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Abstract

Background: Although it has been preclinically suggested that adipose tissue-derived mesenchymal stem cell
(ADSQ)-based therapy could effectively treat chronic liver diseases, the hepatic engraftment of ADSCs is still
extremely low, which severely limits their long-term efficacy for chronic liver diseases. This study was designed to
investigate the impact of antioxidant preconditioning on hepatic engraftment efficiency and therapeutic outcomes
of ADSC transplantation in liver fibrotic mice.

Methods: Liver fibrosis model was established by using intraperitoneal injection of carbon tetrachloride (CCl,) in
the male C57BL/6 mice. Subsequently, the ADSCs with or without antioxidant pretreatment (including melatonin
and reduced glutathione (GSH)) were administrated into fibrotic mice via tail vein injection. Afterwards, the ADSC
transplantation efficiency was analyzed by ex vivo imaging, and the liver functions were assessed by biochemical
analysis and histopathological examination, respectively. Additionally, a typical hydrogen peroxide (H,O,)-induced
cell injury model was applied to mimic the cell oxidative injury to further investigate the protective effects of
antioxidant preconditioning on cell migration, proliferation, and apoptosis of ADSCs.

Results: Our data showed that antioxidant preconditioning could enhance the therapeutic effects of ADSCs on
liver function recovery by reducing the level of AST, ALT, and TBIL, as well as the content of hepatic hydroxyproline
and fibrotic area in liver tissues. Particularly, we also found that antioxidant preconditioning could enhance hepatic
engraftment efficiency of ADSCs in liver fibrosis model through inhibiting oxidative injury.

(Continued on next page)

* Correspondence: xiaoloong.liu@gmail.com; drjingfeng@126.com

'The United Innovation of Mengchao Hepatobiliary Technology Key
Laboratory of Fujian Province, Mengchao Hepatobiliary Hospital of Fujian
Medical University, Fuzhou 350025, People’s Republic of China

Full list of author information is available at the end of the article

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13287-020-01763-y&domain=pdf
http://orcid.org/0000-0002-3096-4981
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:xiaoloong.liu@gmail.com
mailto:drjingfeng@126.com

Liao et al. Stem Cell Research & Therapy (2020) 11:237

Page 2 of 11

(Continued from previous page)

efficiency, Stem cell therapy

Conclusions: Antioxidant preconditioning could effectively improve therapeutic effects of ADSC transplantation for
liver fibrosis through enhancing intrahepatic engraftment efficiency by reducing oxidative injuries. These findings
might provide a practical strategy for enhancing ADSC transplantation and therapeutic efficiency.

Keywords: Adipose tissue-derived mesenchymal stem cells, Reactive oxygen species, Liver fibrosis, Cell engraftment

Background

Chronic liver diseases are typically characterized by the
intrahepatic inflammation, oxidative stress and develop-
ment of liver fibrosis, and eventually leading to liver cir-
rhosis [1]. Liver transplantation is the most effective
strategy for treating end-stage liver diseases including
liver cirrhosis, but it is suffered from shortage of donated
livers in real clinical practice. Regenerative medicine
using adipose tissue-derived mesenchymal stem cell
(ADSC) transplantation provides a promising alternative
strategy for chronic liver disease treatment by using the
intrinsic abilities of ADSCs including multilineage differ-
entiation potential, self-renewal, and immunomodulation
properties. In particular, ADSC transplantation has been
widely used for treating liver fibrosis [2], non-alcoholic
liver diseases [1, 3-5], and cirrhosis [6] in the preclinical
studies, but the long-term therapeutic outcomes are very
poor and far from satisfaction, due to the extremely low
hepatic engraftment efficiency of ADSCs. In most cases,
the hepatic retention of stem cells is less than 5% after
cell infusion for 4 weeks [7]. Therefore, there is an ur-
gent need to improve the intrahepatic engraftment effi-
ciency of ADSCs to accelerate the clinical translation of
ADSC-based therapies for treating chronic liver diseases.
Although it has been reported that instantaneous irradi-
ation or vasodilators (e.g., nitroglycerin and phenytola-
mine) could enhance cell transplantation efficiency by
increasing hepatic vascular permeability in animal
models [8-12], these methods also bring severe adverse
effects including additional hepatocellular injuries and
uncontrollable internal bleeding, therefore significantly
hindering their applications in real clinical practice.

It has been widely acknowledged that most trans-
planted cells were dead in the first few days post-
transplantation owing to the oxidative stress induced by
reactive oxygen species (ROS) at the site of injury [13].
Many key biological features of ADSCs could be signifi-
cantly affected by ROS-induced oxidative injuries, in-
cluding cell proliferation, adhesion, and migration, as
well as multilineage differentiation and self-renewal abil-
ities both in vitro and in vivo [14-18], and this might be
a main reason for low engraftment efficiency of ADSCs
after transplantation. Therefore, reducing ROS-induced
cell injury during ADSC transplantation might provide a

novel and practical strategy to improve the hepatic en-
graft efficiency for chronic liver disease treatment.

Previous studies have suggested that antioxidant pre-
treatment could improve cell survival and enhance
ADSC therapeutic effects for myocardial infarction [19,
20]. In addition, it has also been suggested that antioxi-
dant preconditioning could preserve stemness of mesen-
chymal stem cells [21, 22]. However, whether
antioxidant preconditioning could improve the hepatic
engraft efficiency and enhance therapeutic outcomes of
ADSCs for chronic liver diseases as well as the under-
lying molecular mechanisms has not yet been investi-
gated. In this study, the hepatic engraft efficiency and
therapeutic effects of antioxidant-preconditioned ADSCs
on CCly-induced liver fibrosis mice, as well as the poten-
tial protective mechanism of antioxidant precondition-
ing, were fully investigated. Our results suggested that
antioxidant preconditioning with GSH or melatonin
could be used to enhance intrahepatic retention and
therapeutic effects of ADSC transplantation for liver fi-
brosis. Mechanistically, the results also showed that anti-
oxidant preconditioning could promote cell migration
and proliferation, and inhibit cell apoptosis in ROS-
induced cell injuries.

Methods

Animals

Eighty-five adult male C57BL/6 mice (4 weeks, weight
18-20 g) were obtained from the Shanghai Slack Labora-
tory Animal Center (license no. SCXK hu 2017-0005).
All animals were housed in standard laboratory barrier
facilities at 22-25°C with a standard 12/12 light-dark
cycle and 55-60% relative humidity. The mice had ad
libitum access to food and autoclaved water. All animal
procedures were approved by the Animal Ethics Com-
mittee of Mengchao Hepatobiliary Hospital of Fujian
Medical University and Fuzhou General Hospital
(Fuzhou, China).

Isolation and culture of ADSCs

Isolation of ADSCs was performed according to our pre-
vious reports [2—4]. Briefly, subcutaneous fat tissues
were collected from the groin area of male C57BL/6
mice (# = 10), and then cut into about 0.1 mm? size and
digested with 0.1% type I collagenase (Sigma-Aldrich,
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USA) in HBSS (Hyclone, USA) at 37°C for 1h. After-
wards, the digestive solutions were neutralized by «o-
MEM (Hyclone, USA) containing 20% FBS (Gibco,
USA), filtered through a 100-um cell strainer, followed
by eliminating the red blood cells with osmotic lysates
(Biyuntian Biological Co., Ltd., Shanghai, China). Finally,
the cells were collected and seeded into T-75 flasks at a
density of 1 x 10°/mL with complete medium (a-MEM
containing 10% FBS). Once the cell confluence reached
about 90%, they were detached using 0.25% trypsin—
EDTA (Gibco, USA) and passaged at a ratio of 1:3. The
ADSCs from passage 3 were applied for further usage.

Antioxidant pretreatment

Antioxidants including GSH and melatonin were ob-
tained from Aladdin Chemical (Shanghai, China). Each
antioxidant was firstly dissolved in DMSO (Sigma-Al-
drich, USA) to the concentration of 1 mM. For antioxi-
dant pretreatment, the ADSCs were cultured with
complete medium supplemented with 10 pM antioxidant
since the first passage. All preconditioned cells were
rinsed with PBS for three times to remove any residual
antioxidant before further analysis.

Cell labeling

For ADSC cell labeling, the ADSCs were re-suspended
with 1pM CellTracker™ Cm-dil (Qcbio Science&-
Technologies Co., Ltd., Shanghai, China) at a density of
1 x10°/mL with complete medium at 37°C for 3 min,
followed by incubating at 4 °C for 9 min, and rinsed with
PBS for three times, and finally collected for cell
transplantation.

Liver fibrosis model establishment and ADSC engraftment
examination

Liver fibrosis model was established by intraperitoneal
injection of 20% carbon tetrachloride (CCly) with a dose
of 5 mL/kg diluted in olive oil, 2 times per week, for 12
weeks. Following the development of liver fibrosis, which
was verified by pathological assessment, the mice were
divided into three groups: the control group (n=15),
mice with tail vein injection of ADSCs (1 x 10° cells/
mouse); the GSH group (n = 15), mice with tail vein in-
jection of GSH-pretreated ADSCs (1 x 10° cells/mouse);
and the melatonin group (# = 15), mice with tail vein in-
jection of melatonin-pretreated ADSCs (1 x 10° cells/
mouse). After ADSC transplantation for 1h, 4h, 1day,
3 days, and 7 days, mice were sacrificed with 2% pento-
barbital sodium (100 mg/kg; Sigma-Aldrich). Then, the
major organs including the heart, liver, spleen, lung, and
kidney were collected, and the distribution of ADSCs in
these tissues was observed by using the IVIS system
(PerkinElmer, USA). Liver tissues were collected to pre-
pare paraffin section to further observe the hepatic
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engraftment efficiency of ADSCs using LSM780 confocal
microscope (Zeiss, Germany).

ADSC therapy for liver fibrosis

Twenty-four liver fibrosis mice were divided into four
groups: the model group (n =6), mice with tail vein in-
jection of the same dose of normal saline (0.2 mL); the
ADSC group (n=6), mice with tail vein injection of
ADSCs (1 x 10° cells/mouse); the G-ADSC group (1 =6),
mice with tail vein injection of GSH-pretreated ADSCs
(1 x 10° cells/mouse); and the M-ADSC group (n=6),
mice with tail vein injection of melatonin-pretreated
ADSCs (1 x10° cells/mouse). Each group was treated
with normal saline or ADSC transplantation once/week,
for 2 weeks; after the last ADSC transplantation for 2
weeks, mice were sacrificed with 2% pentobarbital so-
dium (100 mg/kg; Sigma-Aldrich), and the liver tissues
and sera were collected for further investigation
(Fig. 1a).

Biochemical assays of liver function

To determine whether antioxidant preconditioning
could accelerate liver function recovery after ADSC
transplantation, the serum levels of aspartate amino-
transferase (AST), alanine aminotransferase (ALT), total
bilirubin (TBIL), and albumin (ALB), as well as the hy-
droxyproline content in liver tissues, were analyzed by
biochemical analysis using colorimetric assay kits (Nan-
jing Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer’s instructions,
respectively.

Histological examination

Liver tissues were collected and fixed in 4% paraformal-
dehyde (PFA) for 24 h at room temperature, followed by
the gradual dehydration of ethanol and embedding in
paraffin. Then, the paraffin-embedded tissues were sec-
tioned into slices. Afterwards, the tissue sections were
stained by hematoxylin and eosin (H&E) for histological
analysis. To further observe fibrotic changes in liver tis-
sues, Masson’s trichrome staining was performed using a
commercial kit (Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China) according to the manufacturer’s
protocol. The histological examination was independ-
ently performed by two pathological experts using an
ortho-microscope (Zeiss, Germany), and the fibrotic area
was analyzed using the ZEN 2012 Light Edition imaging
analysis system (Zeiss, Germany).

Cell viability assay

In order to clarify the mechanism of anti-ROS oxidative
injury of antioxidant preconditioning on ADSCs, the
typical H,O,-induced oxidative injury model was estab-
lished as previously described [23] with slight
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modification. Briefly, antioxidant pretreated ADSCs (pas-
sage 3) were cultured in a 96-well micro-plate (Corning,
USA) at a density of 1x10* cells/well with 150 puL
complete medium and incubated at 37 °C under 5% CO,
atmosphere for 24 h. After that, the cultured medium of
each well was replaced by fresh complete medium sup-
plied with 300 uM H,O,, and the cells incubated with
complete medium were used as the negative control. After
incubation for 24 h, the cell viability was assessed by using
a CCK-8 cell proliferation kit (Dojindo Molecular Tech-
nologies, Tokyo, Japan) following the manufacturer’s
protocol. Finally, the absorbance of each well at 450 nm
was measured in a micro-plate reader (Spectra Max M5).

Cell apoptosis assay
To determine the protective effect of antioxidant pre-
conditioning on ADSC cell apoptosis, antioxidant

pretreated ADSCs (passage 3) were cultured in a 6-well
plate at a density of 1 x 10° cells/well for 24 h, followed
by the incubation with 300 uM H,O, in fresh complete
medium for another 24 h, and finally analyzed using an
Annexin V-FITC apoptosis assay kit (Dojindo Molecular
Technologies, Tokyo, Japan) in flow cytometry (Becton
Dickinson, USA).

Cell migration assay

Trans-well migration assay was use to explore the effects
of antioxidant preconditioning on cell migration of
ADSCs. Briefly, antioxidant-preconditioned ADSCs were
treated with 300 uM H,O, in fresh complete medium
for 24h, and then, the cells were collected; afterwards,
5x10° treated cells were seeded into the upper com-
partment of the Trans-well units (Millipore, USA) in a-
MEM containing 2% FBS, and the lower compartment
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was filled with complete medium. Twenty-four hours
later, the filters were fixed with 4% PFA at room
temperature for 20 min; then, the filters were washed
with PBS for three times and stained with crystal violet
at room temperature for 3 h; afterwards, the unmigrated
cells were removed and the migrated cells on the lower
surface of Trans-well units were observed using an
inverted microscope (Zeiss, Germany) at a magnification
of x 200. To further quantify the migration rate, we ran-
domly selected five fields to count the number of mi-
grated ADSCs.

Western blot analysis

Cells were lysed with RIPA lysis buffer (0.5 M Tris-HCl,
10mM EDTA, 1.5M NaCl, 10% NP-40, 2.5% deoxy-
cholic acid, pH = 7.4), and the protein concentration was
quantified using a BCA assay kit (TransGen Biotech,
Beijing, China). Afterwards, equal amounts of protein
lysate were separated by 10% SDS-PAGE electrophoresis
and transferred to nitrocellulose membranes (PALL,
USA) in transfer buffer (96 mM glycine, 12mM Tris
base, pH 8.3, and 20% methanol). Then, the membranes
were blocked for 2h in the TBST buffer with 5% BSA
and subsequently incubated with the C-X-C chemokine
receptor type 4 (CXCR4), Bax, Bcl-2, and Cyclin-D1 (all
from Wuhan Boster Biological Technology Co., Ltd.,
Wuhan, China; 1:500 dilution) at 4°C overnight. Next,
the membranes were washed with TBST buffer for three
times and incubated with an anti-rabbit-conjugated sec-
ondary antibody (1:8000 dilution, Santa Cruz Biotech-
nology) for 1 h at room temperature. Finally, the protein
expression levels were detected by an enhanced chemilu-
minescence system, and the quantitative analysis was
performed using the Image J software.

Statistical analysis

Data were expressed as the mean + standard deviation
(SD). All the statistical analyses were performed with
GraphPad Prism version 7.0 (GraphPad Software, CA,
USA). T test was used to assess the statistical analysis
between the two groups. p < 0.05 was considered as sta-
tistically significant.

Results

Antioxidant preconditioning could enhance tissue repair
functions of ADSC transplantation for liver fibrosis

To investigate the effect of antioxidant preconditioning
on tissue repair functions of ADSC transplantation for
liver fibrosis, the histological examination of the liver tis-
sues was performed. As shown in Fig. 1b, the normal
liver tissues did not exhibit any liver fibrosis and inflam-
mation, while the typical fibrosis was clearly observed
around the central vein of liver tissues of the model
group, indicating the liver fibrosis model was
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successfully established by CCl, inducing protocol; com-
paring with the model group, there was less evidence of
liver fibrosis and inflammation in the ADSC transplant-
ation groups, which means ADSC transplantation could
reduce liver fibrosis; significantly, the inflammation and
liver fibrosis in the GSH- or melatonin-pretreated ADSC
group were much less than those in the normal ADSC
treated group, and the hepatic morphology of the
antioxidant-preconditioned ADSC groups was close to
normal, suggesting that antioxidant preconditioning
could increase ADSC repair function on pathological
changes of liver fibrosis.

In order to further determine the degree of liver fibro-
sis, we also qualified the fibrotic area of Masson’s tri-
chrome staining. As shown in Fig. 1c, the fibrotic area
was significantly increased in the CCly-induced liver fi-
brosis model compared with those in the normal mice,
while the fibrotic area was significantly decreased after
ADSC transplantation; of note, the decreased liver fibro-
sis was observed in the antioxidant-preconditioned
ADSC groups compared with those in the conventional
ADSC therapy group although there was no statistical
difference, indicating that antioxidant preconditioning
might improve the ability of ADSCs to inhibit the degree
of liver fibrosis.

Based on the helpful effects of antioxidant precondi-
tioning on ADSC transplantation for liver fibrosis, we
next analyzed the hydroxyproline content in liver tissues.
Compared with the normal group, the hepatic hydroxy-
proline content was significantly increased in the CCl,-
induced liver fibrosis model group, while the content of
hydroxyproline in the ADSC treated groups exhibited
markedly decrease compared to those in the model
group; significantly, lower hydroxyproline content was
observed in the antioxidant-preconditioned ADSC
groups compared with the un-pretreated ADSC group
(Fig. 1d), which means that antioxidant preconditioning
could enhance the ability of ADSCs to inhibit hydroxy-
proline production in fibrotic liver tissues.

Antioxidant preconditioning could improve ADSCs’ ability
to restore liver function in liver fibrosis mice

We next measured the serum levels of AST, ALT, TBIL,
and ALB to further confirm the liver functions of fi-
brotic mice after ADSC transplantation. As shown in
Fig. 2, the markedly increased serum levels of AST,
ALT, and TBIL and the decreased serum level of ALB
were observed in the CCl,-induced liver fibrosis model
comparing with those in the normal group, suggesting
the serious hepatic dysfunctions in CCly-treated mice;
however, the reduced serum levels of AST, ALT, and
TBIL and the increased ALB levels could be clearly ob-
served in the ADSC therapy groups when compared
with those in the model group, implying that the ADSC
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Fig. 2 Antioxidant preconditioning enhances ADSC's ability to restore liver function in vivo. The serum level of ALT (a), AST (b), TBIL (c), and ALB
(d) after ADSC transplantation (n =6 per group; *p < 0.05; **p < 0.01; ***p < 0.001). ADSCs, adipose tissue-derived mesenchymal stem cells; G-
ADSCs, ADSCs pretreated with reduced glutathione; M-ADSCs, ADSCs pretreated with melatonin; ALB, albumin; ALT, alanine aminotransferase;
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transplantation could recover the liver functions of liver
fibrosis murine model; moreover, comparing with the
normal ADSC group without preconditioning, the de-
creased serum levels of AST, ALT, and TBIL and the in-
creased ALB level were more obvious in the GSH- or
melatonin-pretreated ADSC group; significantly, the
serum level of ALT and TBIL in the antioxidant-
preconditioned ADSC groups was close to normal.
Taken together, these results suggested that antioxidant
preconditioning using GSH or melatonin could signifi-
cantly enhance ADSCs’ ability to accelerate liver func-
tion recovery in liver fibrotic mice.

Antioxidant preconditioning could enhance intrahepatic
engraftment of ADSCs in liver fibrosis mice

In order to investigate the effects of antioxidant precon-
ditioning on hepatic engraftment efficiency of ADSCs,
the ADSCs were labeled with Cm-dil and subsequently
transplanted into the liver fibrosis mice via tail vein in-
jection. Then, the major organs including the heart,
liver, spleen, lung, and kidney were collected for ex vivo
imaging after ADSC transplantation for 1h, 4h, 1 day, 3
days, and 7days, respectively (Fig. 3a). The results
showed that the fluorescence dye (Cm-dil) was clearly
observed in ADSCs, which means the successful labeling
of ADSCs by Cm-dil (Fig. 3b). Comparing with the

control mice without antioxidant precondition, remark-
ably enhanced fluorescence intensity in liver tissues was
observed in the groups of GSH- or melatonin-pretreated
ADSC transplantation for several time points including
4h, 1day, 3days, and 7 days, suggesting that the en-
hanced hepatic engraftment of ADSCs could be achieved
by antioxidant preconditioning with GSH or melatonin
(Fig. 3c). To further confirm the intrahepatic engraft-
ment of ADSCs, the liver tissues (after ADSC transplant-
ation for 7 days) were paraffin embedded and sectioned
into slices to observe the engrafted cells through labeled
fluorescence. As shown in Fig. 3d, e, the increased hep-
atic retention and fluorescence intensity of ADSCs were
clearly observed in the antioxidant preconditioning
groups comparing with the untreated ADSC group,
which further confirmed that the antioxidant precondi-
tioning could promote ADSC retention in the fibrotic
liver tissues. Taken together, these data suggested that
antioxidant preconditioning could improve the engraft
efficiency of ADSC transplantation for liver fibrosis.

Protective effects of antioxidant preconditioning on
oxidative stress-induced cell injury

Since ROS-induced oxidative stress is a major character-
istic of liver fibrosis, and it is also the main reason that
is responsible for the extremely low engraft efficiency of
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ADSC transplantation in liver fibrosis [24], the protect-
ive effects of antioxidant preconditioning on ROS-
induced oxidative cell injury was further investigated.
Here, a typical HyO,-induced cell injury model was ap-
plied to mimic the cell oxidative injury to investigate the
protective effects of antioxidant pretreatment (including
GSH and melatonin) on ROS-induced ADSC oxidative
injury.

Considering that the increased intrahepatic engraft-
ment of ADSCs might due to the protective effect of
antioxidant preconditioning on enhanced cell migration
ability of ADSCs under oxidative stress environment, we
next investigated the effect of antioxidant precondition
on cell migration of ADSCs under H,O, treatment. As
shown in Fig. 4a, b, the number of migrated ADSCs was
significantly decreased in the H,O,-treated group com-
pared with the normal ADSCs, thus indicating the inhib-
ited cell migration of ADSCs induced by oxidative
injury, while the cell migration capacity could be im-
proved in the GSH- or melatonin-pretreated group

compared with the un-pretreated ADSCs under the
oxidative-injured condition, suggesting that antioxidant
preconditioning could improve the cell migration ability
of ADSCs against oxidative injury; additionally, similar
results were also observed using the wound healing assay
(Fig. S1). To further confirm the protective effect of anti-
oxidant preconditioning on ADSC migration and hom-
ing, the cell adhesion assay was also performed. As
shown in Fig. S2, the number of adhered ADSCs was
significantly decreased in the H,O,-treated group com-
pared with the normal ADSCs, thus indicating the inhib-
ited cell adhesion of ADSCs induced by oxidative injury,
while the cell adhesion capacity of ADSCs could be par-
tially recovered in the GSH- or melatonin-pretreated
group compared with the un-pretreated cells under the
oxidative-injured condition, suggesting that antioxidant
preconditioning could protect the ADSC adhesion ability
against oxidative injury.

Since CXCR4 has been reported to be one of key che-
mokine receptor which can mediate stem cell migration
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and homing to the targeted sites [25], we next analyzed
the protein expression of CXCR4 in ADSCs injured by
H,0,. Our results have shown that the decreased ex-
pression of CXCR4 in ROS-injured ADSCs could be re-
versed by using the pretreatment of GSH or melatonin,
which suggested that antioxidant preconditioning could
enhance CXCR4 expression of ADSCs under oxidative
injury condition. Overall, these results demonstrated that
antioxidant preconditioning could promote cell migra-
tion ability of ADSCs in the oxidative condition.

Next, we investigated the protective effects of antioxi-
dant preconditioning on cell survival of ADSCs. As
shown Fig. 5a—c, the decreased cell viability and the in-
creased cell apoptosis of ADSCs were obviously ob-
served in the H,O,-treated group compared with those
in normal ADSCs, which means the decreased cell sur-
vival rate of ADSCs in the oxidative-injured environ-
ment; however, these cell injuries could be significantly
inhibited after antioxidant preconditioning with GSH or
melatonin compared with the un-pretreated ADSCs,
suggesting that antioxidant preconditioning could pro-
mote cell viability and inhibit cell apoptosis under the
oxidative-injured condition. Additionally, we also exam-
ined the key makers of cell proliferation and apoptosis

to further show the protective mechanisms of antioxi-
dant preconditioning on ADSC cell survival. As shown
in Fig. 5d, e, antioxidant pretreatment significantly in-
creased the expression of Bcl-2 and Cyclin-D1, and
downregulated the Bax expression, thus indicating that
antioxidant preconditioning could enhance the cell sur-
vival of ADSCs by promoting cell proliferation and inhi-
biting cell apoptosis.

Taken together, these data suggested that the en-
hanced hepatic engraftment of ADSCs might partly attri-
bute to the protective effects of antioxidant
preconditioning on cell migration and cell survival of
ADSCs within the oxidative stress environment.

Discussion

The low cell engraftment efficiency always leads to
ADSC therapy failure, which is becoming a major obs-
tacle hindering clinical applications of ADSCs. In this
study, we develop a novel strategy based on antioxidant
preconditioning including GSH and melatonin to en-
hance intrahepatic engraftment of ADSC transplantation
for liver fibrosis. By low dose of GSH or melatonin pre-
treatment on ADSCs before transplantation, we certified
that this strategy (antioxidant preconditioning) could
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Fig. 5 Antioxidant preconditioning promotes the cell survival of ADSCs in vitro. a Cell viability of ADSCs with or without antioxidant pretreatment
in H,O,-induced cell injury model (n =5 per group; **p < 0.01; ***p < 0.001). b Representative images of cell morphology of ADSCs treated with
H>0, (scale bar, 50 um). ¢ Cell apoptosis was evaluated by flow cytometry. d Western blotting of Bcl-2, Bax, and Cyclin-D1 in ADSCs treated with
H,0,. e Relative expression of Bcl-2, Bax, and Cyclin-D1 in ADSCs treated with H,O, (n =3 per group; *p < 0.05; **p < 0.01). ADSCs, adipose tissue-
derived mesenchymal stem cells; G-ADSCs, ADSCs pretreated with reduced glutathione; M-ADSCs, ADSCs pretreated with melatonin; H,0,,
hydrogen peroxide

promote therapeutic functions of ADSCs for liver fibro-
sis in vivo. Particularly, we also found the increased hep-
atic retention of ADSCs in fibrotic liver parenchyma
after ADSC transplantation for 7 days. Hence, our study
provides a novel strategy for enhancing ADSC therapy
of liver fibrosis.

The high level of ROS seriously impairs stem cell func-
tions including migration, adhesion, and proliferation, as
well as the stemness and multiple differential potential,
finally leading to low cell engraftment efficiency in vivo
[22, 26, 27]. To overcome this obstacle, antioxidant pre-
conditioning has been previously used to improve ADSC
therapy for other diseases, including acute lung
ischemia-reperfusion injury [27], sepsis-induced kidney

injury [28], and acute interstitial cystitis [29]. In particu-
lar, melatonin pretreatment has been used to improve
the hepatic homing and therapy of bone marrow-derived
mesenchymal stem cells (BMSCs) in liver fibrosis [30,
31]. However, recent evidence has been suggested that
melatonin pretreatment could be more applicable in en-
hancing cell therapy of ADSCs than in BMSCs [32], and
hence, it is worthwhile to apply melatonin pretreatment
to improve the therapeutic effect of ADSCs for liver fi-
brosis. As predicted, we also found that melatonin pre-
treatment significantly increased the hepatic retention of
ADSCs and promoted ADSC therapy for CCly-injured
liver fibrosis in the current study. Considering glutathi-
one is an important endogenous antioxidant for
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protecting stem cell growth [33] and GSH is a major
drug for treating liver diseases [34], GSH was also used
for the pretreatment of ADSC therapy for liver fibrosis
in our study. Of note, compared with melatonin pre-
treatment, we found the hepatic engraftment of ADSCs
could be further improved by using GSH pretreatment
(after ADSC transplantation for 4 h and 7 days, respect-
ively). Therefore, our data suggested that GSH pretreat-
ment might be more suitable for enhancing ADSC
therapy for liver fibrosis.

Given that oxidative stress, as a typical characteristic
of liver fibrosis, is a major issue in the low survival rate
of ADSC transplantation, we further investigated the
protective effect of antioxidant preconditioning on a typ-
ical oxidative-injured model (H,O, induction) in vitro.
As predicted, we found that antioxidant preconditioning
could promote cell viability and inhibit cell apoptosis in
H,0;,-injured ADSCs, which in turn revealed the mecha-
nisms that antioxidant preconditioning enhanced ADSC
survival rate through reducing oxidative stress induced
by ROS. Accordingly, targeted regulation of oxidative
stress in injured liver (in vivo) might be another strategy
for enhancing stem cell engraftment, and the relevant
work deserves further study.

Here, we demonstrated that antioxidant preconditioning
could effectively enhance transplantation efficiency and
therapeutic outcomes of ADSCs for liver fibrosis, and this
finding might be a promising and practical approach for
accelerating clinic translation of ADSC-based therapy.

Conclusion

In conclusion, we demonstrated that antioxidant precon-
ditioning could effectively enhance the intrahepatic en-
graftment efficiency of ADSCs, therefore improving the
therapeutic effect of ADSC therapy for liver fibrosis, and
antioxidant preconditioning might present a practical
strategy for enhancing ADSC therapy.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/513287-020-01763-y.

Additional file 1: Figure S1. Antioxidant preconditioning promotes cell
motility of ADSCs in vitro. a ADSC motility after treatment with 100 uM
H,O, (x100 magnification; scale bar, 100 um). b Quantification of ADSC
migration rate after treatment with H,O, (n = 5 per group; **p < 0.01;
**¥p < 0.001). ADSCs adipose tissue-derived mesenchymal stem cells, G-
ADSCs ADSCs pretreated with reduced glutathione, M-ADSCs ADSCs
pretreated with melatonin, H,0, hydrogen peroxide.

Additional file 2: Figure S2. Antioxidant preconditioning promotes cell
adhesion of ADSCs in vitro. a ADSC adhesion after treatment with 300
M H,0, (x200 magnification; scale bar, 50 um). b Quantification of
number of adhesive ADSCs after treatment with H,O, (n = 5 per group;
*p < 0.05; ***p < 0.001). ADSCs adipose tissue-derived mesenchymal stem
cells, G-ADSCs ADSCs pretreated with reduced glutathione, M-ADSCs
ADSCs pretreated with melatonin, H,0, hydrogen peroxide.

Additional file 3: Supplementary materials.

Page 10 of 11

Abbreviations

ADSCs: Adipose tissue-derived mesenchymal stem cells; ROS: Reactive
oxygen species; GSH: Reduced glutathione; CCl,: Carbon tetrachloride;
AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; TBIL: Total
bilirubin; ALB: Albumin; PFA: Paraformaldehyde; H,O,: Hydrogen peroxide;
CXCR4: C-X-C chemokine receptor type 4

Acknowledgements
Not applicable.

Authors’ contributions

NL and XL participated in the study design and drafted the manuscript. YS
and YZ participated in the isolation and culture of ADSCs, and western blot
analysis. YS and NL performed the animal study, cell proliferation, and cell
apoptosis assay. FL participated in the histologic section. YW and NL
performed the data analysis. BZ, YZ, XL, and JL proofread the manuscript. JL
and XL participated in the study design, obtained the financial support, and
proofread the manuscript. All authors read and approved the final
manuscript.

Funding

This work was supported by the Natural Science Foundation of China (grant
no. 81672376), the Youth Scientific Research Project of Fujian Provincial
Health and Family Planning Commission (grant nos. 2017-1-85 and 2018-1-
93), the Fuzhou Health and Family Planning Science and Technology Project
(grant no.2017-S-wt2), and the Startup Fund for scientific research, Fujian
Medical University (grant no. 2018QH1198).

Availability of data and materials
The data sets supporting the results of this article are included within the
article.

Ethics approval and consent to participate

All animal experiments were approved by the Animal Ethics Committee of
Mengchao Hepatobiliary Hospital of Fujian Medical University and Fuzhou
General Hospital, and all procedures were performed in accordance with the
guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

The United Innovation of Mengchao Hepatobiliary Technology Key
Laboratory of Fujian Province, Mengchao Hepatobiliary Hospital of Fujian
Medical University, Fuzhou 350025, People’s Republic of China. “Liver Disease
Center, The First Affiliated Hospital of Fujian Medical University, Fuzhou
350007, People’s Republic of China. *Mengchao Med-X Center, Fuzhou
University, Fuzhou 350116, People’s Republic of China. “The Liver Center of
Fujian Province, Fujian Medical University, Fuzhou 350025, People’s Republic
of China.

Received: 3 March 2020 Revised: 25 May 2020
Accepted: 8 June 2020 Published online: 16 June 2020

References

1. Yamato M, Sakai Y, Mochida H, Kawaguchi K, Takamura M, Usui S, Seki A,
Mizukoshi E, Yamashita T, Yamashita T, Ishida K, Nasti A, Tuyen HTB, Komura
T, Yoshida K, Wada T, Honda M, Kaneko S. Adipose tissue-derived stem cells
prevent fibrosis in murine steatohepatitis by suppressing IL-17-mediated
inflammation. J Gastroenterol Hepatol. 2019;34(8):1432-40.

2. Liao N, Zheng Y, Xie H, Zhao B, Zeng Y, Liu X, Liu J. Adipose tissue-derived
stem cells ameliorate hyperglycemia, insulin resistance and liver fibrosis in
the type 2 diabetic rats. Stem Cell Res Ther. 2017;8(1):286.

3. Liao N, Pan F, Wang Y, Zheng Y, Xu B, Chen W, Gao Y, Cai Z, Liu X, Liu J.
Adipose tissue-derived stem cells promote the reversion of non-alcoholic
fatty liver disease: an in vivo study. Int J Mol Med. 2016;37:1389-96.


https://doi.org/10.1186/s13287-020-01763-y
https://doi.org/10.1186/s13287-020-01763-y

Liao et al. Stem Cell Research & Therapy

20.

21.

22.

(2020) 11:237

Pan F, Liao N, Zheng Y, Wang Y, Gao Y, Wang S, Jiang Y, Liu X. Intrahepatic
transplantation of adipose-derived stem cells attenuates the progression of
non-alcoholic fatty liver disease in rats. Mol Med Rep. 2015;12:3725-33.

Seki A, Sakai Y, Komura T, Nasti A, Yoshida K, Higashimoto M, Honda M,
Usui S, Takamura M, Takamura T. Adipose tissue-derived stem cells as a
regenerative therapy for a mouse steatohepatitis-induced cirrhosis model.
Hepatology. 2013;58:1133-42.

Lin YC, Harn HJ, Lin PC, Chuang MH, Chen CH, Lin SZ, Chiou TW.
Commercial production of autologous stem cells and their therapeutic
potential for liver cirrhosis. Cell Transplant. 2017;26:449-60.

Kuo TK, Hung SP, Chuang CH, Chen CT, Shih YR, Fang SC, Yang VW, Lee OK.
Stem cell therapy for liver disease: parameters governing the success of
using bone marrow mesenchymal stem cells. Gastroenterology. 2008;134(7):
2111-21 2121.e1-3.

Francois S, Bensidhoum M, Mouiseddine M, Mazurier C, Allenet B, Semont A,
Frick J, Saché A, Bouchet S, Thierry D, Gourmelon P, Gorin NC, Chapel A.
Local irradiation not only induces homing of human mesenchymal stem
cells at exposed sites but promotes their widespread engraftment to
multiple organs: a study of their quantitative distribution after irradiation
damage. Stem Cells. 2006;24(4):1020-9.

Yamanouchi K, Zhou H, Roy-Chowdhury N, Macaluso F, Liu L, Yamamoto T,
Yannam GR, Enke C, Solberg TD, Adelson AB, Platt JL, Fox IJ, Roy-
Chowdhury J, Guha C. Hepatic irradiation augments engraftment of donor
cells following hepatocyte transplantation. Hepatology. 2009;49(1):258-67.
Puppi J, Strom SC, Hughes RD, Bansal S, Castell JV, Dagher |, Ellis EC, Nowak
G, Ericzon BG, Fox 1), Gdmez-Lechdn MJ, Guha C, Gupta S, Mitry RR, Ohashi
K, Ott M, Reid LM, Roy-Chowdhury J, Sokal E, Weber A, Dhawan A.
Improving the techniques for human hepatocyte transplantation: report
from a consensus meeting in London. Cell Transplant. 2012;21(1):1-10.
Slehria S, Rajvanshi P, Ito Y, Sokhi RP, Bhargava KK, Palestro CJ, McCuskey RS,
Gupta S. Hepatic sinusoidal vasodilators improve transplanted cell
engraftment and ameliorate microcirculatory perturbations in the liver.
Hepatology. 2002;35(6):1320-8.

Bahde R, Kapoor S, Bandi S, Bhargava KK, Palestro CJ, Gupta S. Directly
acting drugs prostacyclin or nitroglycerine and endothelin receptor blocker
bosentan improve cell engraftment in rodent liver. Hepatology. 2013;57(1):
320-30.

Monsel A, Zhu YG, Gennai S, Hao Q, Liu J, Lee JW. Cell-based therapy for
acute organ injury: preclinical evidence and ongoing clinical trials using
mesenchymal stem cells. Anesthesiology. 2014;121(5):1099-121.

Li Q Yin'Y, Zheng Y, Chen F, Jin P. Inhibition of autophagy promoted high
glucose/ROS-mediated apoptosis in ADSCs. Stem Cell Res Ther. 2018,9(1):289.
Song H, Cha MJ, Song BW, Kim IK, Chang W, Lim S, Choi EJ, Ham O, Lee SY,
Chung N, Jang Y, Hwang KC. Reactive oxygen species inhibit adhesion of
mesenchymal stem cells implanted into ischemic myocardium via
interference of focal adhesion complex. Stem Cells. 2010;28(3):9.

Jin HJ, Lee HJ, Heo J, Lim J, Kim M, Kim MK, Nam HY, Hong GH, Cho VS,
Choi SJ, Kim IG, Shin DM, Kim SW. Senescence-associated mcp-1 secretion is
dependent on a decline in bmiT in human mesenchymal stromal cells.
Antioxid Redox Signal. 2016;24(9):471-85.

Zhang DY, Wang HJ, Tan YZ. Wnt/B-catenin signaling induces the aging of
mesenchymal stem cells through the DNA damage response and the p53/
p21 pathway. PLoS One. 2011;6(6):e21397.

Liang R, Ghaffari S. Stem cells, redox signaling, and stem cell aging. Antioxid
Redox Sign. 2014;20(12):1902.

Zhu P, Liu J, Shi J, Zhou Q, Liu J, Zhang X, Du Z, Liu Q, Guo Y. Melatonin
protects ADSCs from ROS and enhances their therapeutic potency in a rat
model of myocardial infarction. J Cell Mol Med. 2015;19(9):2232-43.

Ma Q, Yang J, Huang X, Guo W, Li S, Zhou H, Li J, Cao F, Chen Y. Poly
(lactide-co-glycolide)-monomethoxy-poly-(polyethylene glycol)
nanoparticles loaded with melatonin protect adipose-derived stem cells
transplanted in infarcted heart tissue. Stem Cells. 2018;36(4):540-50.

Shuai Y, Liao L, Su X, Yu Y, Shao B, Jing H, Zhang X, Deng Z, Jin Y.
Melatonin treatment improves mesenchymal stem cells therapy by
preserving stemness during long-term in vitro expansion. Theranostics.
2016;6(11):1899-917.

Liao N, Shi Y, Zhang C, Zheng Y, Wang Y, Zhao B, Zeng Y, Liu X, Liu J.
Antioxidants inhibit cell senescence and preserve stemness of adipose
tissue-derived stem cells by reducing ROS generation during long-term

in vitro expansion. Stem Cell Res Ther. 2019;10(1):306.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

Page 11 of 11

Lee J, Lee S, Lee CY, Seo HH, Shin S, Choi JW, Kim SW, Park JC, Lim S,
Hwang KC. Adipose-derived stem cell-released osteoprotegerin protects
cardiomyocytes from reactive oxygen species-induced cell death. Stem Cell
Res Ther. 2017;8(1):195.

Das S, Maras JS, Hussain MS, Sharma S, David P, Sukriti S, Shasthry SM,
Maiwall R, Trehanpati N, Singh TP, Sarin SK. Hyperoxidized albumin
modulates neutrophils to induce oxidative stress and inflammation in
severe alcoholic hepatitis. Hepatology. 2017,65(2):631-46.

Liao N, Wu M, Pan F, Lin J, Li Z, Zhang D, Wang Y, Zheng Y, Peng J, Liu X,
Liu J. Poly (dopamine) coated superparamagnetic iron oxide nanocluster for
noninvasive labeling, tracking, and targeted delivery of adipose tissue-
derived stem cells. Sci Rep. 2016;6:18746.

Yip HK, Chang YC, Wallace CG, Chang LT, Tsai TH, Chen YL, Chang HW, Leu
S, Zhen YY, Tsai CY, Yeh KH, Sun CK, Yen CH. Melatonin treatment improves
adipose-derived mesenchymal stem cell therapy for acute lung ischemia-
reperfusion injury. J Pineal Res. 2013;54(2):207-21.

Yagi H, Tan J, Tuan RS. Polyphenols suppress hydrogen peroxide-induced
oxidative stress in human bone-marrow derived mesenchymal stem cells. J
Cell Biochem. 2013;114:1163-73.

Chen HH, Lin KC, Wallace CG, Chen YT, Yang CC, Leu S, Chen YC, Sun CK,
Tsai TH, Chen YL, Chung SY, Chang CL, Yip HK. Additional benefit of
combined therapy with melatonin and apoptotic adipose-derived
mesenchymal stem cell against sepsis-induced kidney injury. J Pineal Res.
2014;,57(1):16-32.

Chen YT, Chiang HJ, Chen CH, Sung PH, Lee FY, Tsai TH, Chang CL, Chen
HH, Sun CK, Leu S, Chang HW, Yang CC, Yip HK. Melatonin treatment
further improves adipose-derived mesenchymal stem cell therapy for acute
interstitial cystitis in rat. J Pineal Res. 2014;57(3):248-61.

Mortezaee K, Pasbakhsh P, Ragerdi Kashani |, Sabbaghziarani F, Omidi A,
Zendedel A, Ghasemi S, Dehpour AR. Melatonin pretreatment enhances the
homing of bone marrow-derived mesenchymal stem cells following
transplantation in a rat model of liver fibrosis. Iran Biomed J. 2016;20(4):207-16.
Mortezaee K, Khanlarkhani N, Sabbaghziarani F, Nekoonam S, Majidpoor J,
Hosseini A, Pasbakhsh P, Kashani IR, Zendedel A. Preconditioning with
melatonin improves therapeutic outcomes of bone marrow-derived
mesenchymal stem cells in targeting liver fibrosis induced by CCl4. Cell
Tissue Res. 2017;369(2):303-12.

Rafat A, Mohammadi Roushandeh A, Alizadeh A, Hashemi-Firouzi N,
Golipoor Z. Comparison of the melatonin preconditioning efficacy between
bone marrow and adipose-derived mesenchymal stem cells. Cell J. 2019;
20(4):450-8.

Dannenmann B, Lehle S, Hildebrand DG, Kubler A, Grondona P, Schmid V,
Holzer K, Froschl M, Essmann F, Rothfuss O, Schulze-Osthoff K. High
glutathione and glutathione peroxidase-2 levels mediate cell-type-specific
DNA damage protection in human induced pluripotent stem cells. Stem
Cell Reports. 2015;4(5):886-98.

Sacco R, Eggenhoffner R, Giacomelli L. Glutathione in the treatment of liver
diseases: insights from clinical practice. Minerva Gastroenterol Dietol. 2016;
62(4):316-24.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animals
	Isolation and culture of ADSCs
	Antioxidant pretreatment
	Cell labeling
	Liver fibrosis model establishment and ADSC engraftment examination
	ADSC therapy for liver fibrosis
	Biochemical assays of liver function
	Histological examination
	Cell viability assay
	Cell apoptosis assay
	Cell migration assay
	Western blot analysis
	Statistical analysis

	Results
	Antioxidant preconditioning could enhance tissue repair functions of ADSC transplantation for liver fibrosis
	Antioxidant preconditioning could improve ADSCs’ ability to restore liver function in liver fibrosis mice
	Antioxidant preconditioning could enhance intrahepatic engraftment of ADSCs in liver fibrosis mice
	Protective effects of antioxidant preconditioning on oxidative stress-induced cell injury

	Discussion
	Conclusion
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

