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Abstract. Ischemia/reperfusion (I/R) injury is considered 
to be a contributing factor in liver injury following major 
hepatic resection or liver transplantation. Bone marrow 
mesenchymal stem cells (BM‑MSCs) have the potential to 
protect against liver I/R injury; however, the precise mecha-
nisms have not been completely elucidated. Autophagy serves 
an important role in protecting against various injuries, 
including I/R injury. The present study aimed to determine 
the role of autophagy and its potential regulatory mechanism 
in BM‑MSC‑mediated protection against liver I/R injury in 
rats. The results demonstrated that BM‑MSCs mitigated I/R 
injury and enhanced autophagy in vivo. In addition, inhibi-
tion of autophagy by 3‑methyladenine reversed the positive 
effects of BM‑MSCs. Furthermore, heme oxygenase‑1 
(HO‑1) expression was promoted by BM‑MSCs. Using zinc 
protoporphyrin IX to inhibit HO‑1 demonstrated that HO‑1 
was important for the promotion of autophagy. In conclu-
sion, the present study revealed that BM‑MSCs protected 
against liver I/R injury via the promotion of HO‑1‑mediated 
autophagy.

Introduction

Ischemia/reperfusion (I/R) is a process that may damage 
tissues or organs that depend on aerobic metabolism  (1). 
I/R is widely considered to be a contributing factor in liver 
injury; it may lead to hepatic failure following major hepatic 
resection, as portal vein occlusion is a necessary step. In addi-
tion, I/R injury is attributed to approximately 10% of acute 
graft dysfunction cases post‑liver transplantation (2,3). Thus, 
mitigating the adverse effects of I/R injury is an important 
clinical issue. Researchers have developed myriad therapeutic 
strategies as potential solutions to prevent hepatic I/R injury, 
including surgical interventions, pharmacotherapy or precon-
ditioning with medication  (4‑6). In addition, the benefits 
of mesenchymal stem cells (MSCs) in liver I/R injury have 
received considerable attention (7).

As demonstrated previously, MSCs exhibited promising 
efficacy in reducing I/R injury in different organs, including 
the brain, myocardium, kidney, small bowel and liver (8‑12). 
Bone marrow MSCs (BM‑MSCs) are a type of MSCs derived 
from bone marrow. Studies have revealed that BM‑MSCs 
have protective effects against liver I/R injury; they are able 
to attenuate liver injury by promoting liver regeneration or 
paracrine actions, including cytokines, growth factors or 
chemokines. However, the precise mechanisms through which 
BM‑MSCs confer protection against I/R injury have not been 
completely elucidated. Recently, autophagy has been reported 
to be a potential mechanism underlying the protective effects 
of BM‑MSCs against I/R injury (13).

Autophagy, including macroautophagy, microautophagy 
and chaperone‑mediated autophagy, is regarded as a 
rudimentary cellular response to injury; it removes macro-
molecules and organelles via lysosomes, restricts cell death, 
enables cells to withstand diverse insults and prevents irre-
versible organ damage (14). In addition, a growing body of 
evidence has indicated that autophagy has positive effects in 
liver diseases (15,16). In liver I/R injury, the promotion of 
autophagy may ameliorate liver damage (17). Furthermore, 
BM‑MSCs are able to alleviate damage in CCl4‑injured livers 
in addition to I/R‑induced lung injury by autophagy (13,18). 
To the best of our knowledge, autophagy has not yet been 
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evaluated in BM‑MSC‑mediated protection against liver I/R 
injury.

Heme oxygenase‑1 (HO‑1) is a stress‑inducible enzyme 
that has anti‑inflammatory, anti‑apoptotic, pro‑survival and 
antioxidant potential. HO‑1 has been confirmed to serve a role 
in protecting against liver I/R injury by regulating oxidative 
stress or inflammation (19‑21). Furthermore, recent studies 
have demonstrated that HO‑1 attenuates liver I/R injury 
through autophagy (22). However, it remains unclear as to 
whether HO‑1 mediated autophagy is a mechanism through 
which BM‑MSCs protect against liver I/R injury.

Based on these findings, it was hypothesized that 
BM‑MSCs may protect against liver I/R injury by promoting 
autophagy. In addition, the present study aimed to investigate 
the association between autophagy and HO‑1 in experimental 
I/R injury in vivo.

Materials and methods

Isolation, culture, identification, and differentiation of 
BM‑MSCs. BM‑MSCs were obtained from the femurs 
and tibias of 4‑week‑old Wistar rats by flushing the bone 
marrow cavity with complete culture medium as previously 
described  (23). The extract was centrifuged, resuspended 
and cultured in a 75‑cm2 culture flask containing Dulbecco's 
modified Eagle's medium with low glucose (Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA), 10% fetal bovine 
serum (Gibco; Thermo Fisher Scientific, Inc.), and 1% peni-
cillin/streptomycin at 37˚C and 5% CO2. One‑half of the 
medium was replaced following 24 h of culture, and the entire 
culture medium every 2‑3 days. Cells were subcultured when 
the adherent cells reached 70‑80% confluence.

Cells were identified as BM‑MSCs by their morphology, 
adherence and surface markers. BM‑MSCs of 3‑4 passages 
were identified by antibodies against cluster of differentiation 
(CD)29‑phycoerythrin (PE)‑A, CD34‑PE‑A, CD44‑PE‑A, 
CD45‑fluorescein isothiocyanate (FITC)‑A, and CD90‑PE‑A 
(eBioscience; Thero Fisher Scientific, Inc.). Brief ly, 
resuspended cells were incubated with CD29‑PE‑A (1:2; 
cat. no. 12‑0291‑82), CD34‑PE‑A (1:40; cat. no. MA1‑10205), 
CD44‑PE‑A (1:40; cat. no. MA5‑16908), CD45‑FITC‑A (1:20; 
cat. no. 11‑0461‑82) and CD90‑PE‑A (1:40; cat. no. MA1‑80650) 
at room temperature. After 20 min, the cells were washed with 
three times PBS and a flow cytometer was used (FACS Aria 
II; BD Biosciences, San Jose, CA, USA). Software was used 
for data analysis (FlowJo software 7.6; FlowJo LLC, Ashland, 
OR, USA).

Cells were additionally identified by their multilineage 
differentiation potential, as previously reported  (24). For 
adipogenic differentiation, adipogenic induction medium 
(Cyagen Biosciences, Co., Ltd., Suzhou, China) was added to 
the BM‑MSCs at 37˚C for 3 days, followed by maintenance 
medium (Cyagen Biosciences, Co., Ltd.) at 37˚C for 1 day. 
Following three cycles, the cells were cultured in maintenance 
medium for a further 7 days. The cells were subsequently 
stained with Oil Red O (Cyagen Biosciences, Co., Ltd.) at 
room temperature for 30  min. The sections were washed 
and examined using a light microscope (magnification, x40, 
Olympus Corporation, Tokyo, Japan)������������������������.����������������������� For osteogenic differ-
entiation, the BM‑MSCs were cultured with rat BM‑MSC 

osteogenic differentiation medium (Cyagen Biosciences, Co., 
Ltd.) when subconfluent at 37˚C. Subsequent to 3 weeks of 
differentiation, the calcium depositions were stained with 
Alizarin red (Cyagen Biosciences, Co., Ltd.)����������������� ����������������at room tempera-
ture for 3‑5 min. The sections were washed and examined 
using a light microscope (magnification, x40, Olympus 
Corporation).

Animals and treatment. A total of 30 healthy 4‑6‑week‑old 
male Wistar rats weighing ~200 g were purchased from the 
Laboratory Animal Center of The Affiliated Drum Tower 
Hospital of Nanjing University Medical School (Nanjing, 
China), and housed under specific pathogen‑free conditions. 
All animal experiments were approved by the Institutional 
Animal Care and Use Committee of The Affiliated Drum 
Tower Hospital of Nanjing University Medical School, under 
the National Institutes of Health (Bethesda, MD, USA) Guide 
for the Care and Use of Laboratory Animals. All experiments 
were conducted under isoflurane anesthesia, and all efforts 
were made to minimize suffering.

The rats were randomly divided into five groups as 
follows: The sham group, the I/R group, the I/R+MSCs 
group, the 3‑methyladenine (3‑MA) group and the zinc 
protoporphyrin IX (ZnPP) group. A hepatic warm I/R 
model was used as previously described  (25). The rats 
were anesthetized with isoflurane followed by laparotomy. 
A sterile microvascular clamp was placed around all 
structures in the portal triad for the left and median liver 
lobes to interrupt the blood supply in all groups except the 
sham group, which underwent the same procedure without 
vascular occlusion. Reperfusion was initiated via removal 
of the clamp after 1 h. In addition, 1x106 MSCs suspended 
in 0.5  ml PBS were injected via the penis dorsal vein 
30 min prior to hepatic warm I/R (26) in all the groups, 
except the sham group and the I/R group. In the 3‑MA 
group, the autophagy inhibitor 3‑MA was administered 
(30 mg/kg; intraperitoneal; Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany) 0.5 h prior to ischemia. The rats in 
the ZnPP group were treated twice with ZnPP (10 mg/kg; 
intraperitoneal; Sigma‑Aldrich; Merck KGaA) at 16 and 3 h 
prior to ischemia to inhibit HO‑1 in vivo. All the rats were 
sacrificed following 6 h of reperfusion, and blood samples 
and liver tissues were obtained. Blood samples were stored 
at 4˚C overnight. A portion of the liver tissues were fixed in 
10% formalin solution at room temperature for ≥24 h, and 
then prepared for HE staining and immunohistochemistry 
(5 µm) as described below. The remaining liver tissues were 
stored at ‑80˚C for further use.

In order to detect the implantation of BM‑MSCs in the liver 
following I/R injury, the cells were stained with lipophilic 
membrane dyes (DiO; Invitrogen; Thermo Fisher Scientific, 
Inc.) prior to intravenous administration of BM‑MSCs. The 
BM‑MSCs were suspended at a concentration of 106 cells/ml 
and incubated with 10 mM DiO for 20 min at 37˚C. Frozen 
sections were fixed at 4˚C for 10 min in acetone and air‑dried. 
The nuclei were stained with DAPI (Invitrogen; Thermo Fisher 
Scientific, Inc.). The sections were washed and examined 
using a Leica TCS SP8 confocal laser‑scanning microscope 
(magnification, x200; Leica Microsystems GmbH, Wetzlar, 
Germany).



MOLECULAR MEDICINE REPORTS  18:  2253-2262,  2018 2255

Blood biochemistry. Blood samples was harvested via the 
postcava and centrifuged at 3,000  x g at 4˚C for 10 min. 
Serum levels of alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST) were measured using 
an automatic analyzer (Fujifilm Global, Tokyo, Japan), as 
previously described (27).

Histological analysis and immunohistochemistry. Following 
fixation of the liver tissues in 10% buffered formalin at 
room temperature for at least 24  h, paraffin embedding 
was performed using a standard protocol. Paraffin sections 
(5 µm) were stained with hematoxylin at room temperature 
for 3‑5 min and stained with eosin at room temperature for 
2  min, then examined under a light microscope (magni-
fication, x100) for histological evidence of liver injury. 
Immunohistochemical staining for HO‑1 was performed 
on the paraffin sections which were blocked with blocking 
serum (OriGene Technologies, Inc., Beijing, China) at room 
temperature for 10 min, incubated with primary antibodies 
against HO‑1 (1:200; cat. no. ab13243, Abcam, Cambridge, 
UK) overnight at 4˚C and developed using a horseradish 
peroxidase‑conjugated secondary antibody (PV‑6000, 
undiluted, OriGene Technologies, Inc., Beijing, China) at 
37˚C for 30 min and a 3,3‑diaminobenzidine substrate kit 
(ZLI‑9018, undiluted; OriGene Technologies, Inc.) at room 
temperature for 5‑20 min, according to standard methods in 
routine pathology. The sections were washed and examined 
using a light microscope (x100; Leica Microsystems GmbH, 
Wetzlar, Germany).

Gel electrophoresis and western blotting. Western blotting 
was conducted as previously described (22). Equal amounts 
(40 µg) of the proteins were separated on 15% SDS‑PAGE 
gels and transferred to polyvinylidene difluoride membranes. 
The membranes were incubated overnight at 4˚C with primary 
antibodies against HO‑1 and microtubule‑associated proteins 
1A/1B light chain 3B (LC3B; 1:2,000; cat. no.  ab192890; 
Abcam). GAPDH (1:1,000; cat. no. ab9484; Abcam; incubated 
at 4˚C overnight) expression served as a loading control. The 
membrane was treated with horseradish peroxidase‑conju-
gated goat anti‑mouse secondary antibody (1:8,000; KGAA37; 
Nanjing KeyGen Biotech Co,. Ltd., Nanjing, China) or 
horseradish peroxidase‑conjugated goat anti‑rabbit secondary 
antibody (1:8,000; KGAA35; Nanjing KeyGen Biotech Co,. 
Ltd.) at room temperature for 2  h. Blots were developed 
using enhanced chemiluminescence (ECL) western blotting 
substrate (EMD Millipore, Billerica, MA, USA) and visual-
ized on a Tanon 5200 Multi Image Station (Tanon Science 
& Technology Co., Ltd., Shanghai, China). The results were 
quantified by Image Pro Plus 6.0 software (Media Cybernetics, 
Inc., Rockville, MD, USA).

Statistical analysis. Statistical analysis was performed 
using SPSS version 19.0 (IBM Corp., Armonk, NY, USA) 
and data are expressed as the mean ± standard error of the 
mean; results were repeated in triplicate. Differences between 
the groups were evaluated for significance using one‑way 
analysis of variance combined with Bonferroni's post hoc test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Culture, identification and detection of BM‑MSCs. At 
passage 3 or passage 4, the cells from the rat bone marrow 
existed as a monolayer of typical fibroblastic, spindle‑shaped 
and plastic‑adherent cells (Fig. 1A). As presented in Fig. 1B, 
identification of BM‑MSCs was performed using flow 
cytometry. These cells exhibited little or no expression 
of hematopoietic markers (CD34 and CD45) and positive 
expression of stromal markers (CD29, CD44 and CD90). 
In addition, the BM‑MSCs had the potential to differentiate 
into osteoblastic or adipogenic lineages (Fig. 1C). Based on 
these results, the cells from rat bone marrow were confirmed 
to be BM‑MSCs. The DiO‑labeled BM‑MSCs were used to 
clarify whether BM‑MSCs migrated to the liver following I/R. 
BM‑MSCs were observed in the I/R+MSCs group, although 
not in the sham group or the I/R group (Fig. 1D).

Pretreatment with BM‑MSCs ameliorates liver injury 
following I/R. In order to determine whether BM‑MSCs atten-
uate hepatic I/R injury, the rats were pretreated with BM‑MSCs 
prior to ischemia. Serious liver damage was observed 
following 6 h of reperfusion, as previously reported (25). The 
rats were sacrificed 6 h post‑insult, and liver tissues and blood 
were collected for further research. Compared with the rats 
in the I/R group, which had the highest ALT and AST levels, 
a significant improvement was noted in the I/R+MSCs group 
(Fig. 2A and B). In addition, the liver samples from the I/R 
group exhibited marked abnormalities, including severe hepa-
tocellular necrosis and cytoplasmic vacuolization, following 
6 h of reperfusion, which were improved in the I/R+MSCs 
group (Fig. 2C).

Autophagy is promoted by pretreatment with BM‑MSCs. 
Autophagy is part of the adaptive stress response to infection 
or lipopolysaccharide (LPS) exposure to support cell survival. 
In order to clarify the effects of pretreatment with BM‑MSCs 
on autophagy, the expression of the autophagy associated 
marker LC3B in the rat liver was examined in the sham group, 
the I/R group and the I/R+MSCs group by western blotting. 
Upon the induction of autophagy, LC3B is a terminal autoph-
agic protein used as a classic marker to monitor alterations in 
autophagy (28). As presented in Fig. 3, the expression of the 
autophagic signaling factor LC3B was markedly increased in 
the I/R+MSCs group compared with the other study groups. 
These findings confirmed that autophagy increased following 
pretreatment with BM‑MSCs.

BM‑MSCs protect against liver I/R injury via the induction 
of autophagy. To evaluate whether autophagy contributes to 
BM‑MSC‑mediated protection against I/R injury, the rats 
were pretreated with 3‑MA prior to ischemia, which is widely 
regarded as an inhibitor of autophagy. The expression of 
autophagy was measured using western blotting to determine 
the presence of LC3B. Compared with the I/R+MSCs group, 
treatment with 3‑MA resulted in a decrease in LC3B expres-
sion in response to liver I/R injury (Fig. 3). Notably, compared 
with the I/R+MSCs group, the serum levels of AST and ALT 
and the histological abnormalities were reversed in the 3‑MA 
group (Fig. 2). Based on the results following pretreatment with 
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3‑MA, it was concluded that autophagy served a notable role 
in BM‑MSC‑mediated protection against cell death following 
I/R injury.

BM‑MSC‑promoted autophagy is dependent on HO‑1. The 
present study subsequently aimed to analyze how BM‑MSCs 
promote autophagy following I/R injury. A previous study 
reported that upregulation of HO‑1 was able to mitigate I/R 

injury (29). Furthermore, HO‑1 has been demonstrated to be 
associated with autophagic activity (22,30). Consistent with 
these findings, alterations in HO‑1 expression were observed 
in the case of pretreatment with BM‑MSCs in response to 
I/R injury. HO‑1 expression was increased in the rat livers 
subjected to I/R injury, while in the I/R+MSCs group, HO‑1 
expression was even more significantly increased (Fig. 4). 
Since BM‑MSCs increased HO‑1 expression and autophagic 

Figure 1. Identification and detection of BM‑MSCs. (A) Morphological appearance of primary BM‑MSCs expanded in culture. At passage 3 or passage 4, the 
cells exhibited typical fibroblastic, spindle‑shaped morphology (magnification, x200). (B) Analysis of the surface markers of BM‑MSCs by flow cytometry 
demonstrated that they did not express CD34 or CD45, although they positively expressed CD29, CD44 and CD90. (C) Multilineage differentiation of 
BM‑MSCs stained with (a) Alizarin red and (b) Oil Red O. Scale bar, 100 µm. (D) Detection of DiO‑labeled BM‑MSCs in the liver samples following reperfu-
sion: (a) The sham group; (b) the I/R group; (c) the I/R+MSCs group. Scale bar, 100 µm. BM‑MSCs, bone marrow mesenchymal stem cells; CD, cluster of 
differentiation; I/R, ischemia/reperfusion.
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activity, it was preliminarily suggested that HO‑1 may serve 
a role in the promotion of autophagy via pretreatment with 
BM‑MSCs. Therefore, in order to identify the association 
between HO‑1 and autophagy, HO‑1 was inhibited by ZnPP. 
ZnPP significantly decreased the expression of LC3B (Fig. 5). 
Furthermore, inhibition of HO‑1 by ZnPP significantly inhib-
ited the protective effect provided by BM‑MSCs following I/R 
insult. The serum levels of AST and ALT in the ZnPP‑treated 
rats were increased compared with those in the I/R+MSCs 
group (Fig. 2). The I/R injury‑associated histopathological 
alterations in the livers of rats were more severe in the ZnPP 

group compared with the I/R+MSCs group (Fig. 2C). Taken 
together, these data demonstrate that HO‑1, increased by 
pretreatment with BM‑MSCs, promoted autophagy, which 
protected against I/R injury in vivo.

Discussion

MSCs have been widely studied as anti‑apoptotic and 
pro‑survival cells, and they have been demonstrated to success-
fully mitigate liver injury caused by D‑galactosamine/LPS or 
toxins, in addition to organ I/R injury (31‑34). However, little 

Figure 2. Pretreatment with BM‑MSCs attenuates I/R‑induced liver injury. The (A) ALT and (B) AST levels obtained following 6 h of reperfusion in the 
respective groups are presented. The data are presented as the mean ± standard error of the mean. *P<0.05 vs. sham group; #P<0.05 vs. I/R group; ##P<0.05 
vs. I/R+MSCs group. (C) Representative hematoxylin‑eosin stained images of liver sections (magnification, x100): (a) The sham group; (b) the I/R group; 
(c) the I/R+MSCs group; (d) the 3‑MA group; (e) the ZnPP group. The arrows denote hepatocellular necrosis and cytoplasmic vacuolization. ALT, alanine 
aminotransferase; AST, aspartate aminotransferase; I/R, ischemia/reperfusion; BM‑MSCs, bone marrow mesenchymal stem cells; 3‑MA, 3‑methyladenine; 
ZnPP, zinc protoporphyrin IX.
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is known about the role of autophagy in BM‑MSC‑mediated 
protection and its detailed regulatory mechanism in liver I/R 
injury is unclear. MSCs have recently been demonstrated to 
ameliorate liver fibrosis by inducing autophagy (35), which 
is regarded as a protective mechanism against I/R injury in 
the liver or other organs (22,36,37). Therefore, the present 
study focused on evaluating whether BM‑MSCs protected 
against liver I/R injury by increasing the expression level of 
HO‑1. BM‑MSCs are one of the most studied stem cells; they 
have previously been identified by their morphology, surface 
markers or multilineage differentiation potential  (38,39). 
Therefore, BM‑MSCs were identified by the same method in 
the present study. The results demonstrated that the cells we 
obtained were BM‑MSCs. BM‑MSCs hold great potential in 
protecting organs from I/R injury. Sheashaa et al (9) reported 
that adipose‑derived MSCs were able to significantly attenuate 
injury caused by I/R. Similarly, Lu et al (40) reported that 
BM‑MSCs significantly reversed lung injury following I/R 
by alleviating inflammation induced by I/R injury. The 
beneficial effect of BM‑MSCs was further confirmed by 
Fu  et  al  (25), who documented that the hepatoprotection 
provided by BM‑MSCs following I/R injury was dependent 

on the inhibition of hepatocellular apoptosis and the stimula-
tion of N‑acetyltransferase 8 regeneration in vivo or in vitro. 
Consistent with these observations, the present study 
confirmed that BM‑MSCs had beneficial effects against liver 
I/R injury in vivo by observing levels of ALT/AST and altera-
tions in histomorphology that were consistent with certain 
published papers (41,42). Previous studies revealed that MSCs 
attenuated I/R injury in solid organs through various complex 
mechanisms, including an anti‑inflammatory reaction (12,40), 
angiogenesis (43), anti‑oxidative stress (44,45), and immu-
nomodulation  (46). The present study focused on whether 
BM‑MSCs mitigated liver I/R injury through autophagy.

Autophagy is regarded as a cellular self‑digestion process 
in response to a wide range of deleterious stimuli, through 
which cytoplasmic materials or organelles integrate into 
lysosomes for further degradation (47). Previous studies have 
reported that, autophagy serves a crucial role in the develop-
ment, differentiation, survival and homeostasis of cells (48‑51). 
During organ I/R injury, autophagy may help cells respond to 
injury. Liu et al (52) reported that autophagy is a critical homeo-
static mechanism in maintaining renal tubular cell integrity 
during renal I/R. Zhang et al (37) suggested that autophagy 
evoked by I/R is involved in the process of neuroprotection via 
mitophagy‑associated mitochondrial clearance and the inhibi-
tion of downstream apoptosis. Autophagy was additionally 
suggested to be a pro‑survival mechanism in the field of liver I/R 
injury (53). Zhao et al (54) observed that increasing autophagy 
by inhibiting calpain2 was able to decrease the sensitivity of 
fatty liver to I/R injury. Wang et al (55) revealed that the resto-
ration of autophagy inhibited the activation of mitochondrial 
permeability transition and attenuated damage in aged livers 
with I/R injury. However, liver injury is aggravated following 
the suppression of I/R‑induced autophagy by chloroquine, 
which demonstrated the benefit of autophagy for I/R injury of 
livers (56). These previous studies strongly support the view 
that autophagy orchestrates a cytoprotective mechanism in 
I/R injury. It has been demonstrated that MSCs are associated 
with autophagy. Park et al (35) indicated that the mechanism 
of BM‑MSCs in the resolution of CCl4‑induced liver fibrosis 
was partially due to the accumulation of autophagy‑associated 
proteins. Shin et al (57) reported that BM‑MSCs were able 
to exert a neuroprotective effect in Alzheimer's disease based 
on enhanced autophagy, which resulted in the clearance of 
amyloid‑β. Zhou and You (58) proved that BM‑MSCs allevi-
ated LPS‑induced acute lung injury by reducing the levels 
of microRNA 142a‑5p and increasing Beclin1‑mediated 
autophagy in pulmonary endothelial cells.

The present study demonstrated that pretreatment with 
BM‑MSCs provided hepatoprotection against liver I/R injury 
accompanied by the increased expression of autophagic 
signaling molecules, including LC3B. To further determine 
the role of autophagy in the protection mediated by BM‑MSCs, 
the rats were pretreated with BM‑MSCs and concomitant 
3‑MA, a specific autophagy inhibitor, prior to I/R injury. The 
results demonstrated that pretreatment with 3‑MA abrogated 
the increased in autophagy mediated by BM‑MSCs in vivo. 
This abrogation translated into increased serum levels of 
AST and ALT, severe histological abnormalities. From these 
investigations, it was confirmed that BM‑MSCs afforded hepa-
toprotection against liver I/R injury, partially by promoting 

Figure 3. BM‑MSCs afford protection against liver I/R injury via autophagy. 
The rats were pretreated with BM‑MSCs 0.5 h prior to ischemia. The rats 
were additionally pretreated with 3‑MA to ascertain the role of autophagy 
in BM‑MSC‑mediated protection against I/R injury. (A) The expression 
levels of the autophagic proteins LC3B I and II in the liver samples were 
examined by western blotting. (B) Relative density analysis of the protein 
bands. The data are presented as the mean ± standard error of the mean. 
*P<0.05 vs. sham group; #P<0.05 vs. I/R group; ##P<0.05 vs. I/R+MSCs 
group. LC3B, microtubule‑associated proteins 1A/1B light chain 3B; 
BM‑MSCs, bone marrow mesenchymal stem cells; 3‑MA, 3‑methyladenine; 
I/R, ischemia/reperfusion.
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autophagy. In the present study, LC3B was regarded as an 
indicator of autophagy, as reported previously  (28), which 
was a limitation of the present study. In addition, there is a 
discrepancy between the present results and the findings 
reported in several previous investigations, which demon-
strated that MSCs repaired I/R injury via anti‑autophagic 
mechanisms (59). Since autophagy is highly variable during 
liver I/R, a potential explanation for this contradiction is that 
it is likely that autophagy serves different roles at various time 
points during reperfusion. Future research is required to study 
the alterations in autophagic activity influenced by MSCs at 
different time points following reperfusion.

The regulatory mechanisms of BM‑MSCs on autophagy 
during liver I/R injury remained unclear. HO‑1 is an indis-
pensable protein in various organs, including the liver, and 
is involved in restoring cellular homeostasis in response to 
multiple insults (30). Previous studies have demonstrated that 
autophagy is elevated by HO‑1. Carchman et al (30) revealed 
that autophagy orchestrated protection against liver injury 
due to sepsis, which was dependent on HO‑1. In addition, 
HO‑1‑mediated autophagy was the mechanism by which 
baicalein and remote ischemic preconditioning prevented hepa-
tocellular injury due to I/R (5,22). Yun et al (60) confirmed that 
the HO‑1 system was a possible regulator of autophagy in liver 
I/R injury. Conversely, Wang et al (61) used a HO‑1 inhibitor 
to demonstrate that HO‑1 was a key inducer of autophagy in 
response to liver I/R injury, thereby preventing aggravation of 
liver damage. In the present study, the groups pretreated with 
BM‑MSCs exhibited increased HO‑1 expression and autoph-
agic activity. Thus, it appears that MSC‑promoted autophagy 
occurred via HO‑1. In order to elaborate on the role of HO‑1 
in MSC‑promoted autophagy, HO‑1 induced by BM‑MSCs 
was inhibited by ZnPP prior to ischemia. The results of the 
present study demonstrated that inhibition of HO‑1 by ZnPP 

Figure 4. Pretreatment with BM‑MSCs increases the expression of HO‑1. (A) The expression levels of HO‑1 in the liver samples were examined by western 
blotting. (B) Relative density analysis of HO‑1/GAPDH. The data are presented as the mean ± standard error of the mean. *P<0.05 vs. sham group; #P<0.05 
vs. I/R group. (C) Immunohistochemistry analysis of the expression of HO‑1 in (a) the sham group, (b) the I/R group and (c) the I/R+MSCs group. Scale bar, 
100 µm. HO‑1, heme oxygenase‑1; BM‑MSCs, bone marrow mesenchymal stem cells; I/R, ischemia reperfusion.

Figure 5. HO‑1 regulates BM‑MSCs‑mediated increased autophagy. The rats 
were pretreated with ZnPP prior to ischemia. (A) The association between 
HO‑1 and autophagy was examined by western blot analysis following 
pretreatment with ZnPP. (B) The relative density analysis of the protein 
bands above are presented in the histogram. The data are presented as the 
mean ± standard error of the mean. *P<0.05 vs. sham group; #P<0.05 vs. I/R 
group; ##P<0.05 vs. I/R+MSCs group. HO‑1, heme oxygenase‑1; BM‑MSCs, 
bone marrow mesenchymal stem cells; I/R, ischemia reperfusion; ZnPP, 
zinc protoporphyrin IX; LC3B, microtubule‑associated proteins 1A/1B light 
chain 3B.
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prevented autophagy due to pretreatment with BM‑MSCs; it 
additionally prevented the protective effect of BM‑MSCs on 
I/R injury in vivo.

From the results of previous studies and the present 
observations, it was concluded that HO‑1 was the regulator 
through which the BM‑MSCs increased autophagic activity 
in liver I/R injury. However, the way in which treatment 
with BM‑MSCs increased in the expression of HO‑1 in the 
liver remained unresolved. As previously reported, HO‑1 
may be increased in the liver by the phosphatidylinositol 
3‑kinase/RAC‑α serine/threonine‑protein kinase/nuclear 
factor erythroid 2‑related factor 2 (Nrf2) pathway  (62), 
the kelch‑like ECH‑associated protein 1/Nrf2/thioredoxin 
1/hypoxia inducible factor‑1α pathway  (20), or the cyclic 
AMP‑dependent transcription factor ATF3‑mediated Nrf2 
pathway  (63). Further study is required to determine the 
mechanism of HO‑1 expression increased by BM‑MSCs. 
In addition, HO‑1 is an oxidation/antioxidation regulator. A 
previous study revealed that BM‑MSCs protect against liver 
I/R injury by suppressing oxidative stress (7). Therefore, the 
present study did not discuss whether BM‑MSCs were able 
to attenuate I/R injury via HO‑1‑mediated antioxidant action, 
which may merit further research. Furthermore, the present 
study emphasized the influence of BM‑MSCs on the whole 
liver tissue as before (18). The present study aimed to supple-
ment the current protection mechanism of MSCs against liver 
I/R injury; the origin of HO‑1 or autophagy also requires 
further investigation.

In conclusion, the present findings provide evidence that 
the protective effects of BM‑MSCs may be associated with 
the promotion of autophagy by increasing the levels of HO‑1 
in vivo.
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