels in miMSC, miMSC‑shRNA1 and 
miMSC‑shRNA2 cells were tested using RT‑qPCR. HBV 
preS2 antigen levels in miMSCs, miMSC‑shRNA1 and 
miMSC‑shRNA2 cells were tested by immunofluorescence.

Hepatogenic differentiation of miMSCs in vitro. Hepatogenic 
differentiation was performed using OriCell Human 
Mesenchymal Stem Cell Hepatogenic Differentiation 
Medium (cat. no.  HUXMX‑90101; Cyagen  Biosciences, 
Inc.), which contains three types of media: Pre‑treatment 
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medium (containing 20 ng/ml epidermal growth factor and 
10 ng/ml basic fibroblast growth factor), hepatocyte differen-
tiation medium [containing 20 ng/ml hepatocyte growth factor 
(HGF), 10 ng/ml basic fibroblast growth factor and 0.61 g/l 
nicotinamide] and hepatocyte maturation medium (containing 
20 ng/ml oncostatin M, 1 µmol/l dexamethasone and 50 mg/ml 
insulin‑transferrin‑selenium premix). Three steps, including 
pretreatment, differentiation and maturation, were needed in 
this experiment. In pretreatment step, miMSCs were plated in 
Human Umbilical Cord Blood MSC Complete Medium with 
10% FBS at a density of 1.5x104 cells/cm2 in a 6‑well tissue 
culture plate that had been pre‑coated with 0.1% gelatin solu-
tion. After 24 h, the cells were serum‑deprived for 2 days in 
the pretreatment medium. Then, differentiation was induced 
by treating miMSCs with hepatocyte differentiation media 
for 7 days. During the 7 days, the differentiation medium 
was refreshed every 2 days. Finally, cells were cultured with 
hepatocyte maturation medium for total 14 days to induce 
maturation and the maturation medium was refreshed every 
2 days. Cells were placed at 37˚C in a humidified atmosphere 
containing 5% CO2 during incubation and culture. Images of 
treatment, differentiation and maturation were captured at the 
end of each step with a fluorescence microscope (Olympus 
Corporation, Tokyo, Japan) at magnification, x200.

Immunofluorescence. miMSCs were fixed with 4% para-
formaldehyde for 10 min. Following permeabilization with 
0.2% Triton X-100 for 8 min, the cells were blocked with 
5% FBS for 10 min and incubated sequentially for 90 min 
with primary antibody (mouse anti‑preS2 monoclonal 
immunoglobulin G, 1:200, cat. no. sc‑516176; Santa Cruz 
Biotechnology Inc., Dallas, TX, USA). Then, cells were 
incubated with secondary antibody (Alexa Fluor 488‑conju-
gated goat anti‑mouse immunoglobulin G, 1:200, B40941; 
Thermo Fisher Scientific, Inc.) for 40 min. Between each 
step, cells were washed with PBS three times (3 min/time) 
and subsequently nuclear staining was performed using 
4',6‑diamidino‑2‑phenylindole (1:10,000; Beyotime Institute 
of Biotechnology, Shanghai, China) for 5 min. Cells were 
examined with a f luorescence microscope (Olympus 
Corporation) at magnification, x200. All steps were carried 
out at room temperature.

Animal model construction and miMSC/shRNA treatment. 
The present study was approved by the Institutional Animal 
Care and Use Committee of Jilin University (Changchun, 
China) and followed the national guidelines for the treatment 
of animals. A total of 25 female Balb/c mice (6‑8 weeks old, 
20±2 g weight) were purchased from Liaoning Changsheng 
Biotechnology Co., Ltd. (Liaoning, China), allowed to accli
matize for 1  week and were maintained under standard 
environmental conditions (at room temperature with a 12‑h 
light/dark cycle, humidity 50‑60%) with ad libitum access to 
water and rodent chow. Mice were divided into five groups 
(5 mice/group). In the control group, no procedure was admin-
istered. The other four groups were treated with 1 ml/kg CCl4 
in olive oil (1:9) intraperitoneally twice a week for 4 weeks. 
After 4 weeks, miMSC cells (1x106 cells/mouse) were injected 
into the spleen in the miMSC group and the miMSC+shRNA, 
while miMSC‑shRNA2 groups received miMSC‑shRNA 

cells (1x106 cells/mouse) in spleen. The PBS group received 
an equal volume of PBS injections in the spleen. The CCl4 
toxin (1 ml/kg) was administered twice a week for 2 further 
weeks following miMSC transplantation (12 injections in 
total) to induce a high selective pressure for transplanted cells 
to engraft and differentiate. Subsequently, mice in the control, 
PBS, miMSC and miMSC+shRNA groups were injected in 
the tail vein with 2 ml PBS containing 25 µg HBV expres-
sion plasmid pZAC‑1.2HBV plus 75 µg shRNA expression 
plasmid, whereas the miMSC‑shRNA2 group only received 
25 µg HBV expression plasmid Hygro‑157‑1694. Blood serum 
was collected from all groups for 10 days following plasmid 
injection to examine the levels of HBsAg/HBeAg. At the end 
of the procedure, serum samples of animals were collected for 
ALT/AST assays. Additionally, liver samples were taken for 
liver weight (LW)/body weight (BW) ratio analysis, total RNA 
isolation or sirius red staining. The whole animal experimental 
design was exhibited in Fig. 1.

RNA isolation, RT‑q and‑semi‑quantitative PCR for gene 
expression analysis. RNA was isolated from HepG2.2.15 cells 
and miMSCs or mouse liver tissues using TRIzol™ reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.). cDNA synthesis 
was performed with 2 µg RNA sample using a Prime Script RT 
Reagent kit with gDNA eraser (Takara Bio, Inc., Otsu, Japan). 
Then, qPCR was performed with SYBR Green PCR Super Mix 
(Transgene, Inc., Cambridge, MA, USA), 8 mM each primer 
and 100‑500 ng/ml template cDNA using a Bio‑Rad CFX96 
Real‑Time PCR Detection system (Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA). In brief, the qPCR went through 

Figure 1. Experimental schedule and illustration outlining experimental 
groups. (A) Experimental schedule. Mice were administered with CCl4 
intraperitoneally twice weekly for 4  weeks. Cells were transplanted at 
week 4. CCl4 was again administered twice weekly for a further 2 weeks. 
Plasmids were administered into the tail vein at week 6. Subsequently, mice 
were sacrificed at week 8. (B) Illustration outlining the experimental groups. 
There were 25 mice in total, with 5 mice/group. In the control group, no 
procedure was administered. The other four groups were administered with 
CCl4. The PBS group was not transplanted with miMSCs nor administered 
with any plasmid, and the miMSC group was transplanted with miMSCs 
and injected with HBV expression plasmid. The miMSC+shRNA group was 
transplanted with miMSCs and administered with HBV expression plasmid 
together with shRNA expressing plasmid. The miMSC‑shRNA2 group was 
transplanted with miMSC‑shRNA2 and administered with HBV expression 
plasmid. miMSCs, mouse immortal mesenchymal stem cells; shRNA, short 
hairpin RNA; HBV, hepatitis B virus.
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3 steps: Initialization (98˚C, 5 min); 30 cycles of denaturation 
(94˚C, 30  sec), annealing (58˚C, 30  sec), extension (72˚C, 
30 sec); final elongation (72˚C, 5 min). When the RT‑PCR 
completed, temperature was held on 4˚C. The relative ratio and 
standard deviation between the normal and treated samples 
was calculated using the 2‑ΔΔCq method (18). The expression of 
HBV S and HBV X genes was estimated using Bio‑Rad CFX 
Manager 3.0 software (Bio Rad Laboratories, Inc.). β‑actin was 
used as internal control. Semi‑quantification was performed 
using 2X EasyTaq PCR SuperMix (Transgene, Inc.) to evaluate 
the gene expression levels of tyrosine transaminase (TAT), 
glucose‑6‑phosphatedehydrogenase (G‑6‑P), transthyretin 
(TTR), human albumin (ALB), cytokeratin 18 (CK18), hepato-
cyte nuclear factor-3β (HNF‑3β) and α‑fetoprotein (AFP). The 
PCR conditions were: Initialization (98˚C, 5 min); 25 cycles of 
denaturation (94˚C, 30 sec), annealing (58˚C, 30 sec), exten-
sion (72˚C, 30 sec); final elongation (72˚C, 5 min). When the 
qPCR cycle was completed the temperature was held at 4˚C. 
mRNA expression levels of genes were estimated using 1.5% 
agarose gel electrophoresis. Ethidium bromide was used for 
the visualization. β‑actin was used as internal control. All 
primer sequences are listed in Table I.

Detection of HBV viral antigens hepatitis B surface antigen 
(HBsAg) and hepatitis  B e‑antigen (HBeAg) by ELISA. 
Levels of HBsAg and HBeAg in the cell culture medium of 
HepG2.2.15 cells and sera from mice were examined using 
75 µl/sample and commercial ELISA kits (cat. nos. KH‑T‑01 
and KH‑T‑03; Shanghai Kehua Bio‑Engineering Co., Ltd., 
Shanghai, China) according to the manufacturer's instructions. 
All experiments were performed in triplicate and repeated at 
least two times independently.

Biochemical tests. At days 0, 3, 7, 10, 13, 17 and 21 post 
cell‑treatment with hepatocyte differentiation medium, levels 
of urea in the cell culture medium of miMSCs were tested 
using the Urea Enzymatic Assay kit (Bioo Scientific, Austin, 
TX, USA) according to the manufacturer's instructions. Blood 
samples (~0.5 ml) were taken from all experimental groups 
prior to sacrifice. Serum was isolated and levels of alanine 
aminotransferase (ALT) and aspartate aminotransferase 
(AST) were estimated using ALT kit (cat. no. C001‑a) and 
AST kit (cat. no. C002‑a) (all from Changchun Huili Biotech 
Co., Ltd., Changchun, China), respectively. HepG2  cells, 
which was originally misidentified as a hepatocellular carci-
noma cell line but was later indicated to be derived from a 
hepatoblastoma (16), were used as positive controls (hepato-
cyte/hepatocyte‑like cells) in urea production and glycogen 
storage assays.

Sirius red stain. Liver tissues were taken immediately, fixed 
in 4% paraformaldehyde (diluted in PBS) at 4˚C overnight 
and then dehydrated with 20% gradient and 30% gradient 
sucrose‑PBS solutions. Liver tissues were frozen in isopen-
tane and kept at  ‑80˚C overnight. Liver sections (30‑µm 
thick) were obtained using a sliding microtome for following 
sirius red staining. Murine liver sections were picro‑sirius 
red stained (Direct red 80; Sangon Biotech Co., Ltd., 
Shanghai, China) for 1 h at room temperature. Following 
staining, the sections were sealed with neutral gum. The 

red region in liver sections indicated areas that contained a 
high collagen level. Images were captured using a fluores-
cent microscope (Olympus Corporation) under natural light. 
Magnification, x200.

Statistical analysis. Statistical calculations were performed 
using GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, 
CA, USA). An unpaired t‑test or one‑way analysis of variance 
followed by the Newman‑Keuls test were performed to analyze 
the data. The results are expressed as the mean ± standard error 
of the mean. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Construction and interference function of Lx‑shRNA157, 
Lx‑shRNA1694 and Lx‑shRNA157‑1694. The use of an 
adeno‑associated virus (AAV) vector to simultaneously 
deliver two shRNAs targeting different HBV‑related genes 
(157i targeting the HBV S gene and 1694i targeting the HBV X 
gene) has been demonstrated to result in greater antiviral 
effects than vectors that delivered a single shRNA in vitro and 
in vivo (19). In the present study, one or two shRNA expression 
cassettes were subcloned into a pLVX‑shRNA1 vector (Fig. 2A 

Table I. Primer sequences.

Gene	 Sequence (5'‑3')

β‑actin	 S: TTCCTTCTTGGGTATGGAAT
	 A: GAGCAATGATCTTGATCTTC
TAT	 S: ACCTTCAATCCCATCCGA
	 A: TCCCGACTGGATAGGTAG
G‑6‑P	 S: CAGGACTGGTTCATCCTT
	 A: GTTGCTGTAGTAGTCGGT
TTR	 S: TCTCTCAATTCTGGGGGTTG
	 A: TTTCACAGCCAACGACTCTG
ALB	 S: TCAACTGTCAGAGCAGAGAAGC
	 A: AGACTGCCTTGTGTGGAAGACT
CK18	 S: TGGTACTCTCCTCAATCTGCTG
	 A: CTCTGGATTGACTGTGGAAGTG
HNF‑3β	 S: AGACTCCGGCGGGCACCGAG
	 A: GTGGTTGAAGGCGTAATGGT
AFP	 S: GTGAAACAGACTTCCTGGTCCT
	 A: GCCCTACAGACCATGAAACAAG
HBV S gene	 S: GCAGGAGGCGGATTTGC
	 A: CAAGGTAGGAGCTGGAGCATTC
HBV X gene	 S: AGTCCAAGAGTCCTCTTATGTAAG
	 ACCTT
	 A: CCGTCTGTGCCTTCTCATCTG

S, sense primer; A, antisense primer; TAT, tyrosine transaminase; 
G‑6‑P, glucose‑6‑phosphatedehydrogenase; TTR, transthyretin; 
ALB, human albumin; CK18, cytokeratin 18; HNF‑3β, hepatocyte 
nuclear factor 3β; AFP, α‑fetoprotein; HBV, hepatitis B virus.
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and B). In vitro anti‑HBV activities of all the constructs were 
investigated with the aim of determining efficient vectors for 
anti‑HBV gene therapy.

HepG2.2.15 cells were reported to derive from a hepato-
blastoma (20), which was previously misidentified as a human 
hepatocellular carcinoma cell line. In the present study, 
HepG2.2.15 cells were used to test the anti‑HBV activity of 
shRNA as HepG2.2.15 is an HBV‑producing cell line. To 
examine anti‑HBV activity, shRNA expression plasmids 
were transfected into HepG2.2.15 cells. From the results of 
RT‑qPCR, HBV S mRNA expression levels in HepG2.2.15 
cells transfected with Lx‑shRNA157, Lx‑shRNA1694 and 
Lx‑shRNA157‑1694 were 19.2, 19.3 and 7.4%, respectively 
(Fig. 2C). HBV X mRNA expression levels in HepG2.2.15 
cells transfected with Lx‑shRNA157, Lx‑shRNA1694 and 
Lx‑shRNA157‑1694 were 24.8, 24.1 and 9.8%, respectively 
(Fig. 2D). Based on the ELISA results (Fig. 1E and F), the 
interference capacities of Lx‑shRNA157, Lx‑shRNA1694 and 
Lx‑shRNA157‑1694 on expression of HBV surface antigens 
HBsAg and HBsAg were consistent with the RT‑qPCR results. 
Furthermore, Lx‑shRNA157‑1694 demonstrated significantly 

greater antiviral effects compared with Lx‑shRNA157 or 
Lx‑shRNA1694 at mRNA (both P<0.005) and protein (P<0.05 
and P<0.005, respectively) expression levels.

Interference function of miMSCs stably expressing shRNA. 
Hygro‑157‑1694, which contains the same RNAi target as 
Lx‑shRNA157‑1694, was used to select miMSCs that were 
stably expressing shRNA. Two monoclones of miMSCs 
that stably expressed shRNA, miMSC‑shRNA1 and 
miMSC‑shRNA2, were successfully selected. pZAC‑1.2HBV 
is an HBV genomic expression plasmid. To examine anti‑HBV 
activity, pZAC‑1.2HBV was transfected into miMSCs, 
miMSC‑shRNA1 or miMSC‑shRNA2. HBV S mRNA 
expression levels in miMSC‑shRNA1 and miMSC‑shRNA2 
were 23.2 and 26.1%, respectively, whereas HBV X mRNA 
expression levels in miMSC‑shRNA1 and miMSC‑shRNA2 
were 24.6 and 19.7%, respectively (Fig. 3A and B). HBV preS2 
antigen protein expression levels in miMSC‑shRNA1 and 
miMSC‑shRNA2 were determined as 35.6 and 34.7%, respec-
tively (Fig. 3C and D). These results indicated that miMSCs 
stably expressing shRNA monoclones were successfully 

Figure 2. Construction and interference function of Lx‑shRNA157, Lx‑shRNA1694 and Lx‑shRNA157‑1694. (A) pLVX‑shRNA1 vector map. (B) Schematic 
diagram of shRNA expression cassettes. RT‑qPCR was used to assess the interference function of the shRNA expression plasmids against the (C) ‘HBV S gene’ 
and (D) ‘HBV X gene’. ELISA was used to assess the interference function of shRNA expression plasmids against (E) HBsAg and (F) HBeAg in HepG2.2.15 
cells. Lx, Lx‑shRNA157 or Lx‑shRNA1694, Lx‑shRNA157‑1694 (3 µg) were transfected into HepG2.2.15 cells in 6‑well plates. At 48 h post‑transfection, 
HBV S and X gene expression levels in HepG2.2.15 cells were tested using RT‑qPCR. All values are expressed as the mean + standard error of the mean (n=3). 
*P<0.05, **P<0.01, ***P<0.001. RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; shRNA, short hairpin RNA; HBV, hepatitis B virus; 
HBsAg, hepatitis B surface antigen; HBeAg, hepatitis B e‑antigen.
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selected and both monoclones indicated similar antiviral 
effects at mRNA and protein expression levels.

Hepatocyte differentiation of miMSCs, miMSC‑shRNA1 
and miMSC‑shRNA2 in  vitro. To investigate whether 
stable‑expression of shRNAs influenced the hepatogenic 
differentiation capability of miMSCs, hepatogenic differen-
tiation of miMSCs, miMSC‑shRNA1 and miMSC‑shRNA2 
was induced in vitro. The use of specific culture conditions 
has been reported to cause MSCs to undergo a phenotypic 
change, express genes which are typically expressed in 
hepatocytes and fulfill specific metabolic functions similar 
to hepatocytes (21). In the present study, phenotypic changes 
were recorded during hepatogenic differentiation. Prior to 
differentiation, cells exhibited a fibroblast‑like morphology 
and did not markedly change during pretreatment. Following 
~12  days of differentiation, cells developed a broadened 

flattened shape. During maturation, a polygonal cell shape 
was developed. Results indicated that all three cell types 
progressed through the same phenotypic changes as previ-
ously reported (Fig. 4A). The mRNA expression patterns 
of seven hepatocyte‑specific markers and β‑actin during 
the hepatogenic differentiation were investigated using 
semi‑quantitative PCR. TAT was expressed in the three cell 
types between days 0‑21 throughout the whole hepatogenic 
differentiation process, whereas G‑6‑P and TTR expression 
levels were undetectable. ALB, CK18, HNF‑3β and AFP 
mRNA expression levels in the three cell types increased 
gradually during hepatogenic differentiation; however, AFP 
mRNA expression levels declined on day 21 (Fig. 4B), which 
is likely due to the fact that AFP is a marker of the early 
stage of the hepatogenic differentiation  (22). Compared 
with Hepa1‑6, ALB, CK18 and AFP mRNA expression 
levels in cells on day 21 were similar. However, TAT and 

Figure 3. Interference function of miMSCs stably expressing shRNA. RT‑qPCR was used to determine the effect of miMSCs stably expressing shRNA on 
(A) ‘HBV S gene’ and (B) ‘HBV X gene’. (C) Immunofluorescence assay was performed to assess miMSCs stably expressing shRNA interference function on 
HBV preS2 antigen. Images were taken at magnification, x200. (D) Quantification of immunofluorescence images. RT‑qPCR, reverse transcription‑quantitative 
polymerase chain reaction. All significance indicators were obtained from comparing the miMSC‑shRNA1 or miMSC‑shRNA2 group with miMSC group. 
***P<0.001. shRNA, short hairpin RNA; HBV, hepatitis B virus; miMSC, mouse immortal mesenchymal stem cell; DAPI, 4',6‑diamidino‑2‑phenylindole.
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HNF‑3β mRNA expression levels in cells on day 21 were 
lower compared with Hepa1‑6 expression levels in all cell 
types. These results suggested that although miMSCs, 
miMSC‑shRNA1 and miMSC‑shRNA2 were able to differ-
entiate into hepatocyte‑like cells, there were differences 
between hepatocyte‑like cells and hepatocytes in the mRNA 
expression levels of specific hepatocyte‑specific markers. 
Furthermore, the similar expression levels of ALB mRNA in 
all three cell types on day 13, 17 and 21 indicated that they 
had the similar synthetic function as hepatocytes.

Urea production and glycogen storage levels of miMSCs, 
miMSC‑shRNA1 and miMSC‑shRNA2 were also examined 
and indicated that these three cell types had similar urea 
production and glycogen storing ability (data not shown).

These results indicated that miMSCs, miMSC‑shRNA1 
and miMSC‑shRNA2 exhibited the same ability to differ-
entiate into hepatocyte‑like cells, and our alteration had no 

influence on the hepatogenic differentiation capability of 
miMSCs.

Therapeutic effects of miMSCs combined with shRNA on HBV 
expression. To evaluate the therapeutic effects of miMSCs 
combined with shRNA on HBV expression, an in vivo mouse 
model was established. HBsAg and HBeAg levels in murine 
sera were subsequently analyzed using ELISA (Fig.  5A 
and B). Results demonstrated that HBsAg and HBeAg levels 
in the sera of mice in the control and PBS groups were almost 
undetectable, whereas those in the miMSC group reached 
a maximum level on day 2 or 1 following injection of the 
HBV expression plasmid injection and decreased gradually 
from day 3 or 2, respectively. These findings suggested that 
the HBV expression plasmid was expressed successfully 
following injection into mice. The expression trends of HBsAg 
and HBeAg levels in the control, PBS and miMSC+shRNA 

Figure 4. Analysis of hepatocyte‑like cell characteristics of miMSCs, miMSC‑shRNA1 and miMSC‑shRNA2 during hepatogenic differentiation in vitro. 
(A) Morphology of differentiated hepatocytes. Images at x200 magnification were taken at the end of treatment, differentiation, maturation phase, respectively. 
(B) Semi‑quantitative polymerase chain reaction analyses of temporal mRNA expression patterns of hepatocyte‑specific markers. miMSC, mouse immortal 
mesenchymal stem cell. shRNA, short hairpin RNA; TAT, tyrosine transaminase; G‑6‑P, glucose‑6‑phosphatedehydrogenase; TTR, transthyretin; ALB, 
human albumin; CK18, cytokeratin 18; HNF‑3β, hepatocyte nuclear factor 3β; AFP, α‑fetoprotein.
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groups were similar, which indicated that administration of 
shRNA expression plasmid through the tail vein successfully 
decreased the expression of HBsAg and HBeAg in sera. The 
expression trends of HBsAg and HBeAg levels in the miMSC 
and miMSC‑shRNA2 groups demonstrated no significant 
differences, and this indicated that the transplantation of 
miMSCs stably expressing shRNA had nearly no influence on 
the expression of HBsAg and HBeAg in murine sera.

The administration of HBV expression plasmid through the 
tail vein induced HBsAg and HBeAg expression throughout 
the bodies of mice. To evaluate HBV expression in the liver, 
HBV S mRNA levels in murine liver tissues were tested using 
semi‑quantitative PCR (Fig. 5C) or qPCR (Fig. 5D). The results 
demonstrated that HBV S mRNA expression levels in the 
miMSC+shRNA and miMSC‑shRNA2 groups were signifi-
cantly decreased compared with the miMSC group (P<0.001). 
Compared with the miMSC group, HBV S mRNA expression 
levels in the control, PBS, miMSC+shRNA and miMSC‑shRNA2 
groups were 7.7, 8.3, 17.5 and 60.9%, respectively.

These findings demonstrated that administration of 
shRNA‑expressing plasmid through the tail vein successfully 
decreased the expression of HBsAg and HBeAg in murine sera 
and liver tissue compared with the miMSC group. Notably, 
miMSC‑shRNA transplantation decreased the HBV S mRNA 
expression levels in murine liver; however, expression of HBV 
antigens in the sera was not suppressed.

Therapeutic effects of miMSCs combined with shRNA on 
liver injury. The release of ALT and AST enzymes, which 
are markers for liver injury  (23), was measured using a 
commercial biochemistry analyzer (Fig. 6A and B). Results 
demonstrated that, following miMSC transplantation (miMSC, 

miMSC+shRNA and miMSC‑shRNA2 groups), ALT and AST 
levels in the serum decreased significantly compared with the 
PBS group (P<0.001). However, the AST levels in the serum 
of mice in the miMSC‑shRNA2 group were significantly 
greater compared with that in the miMSC group (P<0.001). 
These findings revealed that our alteration of miMSCs had 
influenced the therapeutic effects of miMSCs on liver injury to 
some degree. The LW/BW ratio is also a marker for liver injury 
and is increased when the liver is damaged (24). The LW/BW 
ratio of the PBS group was significantly increased compared 
with the control group, indicating that the liver injury was 
induced by CCl4 (P<0.001). In addition, results indicated that, 
following miMSC transplantation (miMSC, miMSC+shRNA 
and miMSC‑shRNA2 groups), the LW/BW ratio decreased 
significantly compared with the PBS group (P<0.001; Fig. 6C). 
Furthermore, the LW/BW of the miMSC‑shRNA2 group was 
significantly increased compared with the miMSC group 
(P<0.05), which was consistent with results of the AST levels 
in serum.

As collagen deposition is a marker for liver fibrosis (25), 
liver fibrosis in murine liver sections was assessed using sirius 
red staining in the present study (Fig. 6D). Liver sections of 
miMSC, miMSC+shRNA and miMSC‑shRNA2 groups indi-
cated marked reductions in fibrosis compared with that in the 
PBS group. Additionally, no notable fibrosis was observed in 
the liver sections of the control group. These results suggested 
that a marked reduction of liver injury had occurred in the 
miMSC+shRNA and miMSC‑shRNA2 groups. However, the 
therapeutic effects of miMSC‑shRNA2 transplantation against 
liver damage were weaker compared with miMSC transplanta-
tion and treatment with miMSC combined with shRNA, which 
was indicated by analyses of AST levels and LW/BW ratio.

Figure 5. Reduced HBV expression in mice treated with shRNA expression plasmid or miMSC‑shRNA2. ELISA assessment of shRNA expression plasmid 
or miMSC‑shRNA2 interference function of (A) HBsAg and (B) HBeAg in murine sera. (C) Semi‑quantitative PCR and (D) RT‑qPCR were used to assess 
shRNA expression plasmid or miMSC‑shRNA2 interference function of the ‘HBV S gene’. ***P<0.001. All values (n=3) are expressed as the mean + standard 
error of the mean. RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; shRNA, short hairpin RNA; HBV, hepatitis B virus; miMSCs, 
mouse immortal mesenchymal stem cells; HBsAg, hepatitis B surface antigen; HBeAg, hepatitis B e‑antigen; PBS, phosphate‑buffered saline.
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Discussion

HBV is responsible for ~350 million chronic infections world-
wide and >1 million annual fatalities (26). Liver failure is a 
serious clinical syndrome characterized by massive necrosis 
of hepatocytes due to a variety of acute or chronic infections 
of HBV (27). Therefore, for patients with hepatitis B, suppres-
sion of HBV replication is not sufficient and the damaged liver 
function must be restored. Liver transplantation is considered 
the standard treatment for patients with liver failure. However, 
lack of tissue sources, high cost and associated complications 
have restricted the use of liver transplantation clinically (28). 
MSC transplantation therapy has become a novel and poten-
tial treatment for liver injury recently (29). Previous studies 
have demonstrated that the infusion of bone marrow‑derived 
(BM)‑MSCs may ameliorate liver fibrosis  (30,31) and 
reverse fulminant hepatic failure in experimental mice (32). 
Furthermore, infusions of autologous BM‑MSCs or umbilical 
cord MSCs have significantly improved liver function in 
patients with liver cirrhosis (33) and liver failure (34).

Due to the lack of a proofreading function of its poly-
merase, HBV continuously undergoes rapid mutagenesis that 
creates multiple HBV drug‑resistant variants during viral 
replication  (35). This phenomenon affects chemotherapy 
outcomes in the majority of patients with chronic HBV (36). 
Subsequently, the requirement for alternative therapeutic 
approaches is urgent. Previous studies have suggested that two 

shRNAs that targeted the HBV S (157i) and X (1694i) genes 
may be employed to avoid the phenomenon of resistance of 
HBV mutants to a single siRNA (19). And the dual shRNA 
expression vector (AAV‑157i‑1694i) demonstrated greater anti-
viral effects in vitro and in vivo compared with those vectors 
only expressing a single shRNA (19).

In the present study, Lx‑shRNA157‑1694 (shRNA expres-
sion plasmid) containing two shRNA expression cassettes was 
constructed to suppress HBV replication and employed with 
miMSC transplantation as treatment for liver injury. miMSCs 
were combined with shRNA in two different ways to evaluate 
the therapeutic effects on liver injury induced by HBV infec-
tion: By injecting miMSCs and the shRNA expression plasmid 
separately, or only injecting miMSCs stably expressing 
shRNA into the mouse model. The former therapeutic regimen 
successfully suppressed HBV expression in murine sera and 
liver tissue, whereas the latter suppressed HBV expression 
in liver tissue alone. Both therapeutic regimens significantly 
relieved liver injury. Yan et al (37) previously identified sodium 
taurocholate cotransporting polypeptide (NTCP) as a func-
tional receptor for HBV. Consistent with HBV liver tropism, 
NTCP is primarily expressed in hepatocytes and localized to 
the sinusoidal plasma membrane. Therefore, in patients with 
chronic hepatitis B, HBV infection and replication occurs 
predominantly in liver tissue (38). Transplantation of miMSCs 
stably expressing shRNA that are able to suppress HBV 
expression only in liver tissue would be sufficient for clinical 

Figure 6. Reduced liver injury in mice treated with miMSCs or miMSC‑shRNA2. As markers for hepatic injury, serum (A) ALT and (B) AST levels, and 
(C) LW/BW ratios were investigated. All values are expressed as the mean ± standard error of the mean (n=5). *P<0.05, ***P<0.001. (D) Expression of collagen 
in liver sections was examined using sirius red staining. miMSC, mouse immortal mesenchymal stem cell. Images were taken at x200 magnification. LW/BW, 
liver weight/body weight; shRNA, short hairpin RNA; ALT, alanine aminotransferase; AST, aspartate aminotransferase; PBS, phosphate‑buffered saline.
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treatment. To the best of the authors' knowledge, the present 
study is the first to combine miMSCs with shRNA to treat 
liver injury and suppress HBV replication at the same time in 
a mouse model. Therefore, the present study provides a novel 
therapeutic strategy for the treatment of liver injury induced 
by HBV infection.

The present results revealed that the therapeutic effects 
of miMSC‑shRNA2 transplantation on suppressing HBV 
expression in the liver and on relieving liver damage were 
weaker compared with shRNA expression plasmid injection 
or miMSC transplantation. This result indicated that our 
alteration may have influenced the migration and prolifera-
tion ability of miMSCs, such that only a small proportion of 
miMSC‑shRNA2 had migrated to the liver and resulted in a 
low shRNA level in liver tissue. Incubation with recombinant 
HGF has been reported to increase the homing ability of MSCs 
towards injured liver tissue (9). Further study is required to 
investigate whether incubation with HGF may improve the 
therapeutic effects of miMSC‑shRNA2 transplantation. 
Previous research has also indicated that double‑stranded 
AAV vector serotype 8 (a hepatotropic AAV vector) carrying 
shRNA effectively reduced HBV replication and gene expres-
sion in murine liver tissue (39). miMSCs combined with an 
AAV8 vector carrying shRNA to treat liver injury induced 
by HBV infection will be used in our further study. This 
therapeutic regimen may improve the suppression of HBV 
expression in the liver and liver damage.

As HBV has a narrow host range, which does not include 
mice, a combined hydrodynamic injection mouse model (40) 
with a CCl4‑induced liver injury mouse model  (41) was 
constructed to simulate HBV replication and liver injury. 
Hydrodynamic injection of plasmids containing the HBV 
genome into mice has been reported to not cause liver 
damage (42). Therefore, liver injury in the present mouse 
model was caused by CCl4 injection. However, in patients 
with chronic hepatitis B, liver damage is caused by CTLs 
during the elimination of HBV‑infected hepatocytes. 
Therefore, further investigation into the therapeutic effects 
of miMSC combined with shRNA in a more suitable animal 
model that can simulate liver injury caused by HBV infection 
is required.

In conclusion, the present study evaluated the therapeutic 
effects of miMSC combined with shRNAs in treating liver 
injury induced by HBV in a mouse model. The in  vitro 
and in vivo results support the therapeutic strategy using a 
combination of miMSC and shRNAs and this has potential 
as a future therapy for the treatment of liver injury induced by 
HBV injection.
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