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Abstract. Exosomes are an emerging therapeutic tool for the
treatment of tissue injuries. In the present study, the protective
effect of isolated exosomes from adipose-derived stem cells
(ADSCs-exo) against hepatic ischemia-reperfusion (I/R) injury
was explored. Hepatic I/R injury was achieved by inducing
ischemia for 60 min followed by reperfusion for 2 and 6 h.
Pre-treatment with ADSCs-exo revealed a significant reduction
in necrosis and apoptosis in liver tissue induced by I/R injury.
Hypoxic oxidative stress was managed by exosome-mediated
reduced reactive oxygen species and increased superoxide
dismutase that in turn protected mitochondrial damage and
apoptosis. Reduction in inflammatory mediators such as IL-1$
and TNF-a was also observed and protection of hepatocytes
from I/R injury was evidenced by a significant decrease in
biochemical markers of liver damage (alanine transaminase,
aspartate transaminase and lactate dehydrogenase). Exosomal
prostaglandin E2 (PGE2)-mediated ERK1/2 and GSK-3p
phosphorylation were revealed to increase Bcl-2 and decrease
Bax expression with mitochondrial permeability transition
pore-inhibition which may be considered a prime mechanism

Correspondence to: Dr Hailong Fu or Dr Haitao Xu, Department
of Anesthesiology, Changzheng Hospital, Naval Medical University,
415 Fengyang Road, Shanghai 200003, P.R. China

E-mail: fuhailong1979@163.com

E-mail: xuht1968@163.com

*Contributed equally

Key words: adipose-derived stem cells, exosomes, hepatic
ischemia-reperfusion injury, oxidative stress, ERK/GSK-3f

of exosome-mediated hepatoprotection. In conclusion, our
results indicated that ADSCs-exo pre-treatment is effective in
protecting liver I/R injury.

Introduction

Hepatic ischemia-reperfusion (I/R) injury is a common
cause of postoperative complications or liver damage, and
is also considered a major reason for post-transplantation
liver-graft dysfunction (1,2). During I/R injury, oxidative
phosphorylation is inhibited by hypoxia that results in
anaerobic glycolysis (3). The generation of reactive oxygen
species (ROS), lipid peroxidation and dsDNA damage are
prime mechanisms consequently associated to I/R injury (4,5).
ROS generated by mitochondria and release of inflammatory
mediators from the endoplasmic reticulum result in upregu-
lation of autophagy-related genes (6,7). Several attempts
have been made to control hepatic I/R injury. For instance,
Chen er al reported that dexmedetomidine could protect the
liver from I/R injury by decreasing inflammatory response
associated with NLRC5 (8). In addition, oleanolic acid (9),
I-tetrahydropalmatine (10), hyperoside (11), cerium oxide
nanoparticles (12) have also been reported to have a protective
role against hepatic I/R injury.

Regenerative medicine based on stem cell therapy is a new
area in medicine that offers treatment of degenerative disorders
and injuries. However, implanted stem cells face certain chal-
lenges such as poor survival particularly in hypoxic conditions
causing poor therapeutic response (13,14). Saidi et al used
human adipose-derived mesenchymal stem cells (hADMSCs)
against hepatic I/R injury in a mouse model (15). They identi-
fied that infusion of 1-2 million hADMSCs 30 min prior to
ischemia could decrease I/R injury (15). In another study,
Saat et al determined that C57BL/6 mice-derived MSCs were
ineffective against hepatic I/R injury (with hepatectomy) when
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cells were infused 2 h prior or 1 h following ischemia (16). It
was observed that within 2 h, infused cells disappeared, and
the remaining cells could not reach the area of the injury (16).
Additionally, the necessity of phenotypically stable cells,
higher cost, handling complications, risk of rejection following
implantation and potential risk of ectopic tissue/tumor forma-
tion are other challenges in the application of stem cells. To
avoid such drawbacks related to the administration of stem
cells, exosomes have emerged as a new tool to achieve thera-
peutic outcomes with prolonged circulatory life. Exosomes
are bi-layered vesicles that are released by cells for intercel-
lular signaling (17). They contain proteins, lipids and nucleic
acids (18). Among them, microRNAs (miRNAs or miRs) were
reported to induce the therapeutic effect of exosomes (18).
Exosomes derived from stem cells have exhibited various ther-
apeutic responses such as promotion of wound healing (13),
recovery of neurological function following nerve injury (18),
and protection against kidney injury (19) and erectile dysfunc-
tion (20). Recently, their potential for the treatment of severe
COVID-19 was also proposed (21).

Adipose-derived stem cells (ADSCs) were found to
attenuate hepatic I/R injury in swine models by decreasing
oxidative stress (22). Based on research concerning the
therapeutic potential of exosomes which is similar to stem
cells, it was hypothesized that exosomes derived from
ADSCs (ADSCs-exo) may protect hepatic I/R injury and
these exosomes have greater potential for clinical translation
considering drawbacks related to direct stem cell therapy.
The present study aimed to investigate the protective efficacy
of ADSCs-exo against hepatic I/R injury. ADSCs-exo were
isolated from ADSC culture medium through the differential
centrifugation process. These exosomes were evaluated for
their efficacy through pre-treatment via the portal vein of an
animal model.

Materials and methods

Animals. Male Sprague-Dawley rats (n=41; 6 weeks old),
weighing 160-200 g, were purchased from Sino-British
SIPPR/BK Lab Animal Ltd. (Shanghai, China). The animals
were housed in a pathogen-free environment with standard
conditions of temperature (27+2°C), humidity (50+5% RH)
and a 12-h light/dark cycle. All of the animals were provided
with 24-h free access to food and water. All procedures were
conducted in accordance with the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health and
was approved (approval no. 00100097) by the Medical Ethics
Committee of Naval Medical University (Shanghai, China).

Isolation of ADSCs-exo. ADSCs were isolated from the
inguinal fat. Briefly, 5 rats were euthanized by intraperitoneal
injection of sodium pentobarbital (100 mg/kg). Following
confirmation of death by lack of pulse, breathing and corneal
reflex, the abdomen and back of rats were disinfected using
75% alcohol and placed under an aseptic environment. The
skin from both sides of the abdomen in the groin region was
removed using scissors to expose fat pads. Fat pads were
clamped using an Allis tissue clamp and removed using
ophthalmic scissors. A total of 4-5 ml of fat tissue from each
rat was obtained under sterilized conditions, and was digested

with collagenase type I (0.25%) for 50 min at 37°C with shaking
using a laboratory shaker. Following digestion, high sugar
DMEM containing 10% FBS (both from Life Technologies;
Thermo Fisher Scientific, Inc.) and standard concentrations
of penicillin (10 U/ml) and streptomycin (100 xg/ml; both
from Shanghai Yeasen Biotechnology Co., Ltd.) was added to
the fat mixture followed by filtration through a cell strainer.
Subsequently, following appropriate dilution, the supernatant
was centrifuged at 1,000 x g for 10 min at 25°C to collect
cells that were further cultured in 10 cm? cell culture plates.
Following the third passage of cells, surface markers CD73,
CD90, CD105, CD34, CD45 and CD11b were identified using
marker identification kit Oricell®; cat. no. RAXMX-09011;
[Saiye (Guangzhou) Biotechnology Co., Ltd.] according to the
manufacturer's protocol, and a flow cytometer (BD LSR II;
BD Biosciences).

The third generation of ADSCs was cultured at 37°C and
5% CO, in a petri dish with complete medium, and after
80% confluency was reached, the medium was replaced with
serum-free medium that was collected after 48 h. The collected
serum-free medium was centrifuged at 400 x g for 15 min at
4°C to remove floating cells. The supernatant was collected
and centrifuged at 10,000 x g for 15 min at 4°C to remove
cellular debris. Exosomes were collected through ultracen-
trifugation at 100,000 x g for 13 h at 4°C. Subsequently, the
exosomes were gently washed with PBS and collected through
centrifugation at 14,000 x g for 10 min at 4°C. Collected
exosomes were observed under transmission electron micros-
copy (TEM) and surface markers including TSG101 (1:1,000;
product code ab83), CD9 (1:1,000; product code ab92726)
and CD63 (1:1,000; product code ab193349; all from Abcam)
were identified using western blot analysis according to the
manufacturer's protocol.

Surgical procedures. A total of 36 SD rats were divided into
three groups: Sham-operated rats (Sham), PBS-treated rats
for I/R injury (PBS + I/R) and exosome-treated rats for I/R
injury (ADSCs-exo + I/R). Rats were fasted 12 h prior to the
experiment. For the surgical procedure, rats were anesthetized
by intraperitoneal (i.p.) injection of 1% pentobarbital sodium
(45 mg/kg of body weight). Following midline laparotomy,
the portal vein and portal artery were clamped to induce 70%
hepatic ischemia. A total of 50 ul exosomes (30 pg) were
administered via the portal vein before induction of ischemia
in rats included in the ADSCs-exo + I/R group while a similar
volume of PBS was administered in rats in the PBS + I/R
group (Fig. 1). Ischemia was maintained for 60 min followed
by reperfusion. During experimental procedures, the rats
were placed on a 37°C warmed surface. Following 2 and 6 h
of reperfusion, rats (n=6, for each time-point) were sacrificed
using 100 mg/kg intraperitoneal injection of pentobarbital
sodium and liver and serum samples were collected for further
examination. The death of the rats was confirmed by lack of
pulse, breathing and corneal reflex. For the sham group, the
same procedure was followed without clamping of hepatic
vessels.

Biochemical analysis. Collected blood was centrifuged at
1,000 x g for 15 min at 4°C to obtain serum that was analyzed
for quantification of alanine aminotransferase (ALT), aspartate
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Figure 1. (A) Image demonstrating midline laparotomy and clamping of the portal vein and artery. (B) Grouping of animals and illustration of the experimental
protocol. I/R, ischemia-reperfusion; ADSCs-exo, exosomes from adipose-derived stem cells.

aminotransferase (AST) and lactate dehydrogenase (LDH)
using commercial kits (cat. no. ALTOO0A, AST000S and
LDHO00S for ALT, AST and LDH, respectively; from Beijing
Autobio Co. Ltd.) following the manufacturer's protocol on
Auto-Analyzer (TBA-120FR; TOSHIBA).

Antioxidant enzymes and lipid peroxidation analysis. The
levels of malondialdehyde (MDA; cat. no. MBS727531;
MyBioSource, Inc.), superoxide dismutase (SOD; cat.
no. MBS266897; MyBioSource, Inc.) and ROS (cat.
no. LS-F9759; LifeSpan BioSciences, Inc.) were determined in
liver homogenates using a commercial testing kits according
to the manufacturer's protocol.

Determination of inflammatory markers. The expression
levels of interleukin (IL)-1B (product code ab255730; Abcam)
and TNF-a (product code ab236712; Abcam) were detected in
rat serum using respective ELISA kits.

cAMP and PGE?2 assay levels. The amount of cAMP in serum
was quantified using cCAMP Complete ELISA kit (product
code ab133051; Abcam). Furthermore, prostaglandin E2
(PGE2) was also quantified in serum using PGE2 ELISA kit
(product code ab133021; Abcam).

Histological analysis. Following 2 and 6 h of reperfusion,
collected liver tissue samples were fixed in 4% formalde-
hyde solution for 12 h at 4°C. The tissue was dehydrated and
embedded in paraffin (23). Embedded tissues were sliced
into 5-ym thick sections. For necrosis evaluation, hema-
toxylin and eosin (H&E) staining was performed according
to the manufacturer's protocol (Beyotime Institute of
Biotechnology). Briefly, hematoxylin staining solution was
added on specimens for 5 min at room temperature followed
by washing with tap water for 1-2 min. The slides were dipped
in 1% hydrochloric acid in 70% ethanol for 10 sec followed
by washing with tap water for 10 min. Eosin staining solution
was added on specimens for 30 sec and directly immersed in
95% ethanol followed by absolute ethanol for 10 sec. Necrotic
areas were quantified using ImagelJ software (version 1.51j8;
National Institutes of Health). TdT-mediated dUTP nick-end
labeling (TUNEL) staining was also performed to observe
apoptotic cells in liver samples using a commercial kit (cat.
no. 11684817910; Roche Diagnostics), following the manufac-
turer's protocol. Briefly, TUNEL reaction mixture (50 ul) was

added onto specimens and placed at 37°C for 1 h in a dark
humidified box. After washing with PBS (three times for 3 min
each), 50 ul converter-peroxidase was added to specimens
for 30 min at 37°C for 1 h in a dark humidified box followed
by DAB staining for 30 min at 25°C. Stained samples were
observed using light microscope (Olympus CX41; Olympus
Corporation). The percentage apoptotic cells was counted
using the following formula: (Number of apoptotic cells/total
number of cells) x100.

For immunohistochemical analysis, liver samples were
fixed using 4% paraformaldehyde (in normal saline) for 10 min
at room temperature, and further sliced into 30-pgm-thick
sections. Following washing with PBS, permeabilization was
performed using washing buffer with 0.3% H,0O, and 0.5%
Triton X-100. Sections were incubated with respective primary
antibodies including ERK1/2 (1:1,000; product no. 4695),
p-ERK1/2 (1:2,000; product no. 4370), GSK-3p (1:1,000;
product no. 5676) and p-GSK-3f (1:1,000; product no. 9322;
all from Cell Signaling Technology, Inc.) at 4°C overnight after
blocking non-specific binding sites with 3% BSA (Shanghai
Yeasen Biotechnology Co., Ltd.) for 1 h at room temperature.
Samples were washed and incubated in secondary antibodies
(HRP-goat anti-mouse IgG, cat. no. GB23301 for ERK1/2 and
GSK3p and HRP-goat anti-rabbit IgG, cat. no. GB23303 for
p-ERK1/2 and p-GSK3; both from Servicebio) at 1:200 dilu-
tion for 1 h at room temperature followed by staining with
DAB (0.05%) for 10 min at room temperature. Images were
analyzed to calculate the positive expression of phosphoryla-
tion of extracellular receptor kinase (ERK) and glycogen
synthase kinase-3b (GSK-3f). Positive area <10% was graded
as (-), positive area between 10-30% was graded as (+) while
positive area >30% was graded as (++).

TEM. Following 6 h of reperfusion, electron microscopic
analysis of liver tissue was performed to observe subcellular
modification. Liver samples were first fixed in a 1% osmic acid
fixative solution for 3 h at 4°C. Fixed samples were dehydrated
with graded ethanol solution followed by ethanol/acetone
solutions and 90% acetone. Following washing with PBS, dehy-
drated samples were embedded in acetone: OCT compound
(2:1) for 4 h. Tissues were finally embedded in 100% embed-
ding medium and dried (at 37°C overnight, 45°C for 12 h
and 60°C for 24 h). Dried samples were sliced into 50-nm
sections and observed under a transmission electron micro-
scope (Crossbeam 550 FE; Carl Zeiss AG) following staining
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with 2% uranyl acetate and lead citrate at room temperature
for 10 min. Embedding medium and staining solutions were
provided by Microscopy Core Facility of Westlake University.

Western blot analysis. Protein expression levels of ERK1/2,
phosphorylated (p)-ERK1/2, GSK-3p, p-GSK-3f3, Bcl-2 and
Bax were evaluated using western blotting as per standard
protocol. The liver lysate was obtained by homogenizing the
liver tissue in RIPA lysis buffer (cat. no. PO013B; Beyotime
Institute of Biotechnology) followed by centrifugation at
12,000 x g at 4°C for 15 min. A total of 40 ug of protein
sample, following quantification using a BCA kit, were
separated using 10% SDS-PAGE and transferred to PVDF
membranes. Non-specific binding of antibodies was blocked
by incubation in 5% BSA for 32 h at 4°C. Blots were further
incubated at 4°C overnight with respective primary antibodies:
ERK1/2 (1:1,000; product no. 4695), p-ERK1/2 (1:2,000;
product no. 4370), GSK-3f (1:1,000; product no. 5676),
p-GSK-3p (1:1,000; product no. 9322; all from Cell Signaling
Technology, Inc.), Bcl-2 mouse monoclonal antibody (1:1,000;
60178-1-Ig; ProteinTech Group, Inc.), Bax rabbit monoclonal
antibody (1:1,000; cat. no. 60267-1-Ig; ProteinTech Group,
Inc.) and GAPDH (1:1,000; product no. 5174; Cell Signaling
Technology, Inc.) followed by incubation with goat anti-rabbit
IgG HRP-linked secondary antibody (1:2,000; cat. no. 7074;
Cell Signaling Technology, Inc.) for 1.5 h at 25°C. Blots were
washed with TBS with 0.05% Tween-20 (TBST) thrice and
a chemiluminescence reaction was achieved with an ECL
reagent (cat. no. 34076; Thermo Fisher Scientific, Inc.) for
visualization. Images were captured using an image analysis
system (model GIS-1000; Tanon Science and Technology
Co., Ltd.). Western blot images were further analyzed using
ImagelJ software (version 1.51j8; National Institutes of Health)
to determine the relative expression of proteins.

Reverse transcription-quantitative (RT-q)PCR. In addition
to immunohistochemistry and western blotting, RT-qPCR
was also performed to analyze the expression of ERK1/2
and GSK-3p. Total RNA was extracted using TRIzol LS and
TRIzol (Invitrogen, Thermo Fisher Scientific, Inc.) according
to the manufacturer's protocol. Subsequently, the concentration
and purity of obtained RNA were determined by Nano-Drop
spectrophotometer (Thermo Fisher Scientific, Inc.), and if
the OD,¢,50 Was in the range of ~1.8-2.0 this was deemed as
acceptable. Then, the expression level of genes was examined
by RT-qPCR with the SYBR Green I (Takara Bio, Inc.) dye
detection method according to the manufacturer's protocol.
The thermocycling conditions were as follows: Denaturation
at 95°C for 5 min followed by annealing at 60°C for 15 sec and
extension at 72°C for 25 sec (40 cycles). A total of 1 ug of total
RNA from each sample was reverse-transcribed using Takara
reverse transcription kit (cat. no. 639505, Takara Bio, Inc.)
following the manufacturer's protocol. f-actin was used as a
loading control. The primers were as follows: f-actin forward,
5'-CCCGCGAGTACAACCTTCT-3' and reverse, 5'-CGTCAT
CCATGGCGAACT-3"; ERK1/MAPK3 (248 bp) forward,
5'"TCCGCCATGAGAATGTTATAGGC-3' and reverse,
5'-GGTGGTGTTGATAAGCAGATTGG-3"; ERK2/MAPK1
(84 bp) forward, 5'-GGTTGTTCCCAAATGCTGACT-3'
and reverse, 5'-CAACTTCAATCCTCTTGTGAGGG-3'; and

GSK-3p (200 bp) forward, 5"-TATGGTCTGCAGGCTGT
GTG-3' and reverse, 5-CCGAAAGACCTTCGTCCAA-3".
Finally, the cycle threshold (Cq) of each sample was detected
using ABI 7900 thermocycler (Applied Biosystems; Thermo
Fisher Scientific, Inc.), and the relative expression of genes
was calculated using 2224 method (24). Each experiment was
repeated three times.

Statistical analysis. All data were presented as the mean + stan-
dard deviation (SD) (n=6). Comparison between different
groups was performed using one-way ANOVA followed by
Tukey's post hoc test. Statistical analysis was performed using
GraphPad Prism software, version 8.0.2 (GraphPad Software,
Inc.). P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Identification of isolated ADSCs and ADSCs-exo. Isolated
ADSCs were identified using surface markers. Fig. 2A reveals
CD73, CD90 and CDI10S5 on cell surfaces that are positive
markers for ADSCs. Negative expression of CD34, CD45 and
CD11b was also observed for ADSCs as revealed in Fig. 2B.
Furthermore, isolated exosomes from ADSCs were also
confirmed using surface markers such as TSG101, CD9 and
CD63 through western blot analysis as revealed in Fig. 2C.
The morphology and size of exosomes were evaluated by
TEM, and the images obtained revealed spherical vesicular
shape with a size range of 80-150 nm (Fig. 2D). Isolation of
exosomes is a critical step and several methods have been
reported. All methods have advantages and disadvantages;
however, no consensus exists between researchers on a single
method. Ultracentrifugation is a commonly employed method
for isolation of exosomes and was used in the present study as
it does not significantly affect the protein and RNA content of
exosomes (25).

Effect on liver enzymes. Serum concentrations of AST, ALT
and LDH were quantified for three groups as revealed in
Fig. 3. The PBS + I/R rats exhibited higher concentrations of
all markers indicating hepatic damage following 2 and 6 h of
perfusion. In the case of exosome-treated rats, AST, ALT and
LDH concentrations were higher than those of the sham group;
however, their concentrations were significantly lower than
the PBS + I/R group (Fig. 3). These results demonstrated that
exosome treatment could prevent hepatocyte damage induced
by hepatic I/R injury.

Ultrastructural modification of cellular components. TEM
was performed to observe subcellular structures of hepato-
cytes following 6 h reperfusion. Hepatocytes in the sham
group exhibited normal features of nuclei, mitochondria and
endoplasmic reticulum (Fig. 4A). The PBS + I/R group exhib-
ited typical structural changes of I/R injury including swelling
of mitochondria with visible cristae, dilation of hepatic
sinuses, swelling of the endoplasmic reticulum, presence of
Kupffer cells and the nuclei of hepatocytes exhibited pyknosis
(Fig. 4B). In the ADSCs-exo + I/R group, nuclei were slightly
swollen, the endoplasmic reticulum was slightly widened,
while no noticeable swelling was observed in mitochondria
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Figure 2. Identification of isolated ADSCs and ADSCs-exo. (A) Expression of surface positive markers CD73, CD90 and CD105 on ADSCs. (B) Expression
of negative markers CD11b, CD34 and CD45 on ADSCs. (C) Expression of TSG101, CD9 and CD63 on ADSCs-exo. (D) Image of isolated exosomes obtained
using transmission electron microscopy. ADSCs-exo, exosomes from adipose-derived stem cells.
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Figure 3. Serum biochemical markers (A) aspartate aminotransferase,
(B) alanine aminotransferase and (C) lactate dehydrogenase of the sham
group, the PBS + I/R group and the ADSCs-exo + I/R group (n=6). "P<0.005.
AST, aspartate aminotransferase; ALT, alanine aminotransferase; LDH,
lactate dehydrogenase; I/R, ischemia-reperfusion; ADSCs-exo, exosomes
from adipose-derived stem cells.

(Fig. 4C). Collectively, ADSCs-exo treatment was found to
attenuate the I/R injury effect on subcellular components.

Influence of ADSCs-exo on necrosis and apoptosis. The
protective effect of ADSCs-exo against I/R injury was further
evaluated using necrosis and apoptosis. H&E-stained images
of liver samples of all groups following 2 and 6 h of reper-
fusion are presented in Fig. SA. The sham group exhibited
no significant liver tissue necrosis (Fig. SA and B). The PBS
+ I/R group exhibited a significantly higher necrotic area
which was evidence of I/R injury (Fig. 5B). In addition,
with ADSCs-exo treatment, a significant reduction in the
necrotic area was observed which indicated the efficacy of
ADSCs-exo in protecting against I/R injury (Fig. 5A and B).
Similarly, the PBS + I/R group exhibited a higher number of
apoptotic cells as determined by TUNEL staining of liver
sections following 2 and 6 h of reperfusion (Fig. 5C and D).
ADSCs-exo pre-treatment produced a significant reduction
in apoptotic cells as revealed in Fig. 5C and D. Collectively,
it was demonstrated that ADSCs-exo pre-treatment produced
a significant reduction in liver tissue necrosis and apoptosis
caused by I/R injury.

Analysis of oxidative stress and lipid peroxidation due to I/R
injury. For oxidative stress evaluation, the concentration of
SOD and ROS activity in liver homogenates were quantified.
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Figure 4. Ultrastructure morphological analysis of hepatocytes isolated from (A-a) sham rats following 6 h of reperfusion, (B-a) rats from the PBS + I/R group
and (C-a) the ADSCs-exo + I/R group. (A-b, B-b and C-b) are the magnified images of A-a, B-a and C-a, respectively. Scale bar, 5 ym for A-a, B-a and C-a;
2 ym for A-b, B-b and C-b. ER, endoplasmic reticulum; N, nucleus; K, Kupffer cells; M, mitochondria; I/R, ischemia-reperfusion; ADSCs-exo, exosomes from
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A lower concentration level of SOD was observed in the PBS +
I/R group following 2 and 6 h of reperfusion compared with
the sham group (Fig. 6A). This reduced level of SOD also
increased ROS in the PBS + I/R group (Fig. 6B). Regarding
ADSCs-exo pre-treatment, a significant increase in SOD
was revealed to reduce the oxidative stress by reducing ROS
(Fig. 6A and B). Reduction in ROS may protect hepatocytes

from damage induced by I/R injury. Furthermore, MDA was
also quantified as a marker for lipid peroxidation. Higher
MDA was observed in the PBS + I/R group as compared with
the ADSCs-exo-treated rats indicating that ADSCs-exo could
reduce lipid peroxidation (Fig. 6C). In summary, ADSCs-exo
treatment caused a reduction in oxidative stress and conse-
quently a reduction in lipid peroxidation.



0 sham
& PBS+I/R
B ADSCs-exo+I/R

>

200
150
100

SOD (ng/l)

50

2h 6h

(o9)

800

600

400

ROS (IU/ml)

200

2h 6h

c L S e

MDA (nmol/l)

2h 6h
Time of perfusion

Figure 6. Quantification of (A) superoxide dismutase, (B) reactive oxygen
species and (C) malondialdehyde in the liver of rats of the sham group, the
PBS + I/R group and the ADSCs-exo group after 2 and 6 h of reperfusion
(n=6). "P<0.05. SOD, superoxide dismutase; ROS, reactive oxygen species;
MDA, malondialdehyde; I/R, ischemia-reperfusion; ADSCs-exo, exosomes
from adipose-derived stem cells.

Inflammatory markers. IL-1§ and TNF-a (inflammatory
cytokines) in serum are markers of neutrophil activation and
reported to be increased in I/R injury (26). The PBS + I/R group
exhibited a higher concentration of IL-1p3 and TNF-a than the
ADSC-exo-treated rats following 2 and 6 h of reperfusion as
revealed in Fig. 7. The sham group showed lower values for
inflammatory markers as compared with both the PBS + I/R
and ADSCs-exo + I/R groups (Fig. 7). ADSCs-exo treatment
could reduce inflammatory accumulation of inflammatory cyto-
kines, thus, protecting the liver damage from such mediators.

Analysis of expression of ERK and GSK-35. ERK1/2 and
GSK-3p were evaluated using immunohistochemical analysis
as these pathways have been reported to attenuate ischemic
injury by reducing apoptosis and oxidative stress (27,28). As
shown in Fig. 8A, phosphorylation of ERK1/2 and GSK-3f
were revealed to be increased in the ADSCs-exo-treated
rats. Furthermore, p-ERK1/2 and p-GSK-3f upregulation
was also confirmed by western blot analysis following 2 h of
reperfusion which revealed a higher ratio of p-ERK/ERK and
p-GSK-3B/GSK-3p in the ADSCs-exo-treated rats compared
with the PBS + I/R group (Fig. 8B and C). In the sham group
lower expression of p-GSK-3f was due to lack of I/R injury.
ADSCs-exo caused phosphorylation of ERK1/2 and GSK-3f
in the liver contributing to a protective effect against damage.
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Figure 7. Quantification of inflammatory cytokines, (A) IL-1$ and (B) TNF-a
in the serum of rats after 2 and 6 h of reperfusion (n=6). "P<0.05. I/R, isch-
emia-reperfusion; ADSCs-exo, exosomes from adipose-derived stem cells.

For further validation of results, RT-qPCR was also
performed which revealed significantly higher expression
levels of ERK1 and GSK-3f in the ADSCs-exo-treated rats
compared with the PBS + I/R group. However, no significant
increase was observed in the expression of ERK?2 (Fig. 9).

Bax and Bcl-2. Relative expression of Bax and Bcl-2 is
important to determine apoptotic behavior. As revealed
in Fig. 10A, higher Bcl-2 expression was observed in the
ADSCs-exo-treated group compared with the PBS + I/R

group.

PGE?2 and cAMP levels. PGE?2 levels in the sham, PBS + I/R
and ADSCs-exo + I/R groups are presented in Fig. 10B, which
revealed a significantly higher concentration of PGE2 in the
ADSCs-exo + I/R group after 6 h of reperfusion compared to
both the sham and PBS + I/R groups. Furthermore, a similar
behavior was observed in the case of cAMP levels (Fig. 10C).

Discussion

ADSCs may easily be obtained through minimally invasive
surgical procedures and have been explored in various
therapeutic applications (29). However, several drawbacks
exist concerning the application of stem cells as a thera-
peutic tool (13,14). Recently, ADSCs-exo or components of
ADSCs-exo have exhibited protective potential against a
number of health issues including peripheral nerve injury (30),
erectile dysfunction (31,32), ischemic stroke (33), wound
healing (34), stress urinary incontinence (35) and cardio-
myocyte apoptosis caused by ischemia (36). Based on these
studies, it was hypothesized that ADSCs-exo may potentially
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Figure 8. Expression of ERK1/2, p-ERK1/2, GSK-3f and p-GSK-3p. (A) Immunohistochemical staining of ERK1/2, p-ERK1/2, GSK-3f and p-GSK-3f after
2 and 6 h of reperfusion (scale bar, 200 ym). Positive area <10% was graded as (-), positive area between 10-30% was graded as (+) while positive area >30%
was graded as (++). Expression quantification of relative (B) p-ERK1/2 and (C) p-GSK-3p using western blot analysis. "P<0.05. ERK, extracellular receptor
kinase; p-, phosphorylated; GSK-3f3, glycogen synthase kinase-3b; I/R, ischemia-reperfusion; ADSCs-exo, exosomes from adipose-derived stem cells.
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protect hepatic I/R injury through reduction of apoptosis by
countering oxidative stress caused by hypoxia.

The largest parenchymal organ in mammals is the liver
which performs several important biological functions
including metabolism of biomolecules (lipids, proteins and
carbohydrates), secretion of bile to aid digestion and detoxi-
fication of endo/exogenous toxins (37). Hepatic I/R injury is
a common cause of postoperative morbidity/mortality during
hepatectomy, transplantation or trauma (38). Hypoxia and
generation of ROS are considered major contributors to hepatic
damage by I/R injury (39). ROS may cause DNA damage,
lipid peroxidation and apoptosis of hepatocytes (40,41).
Additionally, the release of inflammatory mediators further
exacerbates apoptosis and tissue damage (42). In the present
study, pre-treatment with ADSCs-exo revealed a reduction of
ROS, an increase in SOD concentration and decreases in IL-1p
and TNF-a expression levels, thus reducing apoptosis/necrosis.
Electron microscopy revealed stable subcellular structures of
hepatocytes for ADSCs-exo-treated rats as compared with the
PBS + I/R group. Furthermore, high expression of p-ERK and
p-GSK-3p was revealed with ADSCs-exo treatment.

GSK-3p inactivation (phosphorylation) has been reported
to protect organs against I/R injury as a self-regulatory
mechanism (43,44). The inactivation of GSK-33 may cause
accumulation of B-catenin via the GSK-3f3/B-catenin signaling
pathway, which has been revealed to increase anti-apoptotic
protein expression (Bcl-2 and survivin) in cells (28). GSK-33
was also revealed to be involved in inducing mitochon-
drial permeability transition pore (MPTP) that leads to
mitochondria-mediated cell death (45,46). Phosphorylation
(inactivation) of GSK-3f inhibited the induction of MPTP via

ADSCs-exo

. p-ERK1/2 | p-GSK-3p.
. Bax [ PP
U etsd . Bcl-2
o elkd ' B-catenin

Figure 11. Schematic diagram of the proposed mechanistic processes involved
in the hepatoprotective activity of ADSCs-exo. ADSCs-exo, exosomes from
adipose-derived stem cells; EP4, prostaglandin E receptor subtype; ERK,
extracellular receptor kinase; GSK-3f3, glycogen synthase kinase-3b.

ANT interaction which is also considered a protective effect of
inactivation of GSK-3f against I/R injury. In the present study,
an increase in Bcl-2 was revealed following 6 h of reperfusion
due to overexpression of p-GSK-30.

In addition to GSK-3f inactivation, ADSCs-exo treat-
ment was also found to upregulate ERK1/2 which was also
a contributor to the protective effect of exosomes against I/R
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injury. Activation (phosphorylation) of ERK was reported
to occur in I/R injury of different organs including the liver.
This upregulation of ERK1/2 with ADSCs-exo treatment was
revealed to be consistent with a recent study (47). ERKs are
considered to induce an anti-apoptotic effect via reduction of
Bax protein and an increase of Bcl-2 (48). Recently, Cai et al
reported a prostaglandin E receptor subtype (EP4)-mediated
hepatoprotective effect against I/R injury in rat model via
ERK1/2 activation (49). In another recent study, Gao et al used
a limb ischemic post-conditioning technique to counteract
hepatic I/R injury (50). They identified activation of ERK1/2
as a key mechanism in the prevention of hepatic I/R injury. In
addition, ERK1/2 activation-mediated cell survival was also
reported by overexpression of Ets-I and Elk-I transcription
factors, which promoted cell growth and proliferation (51,52). In
the present study, an increase in the expression of ERK1/2 was
revealed as an ADSCs-exo-mediated protective mechanism.
The downregulation of Bax mediated by ERK1/2 following 6 h
of reperfusion in the ADSCs-exo-treated rats as compared with
the PBS + I/R group, produced fewer apoptotic cells.

In our previous study, EP4 activation was revealed to
ameliorate hepatic I/R injury viaERK1/2 and GSK-33-mediated
MPTP inhibition (49). Stem cell-derived exosomes were
reported to carry PGE2 which is a ligand of EP4 (53,54).
From this perspective, it is proposed that activation of ERK1/2
and inactivation GSK-3f mediated by ADSCs-exo was due
to PGE2 via secondary messenger-cAMP. In the present
study, higher PGE2 and cAMP levels were also found in
ADSCs-exo-treated rats compared with the PBS + I/R group,
which validated the PGE2-mediated protective effect of
ADSCs-exo. A schematic diagram of the mechanism involved
in the protective effect of exosomes against hepatic I/R injury
is presented in Fig. 11. There may be other components of
exosomes such as heat shock protein-70 (HSP70) which could
also be responsible for the protective effect of exosomes
against hepatic I/R injury (55). In addition, another component
of exosomes that may play an important role in the protection
from I/R injury is miR-126 which was reported to be effec-
tive against acute myocardial infarction (56). However, the
present study proposed PGE2 as an important factor in I/R
injury. Further study may be conducted to evaluate the hepato-
protective effect of these other components. ADSCs-exo were
established as a potential therapeutic tool in the protection
against hepatic I/R; however, general limitations such as lack
of homogeneity, batch-to-batch variation and quality control
for isolated exosomes still need to be addressed.

In conclusion, the present study revealed the potential of
ADSCs-exo in ameliorating hepatic I/R injury in a rat model.
ERK1/2 activation and GSK-3f inactivation was observed via
an increase in G-protein receptor-mediated cAMP, and these
signaling pathways were found to reduce the effects of I/R
injury. The present study was based on single dose model via
portal vein administration. Further study for detailed explora-
tion of the protective mechanism of ADSCs-exo with different
administration routes and dosages should be considered in
future research.
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