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Abstract: This study tests the hypothesis that combined melatonin and exogenic adipose mesenchymal stem cell 
(ADMSC)-derived exosome treatment offers superior protection against liver ischemia-reperfusion (LIR) injury com-
pared to either alone. In vitro studies utilized a macrophage cell line (RAW) pretreated with lipopolysaccharide and 
hepatocytes pretreated with melatonin or exosomes before hypoxia treatment, while in vitro experiments involved 
analyses of liver specimens from male adult Sprague-Dawley rats (n = 50) equally categorized into sham controls 
(SC), LIR only, LIR-exosome (100 µg, 30 minute post-LIR), LIR-melatonin (20 mg/kg, 30 minute post-LIR and 50 mg/
kg at 6 and 18 hours post-LIR), and LIR-exosome-melatonin groups. In vitro studies showed suppression of inflam-
mation (MIF, MMP-9, IL-1β, TNF-α, COX-2) and oxidative stress (NOX-1, NOX-2, oxidized protein)/apoptosis (cleaved 
caspase 3 and PARP) by exosome and exosome/melatonin treatment, respectively (all P<0.001). In vivo data dem-
onstrated lowest liver injury score and plasma AST concentrations in LIR-exosome-melatonin group compared with 
other groups (P<0.001). Besides, expressions of inflammatory markers at protein (ICAM-1, IL-1β, MMP-9, TNF-α, 
NF-κB, RANTES) and cellular (CD3+, CD4+, CD8+, CD161+, CD11+, CD14+, F4/80) levels, and protein expressions 
of apoptosis (cleaved caspase-3, PARP), oxidative stress (NOX-1, NOX-2), DNA damage (γ-H2AX) and mitochondrial 
damage (cytosolic cytochrome-C) markers displayed a pattern similar to that of liver injury score, whereas protein 
expression of anti-oxidants (HO-1, NQO-1) showed progressive increase from SC to the combined treatment group 
(all P<0.001). In conclusion, combined exosome-melatonin regimen was superior to either alone in protecting the 
liver against ischemia-reperfusion injury.

Keywords: Exogenic exosomes, melatonin, liver ischemia-reperfusion injury, inflammation, oxidative stress, immu-
nomodulation, anti-oxidant 

Introduction

Liver ischemia-reperfusion (LIR) injury, which is 
encountered in various clinical situations 
including prolonged cardiopulmonary cerebral 
resuscitation (CPCR), hypovolemic shock from 
hemorrhage or dehydration, septic shock, 
severe congestive heart failure associated with 
cardiogenic shock, and during major hepatic 

resection or liver transplantation when occlu-
sion of the hepatic vascular supplies (i.e. 
Pringle’s maneuver) or complete severance of 
hepatic vascular supply is necessary [1-3], has 
been identified as a major cause of hepatic fail-
ure. Although advances in critical care for 
patients with acute hepatic failure have 
improved the survival rate, the in-hospital mor-
bidity and mortality remain high [1-6]. Therefore, 
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it is of utmost importance to both clinician and 
medical researchers to find a safe and effica-
cious therapeutic modality for patients with 
acute hepatic failure refractory to conventional 
treatment. 

The underlying mechanisms involved in LIR 
injury-associated liver failure have been exten-
sively investigated. It has been reported that 
the generation of free radicals and inflamma-
tory responses as well as the subsequent cas-
cade of immune reactions, mitochondrial dam-
age, and derangement of hepatic microvascula-
ture are all significant contributors to acute 
liver damage [7-12]. It is, therefore, reasonable 
to believe that a therapeutic option that could 
effectively abrogate the inflammatory reac-
tions, the over-reactive immune responses, 
and the generation of free radicals would offer 
significant benefit to patients at the acute 
phase of hepatic failure. 

Exosomes, which are 30-120 nm endocytic 
membrane-derived vesicles physiologically 
released by all cell types and present in all body 
fluids, have been found to be key vehicles for 
the delivery of membrane-enclosed signaling 
molecules and gene products including protein, 
mRNA, and microRNA that may serve as im- 
portant modulators for intercellular communi-
cations [13-16]. Growing data have shown that 
mesenchymal stem cell-, dendritic cell- and 
regulatory T cell-derived exosomes possess 
anti-inflammatory, anti-apoptotic, immunomod-
ulatory, and pro-angiogenic properties [17-21]. 

On the other hand, melatonin, which is a ubiqui-
tous hormone found in animals, plants, fungi 
and bacteria, has also been keenly investigat-
ed. Its role as a potent free radical scavenger 
with capacity of alleviating oxidative stress [22-
24] and inflammatory reactions [25, 26] as well 
as its stabilizing effect on cell membranes [25] 
that renders them less susceptible to inflam-
matory, oxidative, and LIR injury have been well 
documented [22-27]. 

Since it is widely recognized that the underlying 
mechanisms of acute LIR injury involve multiple 
signaling pathways, including inflammation, 
free radical production, mitochondrial damage 
associated with generation of oxidative stress 
[7-12], single therapy would be inferior to a 
combined regimen for protecting against acute 
LIR injury. Beside conventional treatment 

approaches, a number of studies have revealed 
that melatonin has beneficial therapeutic effect 
against LIR injury [26, 28, 29]. Additionally, 
combined therapy has been found to be a 
promising therapeutic option for experimental 
acute lung injury and LIR injury [27, 29]. 
Therefore, based on the reported actions of 
exosomes [17-21] and melatonin [26-29] that 
are similar but yet different, it is rational to 
believe that combined therapy with melatonin 
and adipose mesenchymal stem cell (ADMSC)-
derived exosomes may offer complementary 
and superior protection against LIR injury com-
pared with either alone.

Materials and methods

In vitro study for assessment of anti-inflamma-
tory and anti-oxidative properties of mini-pig 
ADMSC-derived exosomes 

The purpose of utilizing ADMSCS-derived exo-
somes from mini-pigs for the treatment of rat 
acute LIR injury was to verify the intrinsic capac-
ity of anti-inflammation and anti-oxidative 
stress of xenogenic exosomes. The specific pur-
poses and procedures of the in vitro studies 
are: (1) To determine the suppressive effect of 
exosomes on inflammatory reaction, a macro-
phage cell line (1.0 × 105) (RAW 264.7 pur-
chased from ATCC) was cultured with lipopoly-
saccharide (LPS) (100 ng/mL) for 30 minutes. 
The cells were washed with PBS, followed by 
co-culturing with exosomes (50 µM) for 6 or 12 
hours, and (2) To assess the impact of exo-
somes and melatonin on oxidative stress and 
apoptosis, hepatocytes were pretreated with 
melatonin or exosomes for 3 hours, followed by 
culturing in hypoxic condition (1% O2, 5% CO2 
and 94% N2) for 12 hrs in hypoxia chamber.

Ethics on animal use

Male adult Sprague-Dawley (SD) rats were pur-
chased from Charles River Technology, BioLA- 
SCO Taiwan Co., Ltd., Taiwan, and housed in an 
Association for Assessment and Accreditation 
of Laboratory Animal Care International (AA- 
ALAC)-approved animal facility in our hospital 
with controlled temperature (24°C), humidity 
(50%-70%), and light cycle (12/12) for 2 weeks 
before experimentation. All procedures of the 
study were approved by the Institute of Animal 
Care and Use Committee of Kaohsiung Chang 
Gung Memorial Hospital (IACUC No. 20122101) 
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and performed in accordance with the Guide 
for the Care and Use of Laboratory Animals 
[The Eighth Edition of the Guide for the Care 
and Use of Laboratory Animals (NRC 2011)].

Animal grouping, liver ischemia-reperfusion 
procedure and treatment strategy 

Pathogen-free, adult male SD rats (n = 50) 
weighing 325-350 g were randomly divided into 
five groups: group 1 [sham-operated control 
(SC) receiving laparotomy only, plus systemic 
venous administration of fresh culture medium 
(DMEM) immediately and at 0.5, 6 and 18 
hours after operation], group 2 [LIR only, i.e., 
left liver lobe ischemia for 60 minutes followed 
by reperfusion for 72 hours, plus systemic 
venous administration of fresh culture medium 
(DMEM) immediately, 0.5, 6, and 18 hours after 
reperfusion], group 3 [LIR with intravenous 
administration of 100 µg exosomes (LIR-Ex)], 
group 4 [(LIR+intra-peritoneal administration of 
melatonin 20 mg/kg at 0.5 hours after LIR and 
50 mg/kg at 6 and 18 hours after LIR (LIR-
Mel)], and group 5 [LIR+exosomes+melatonin 
(LIR-Ex-Mel)]. The dosage and time points of 
melatonin administration at 30 minutes and 6 
and 18 hours after LIR were based on our 
recent report [27, 30] with some modifications. 
Similarly, the exosome dosage was based on 
our recent report with minimal modification 
[31]. The procedure and protocol of acute LIR 
injury have been described in details in our pre-
vious report [32]. Briefly, the left lobe liver was 
dissected free from the surrounding ligaments. 
Hepatic ischemia was induced by obstructing 
the vessels by placing a 4-0 silk loop around 
the hilar region of the left liver lobe in group 2 
to group 5 rats, whereas group 1 animals 
received only laparotomy without undergoing 
hepatic ischemia. Reperfusion was started 60 
minutes later when the hilar occlusion was 
released.

All animals were euthanized 72 hours after 
reperfusion. Blood samples were collected 
before and after the experiments and plasma 
specimens were harvested for analyses of 
aspartate aminotransferase (AST) concentra-
tion and circulating levels of inflammatory cyto-
kines as well as markers for apoptosis, mono-
nuclear cells, and immune cells. Liver speci-
mens were acquired and then stored at -80°C 
for analyses of protein and mRNA expressions. 

Tissues were also embedded in OCT or 4% buff-
ered formaldehyde for cryo-sectioning and par-
affin sectioning, respectively.

Procedure and protocol for isolation and cul-
turing of adipose-derived mesenchymal stem 
cells (ADMSCs), exosome protein quantifica-
tion, characterization, and preparation 

The procedure and protocol of ADMSC isolation 
and culture have been described in details in 
our recent reports [30, 32]. Briefly, abdominal 
adipose tissue of six mini-pigs (about 16-18 kg) 
was carefully dissected and excised. ADMSCs 
were automatically isolated using KISO™ 
System (Keai Bioresearch, BC, Canada). For the 
purpose of purification, the harvested cells 
were cultured in a 100 mm diameter dish with 
MEM-α culture medium containing 10% FBS for 
14 days. By day 14 after cell culture, flow cyto-
metric analysis was performed for checking the 
purity of the ADMSC population (Figure 1).

The procedures for isolation of exosomes from 
culture medium have been described in details 
in our recent report [31]. Briefly, the exosomes 
were isolated from the culture medium of 
ADMSCs and were pooled for electron micro-
scopic assessment, protein separation and 
characterization, as well as western blot analy-
sis. The proteins in Dulbecco’s Modified Eagle 
Medium (DMEM) (Gibco) supplemented with 
10% serum before and after cell culture were 
separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE). The 
exosomes in DMEM were purified and the pro-
teins in different exosome fractions (1 μg, 2 μg, 
10 μg, and 50 μg) were also separated by SDS-
PAGE. The gel was stained with Coomassie blue 
for analysis. The following primary antibodies 
were used: mouse monoclonal anti-CD63 
(Santa Cruz Biotechnology), rabbit polyclonal 
anti-tumor susceptibility gene-101 (TSG101) 
(Abcam), and anti-β-catenin (Abcam).

Isolation of mitochondria

The rat livers were excised after IR and washed 
with buffer A (100 mM Tris-HCl, 70 mM sucrose, 
10 mM EDTA, and 210 mM mannitol, pH 7.4). 
After homogenization and centrifugation [14], 
the mitochondria-rich pellets were collected 
and stored at -70°C.
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Figure 1. Flow cytometric quantification of adipose-derived mesenchymal stem cells (ADMSCs), morphological features of ADMSCs and exosomes. A: Flow cytomet-
ric identification of ADMSCs through quantification of the expression of surface markers including CD90, CD105, CD29, and CD217 as well as marker of hemato-
poietic stem cell, CD45, prior to cell culture (i.e., day 0). B: Flow cytometric analysis of markers of ADMSCs, including CD90, CD105, CD29, and CD217 as well as 
hematopoietic stem cell marker CD45 after cell culture (i.e., day 14). C: Spindle-shaped cells on light microscopy (100x and 200x, respectively) typical of ADMSC at 
day 14 after cell culture. D: Statistical analysis of the percentage of stem cell population prior to vs. after cell culture (n = 6). For CD90+ cell, * vs. day 0, P<0.0001; 
for CD105+ cells, † vs. day 0, P<0.0001; for CD29+ cells, ‡ vs. day 0, P<0.0001; for CD217+ cells, § vs. day 0, P<0.001; for CD45+ cells, ¶ vs. day 0, P<0.0001. 
E: Transmission electronic microscopy showing the morphological feature of exosomes with diameter ranging from 30-100 nm.
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Histological assessment of liver injury

The criteria for scoring liver injury have been 
defined in our previous report [32]. Briefly, after 
hematoxylin and eosin staining of the liver sec-
tions, the degree of liver injury was assessed 
with liver injury score defined as follows: 0-No 
notable hepatocyte integrity impairment or 
sinusoidal distortion; 1-Mild hepatic injury with 
less than 25% of section involved; 2-Moderate 

The procedure and protocol for determining cir-
culating level of mononuclear cells has been 
reported in details in our previous studies [33]. 
Briefly, 3 mL of blood was drawn from left ven-
tricle prior to euthanization of animals into a 
vacutainer containing 3.8% buffered sodium 
heparin. Mononuclear cells (MNCs) were then 
isolated by density-gradient centrifugation of 
Ficoll 400 (Ficoll-PlaqueTM plus, Amersham 
Biosciences, Sweden).

Figure 2. Protein expressions of inflammatory biomarkers of macrophage 
under lipopolysaccharide (LPS) stimulation in response to exosome treat-
ment in vitro. A: Protein expression of macrophage migration inhibitory factor 
(MIF), * vs. other groups with different symbols (†, ‡), P<0.001. B: Protein 
expression of matrix metalloproteinase (MMP)-9, * vs. other groups with dif-
ferent symbols (†, ‡), P<0.001. C: Protein expression of interleukin (IL)-1β, 
* vs. other groups with different symbols (†, ‡), P<0.001. D: Protein expres-
sion of tumor necrosis factor (TNF)-α, * vs. †, P<0.001. E: Protein expression 
of COX-2, * vs. other groups with different symbols (†, ‡), P<0.001. All sta-
tistical analyses were performed by one-way ANOVA, followed by Bonferroni 
multiple comparison post hoc test (n = 6 for each group). Symbols (*, †, ‡) 
indicate significant differences (at 0.05 level). NC = normal control; LPS = 
lipopolysaccharide.

hepatic injury with 25-50% of 
section involved; 3-Severe 
hepatic injury with more than 
50% involved. For each rat, 
three liver sections were ex- 
amined and three randomly 
selected HPFs (100 ×) were 
analyzed in each section. The 
mean score for each animal 
was then determined by sum-
mation of all numbers divided 
by 9.

Flow cytometric quantification 
of early and late apoptosis of 
circulating mononuclear cells 
and helper T cells and cyto-
toxic T cells

The procedure and protocol of 
flow cytometry for identifica-
tion and quantification of cir-
culating and splenic immune 
cells were based on our previ-
ous report [33]. Briefly, prior to 
sacrificing the animals, the 
peripheral blood mononuclear 
cells (PBMCs) and splenocyt- 
es were obtained from the tail 
vein using a 27# needle. PBM- 
Cs and splenocytes (1.0 × 106 
cells) were triple-stained wi- 
th FITC-anti-CD3 (BioLegend), 
PE-anti-CD8a (BD Bioscience), 
and PE-Cy™5 anti-CD4 (BD 
bioscience). The numbers of 
CD3+CD4+ helper T cells and 
CD3+CD8+ cytotoxic T cells 
were analyzed using flow 
cytometry (FC500, Beckman 
Coulter).

Assessment of PBMC apopto-
sis by flow cytometry
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Annexin V kit (Pharmingen, Becton Dickinson, 
San José, CA, USA) was used for apoptosis 
analysis according to the manufacturer’s 
instructions. The supernatant was decanted 
and the pellet was resuspended in 200 μL of 1 
× annexin V binding buffer. Cells were incubat-
ed with 2 μL of annexin V-FITC and 5 μL of prop-
idium iodide (PI) for 15 minutes at room tem-
perature in the dark. Finally, 500 μL of 1 × 
annexin V-binding buffer was added, followed 
by immediate flow cytometric analysis [i.e., the 
percentages of viable and apoptotic cells were 
determined by flow cytometry using double 
staining of annexin V and propidium iodide (PI) 
(Figure 4)]. This is a simple and popular method 
for the identification of apoptotic cells (i.e. early 
[annexin V+/PI-] and late [annexin V+/PI+] phas-
es of apoptosis).

Immunohistochemical (IHC) and immunofluo-
rescent (IF) staining 

The procedure and protocol of IF staining have 
been described in details in our previous 

reports [27, 30-33]. For IHC and IF staining, 
rehydrated paraffin sections were first treated 
with 3% H2O2 for 30 minutes and incubated 
with Immuno-Block reagent (BioSB) for 30 min-
utes at room temperature. Sections were then 
incubated with primary antibodies specifically 
against F4/80 (1:100, Abcam), CD11 (1:200, 
Abcam), CD14 (1:300, Bioss), CD161 (1:400, 
AbD Serotec), CD3 (1:400, Abcam), CD4 (1:200, 
Novus Biologicals), CD8 (1:200, AbD Serotec), 
and H2DCFDA while sections incubated with 
irrelevant antibodies served as controls. Three 
sections of liver specimen from each rat were 
analyzed. For quantification, three randomly 
selected HPFs (200 × or 400 × for IHC and IF 
studies) were analyzed in each section. The 
mean number of positively-stained cells per 
HPF for each animal was then determined by 
summation of all numbers divided by 9.

Western blot analysis

The procedure and protocol for Western blot 
analysis were based on our recent reports [27, 

Figure 3. Protein expressions of apoptosis and oxidative stress biomarkers in hepatocytes under hypoxic stimulation 
in response to melatonin and exosome treatment in vitro. A: Protein expression of cleaved caspase (c-Casp) 3, * vs. 
other groups with different symbols (†, ‡, §), P<0.001. B: Protein expression of cleaved poly ADP ribose polymerase 
(c-PARP), * vs. other groups with different symbols (†, ‡, §), P<0.001. C: Protein expression of NOX-1, * vs. other 
groups with different symbols (†, ‡, §), P<0.001. D: Protein expression of NOX-2, * vs. other groups with differ-
ent symbols (†, ‡, §), P<0.001. E: Oxidized protein expression, * vs. other groups with different symbols (†, ‡, §), 
P<0.0001. (Note: left and right lanes shown on the upper panel represent protein molecular weight marker and con-
trol oxidized molecular protein standard, respectively). MW = molecular weight; DNP = 1-3 dinitrophenylhydrazone. 
All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc 
test (n = 6 for each group). Symbols (*, †, ‡, §) indicate significant differences (at 0.05 level). NC = normal control.
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30-33]. Briefly, equal amounts (50 μg) of pro-
tein extracts were loaded and separated by 
SDS-PAGE using acrylamide gradients. After 
electrophoresis, the separated proteins were 
transferred electrophoretically to a polyvinyli-
dene difluoride (PVDF) membrane (Amersham 
Biosciences). Nonspecific sites were blocked by 
incubation of the membrane in blocking buffer 
[5% nonfat dry milk in T-TBS (TBS containing 
0.05% Tween 20)] overnight. The membranes 
were incubated with the indicated primary anti-
bodies [cleaved poly ADP ribose polymerase 

(PARP) (1:1000, Cell Signaling), matrix metallo-
proteinase (MMP)-9 (1:3000, Abcam), TNF-α 
(1:1000, Cell Signaling), nuclear factor (NF)-κB 
(1:600, Abcam), intercellular adhesion mole-
cule (ICAM)-1 (1:1000, Abcam), interleukin (IL)-
1β (1:1000, Cell Signaling), IL-10 (1:1000, 
Abcam), RANTES (1:1000, Cell Signaling), 
NOX-1 (1:1500, Sigma), NOX-2 (1:750, Sigma), 
Bcl-2 (1:2000, Abcam), γ-H2AX (1:1000, Cell 
Signaling), cytosolic cytochrome C, mitochon-
drial cytochrome C (1:1000, BD), heme oxygen-
ase (HO)-1 (1:500, Calbiochem), quinone oxido-

Figure 4. Flow cytometric identification of prevalence of early and late apoptotic mononuclear cells and immune 
cells in circulation and spleen 72 hours after reperfusion. A: Number of early (annexin V+/PI-) apoptotic periph-
eral blood mononuclear cells (PBMNCs). Analytical results, * vs. other groups with different symbols (†, ‡, §, ¶), 
P<0.0001. B: Number of late (annexin V+/PI+) apoptotic PBMNCs. Analytical results, * vs. other groups with dif-
ferent symbols (†, ‡, §, ¶), P<0.0001. C: Circulating CD3+/CD4+ helper T cells, * vs. other groups with different 
symbols (†, ‡, §, ¶), P<0.0001. D: Splenic CD3+/CD4+ helper T cells, * vs. other groups with different symbols (†, 
‡, §, ¶), P<0.0001. E: Circulating CD3+/CD8+ cytotoxic T cells, * vs. other groups with different symbols (†, ‡, §, ¶), 
P<0.0001. F: Splenic CD3+/CD8+ cytotoxic T cells, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. 
All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test 
(n = 10 for each group). Symbols (*, †, ‡, §, ¶) indicate significant differences (at 0.05 level). SC = sham control; LIR 
= liver ischemia reperfusion; Ex = exosome; Mel = melatonin.
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reductase (NQO) 1 (1:1000, Abcam), and actin 
(1:10000, Millipore)], for 1 hour at room tem-
perature. Horseradish peroxidase-conjugated 
anti-rabbit immunoglobulin IgG (1:2000, Cell 
Signaling) was used as a secondary antibody 
for one-hour incubation at room temperature. 
The washing procedure was repeated eight 

For oxyblot protein analysis, a standard control 
was loaded on each gel.

Statistical analysis

Quantitative data are expressed as means ± 
SD. Statistical analysis was adequately per-

Figure 5. Exosome-melatonin treatment on preservation of hepatocyte and 
liver histological integrity 72 hours after reperfusion. (A to E) Hematoxylin 
and eosin (H&E) staining (100 x) for assessing hepatic damage at 72 hour 
after reperfusion. Note remarkable histological damage (bound by yellow 
dotted lines) in animals without exosome (Ex)-melatonin (Mel) treatment (B) 
compared to that in sham-operated controls (A) and in animals having re-
ceived treatment with Ex (C), Mel (D) or Ex-Mel (E). Scale bars at right lower 
corners represent 100 µm. (F) Liver injury scores of different groups, * vs. 
other groups with different symbols (†, ‡, §, ¶), P<0.0001. (G) Circulating 
level of aspartate aminotransferase (AST), * vs. other groups with different 
symbols (†, ‡, §, ¶), P<0.0001. All statistical analyses were performed by 
one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n 
= 10 for each group). Symbols (*, †, ‡, §, ¶) indicate significant differences 
(at 0.05 level). SC = sham control; LIR = liver ischemia reperfusion; Ex = exo-
some; Mel = melatonin.

times within one hour. Immun- 
oreactive bands were visual-
ized by enhanced chemilu- 
minescence (ECL; Amersham 
Biosciences) and exposed to 
Biomax L film (Kodak). For the 
purpose of quantification, ECL 
signals were digitized using 
Labwork software (UVP).

Assessment of oxidative 
stress reaction 

The procedure and protocol 
for assessing the protein 
expression of oxidative stress 
have been described in details 
in our previous reports [27, 
30-33]. The Oxyblot Oxidiz- 
ed Protein Detection Kit was 
purchased from Chemicon 
(S7150). DNPH derivatization 
was carried out on 6 μg of pro-
tein for 15 minutes according 
to the manufacturer’s instruc-
tions. One-dimensional elec-
trophoresis was carried out on 
12% SDS/polyacrylamide gel 
after DNPH derivatization. Pro- 
teins were transferred to nitro-
cellulose membranes which 
were then incubated in the pri-
mary antibody solution (anti-
DNP 1:150) for 2 hours, fol-
lowed by incubation in secon- 
dary antibody solution (1:300) 
for 1 hour at room tempera-
ture. The washing procedure 
was repeated eight times 
within 40 minutes. Immunore- 
active bands were visualized 
by enhanced chemilumines-
cence (ECL; Amersham Bio- 
sciences) which was then 
exposed to Biomax L film 
(Kodak). For quantification, 
ECL signals were digitized 
using Labwork software (UVP). 
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formed by ANOVA followed by Bonferroni multi-
ple-comparison post hoc test. SAS statistical 
software for Windows version 8.2 (SAS insti-
tute, Cary, NC) was utilized. A probability value 
<0.05 was considered statistically significant.

Results

Flow cytometric quantification and examina-
tion of morphological features of ADMSCs and 
exosomes (Figure 1)

Figure 1 illustrates the results of flow cytomet-
ric analysis of ADMSCs (Figure 1A, 1B) and 
their morphology (Figure 1C) prior to and after 
14 days of cell culture, showing predominance 
of CD90+ and CD105+ cells. The populations 
of CD90+, CD105+, CD29+, and CD217+ cells 
were significantly higher at post-culture day 14 
than those prior to cell culture (Figure 1D). On 
the other hand, the number of CD45+ cells (i.e., 
hematopoietic stem cell) was significantly lower 
at post-culture day 14 than that prior to cell cul-

ture (Figure 1D). Additionally, transmission 
electron microscopy identified small vesicles 
with the diameter range of exosomes (30-100 
nm) isolated from the culture medium of 
ADMSCs through ultracentrifugation (Figure 
1E).

Effect of exosomes on inflammation and oxida-
tive stress (Figures 2 and 3)

In vitro study demonstrated that the protein 
expressions of MIF, MMP-9, IL-1β, TNF-α, COX-2 
(i.e., five indicators of inflammation) in cultured 
macrophages were significantly higher in the 
LPS-treated group than those in the control 
group and LPS-treated+exosome group at 12 
hours of cell culturing, and significantly higher 
in LPS-treated+exosome group than those in 
the control group (Figure 2). Likewise, 12 hours 
after hypoxic cell culturing, the protein expres-
sions of cleaved caspase 3 and PARP, two indi-
cators of apoptosis, and the protein expres-
sions of NOX-1, NOX-2, and oxidized protein, 

Figure 6. Immunofluorescent (IF) staining for identification of inflammatory cell (CD11+, CD14+) infiltration in liver 
parenchyma 72 hours after reperfusion. A to E: IF microscopy (400 x) demonstrating CD11+ cells (green) in liver 
parenchyma. Scale bars in right lower corner represent 20 µm. F: Analytic results of number of CD11+ cells, * vs. 
other groups with different symbols (†, ‡, §, ¶), P<0.0001. G to K: IF microscopy (400 x) identifying CD14+ cells 
(green) in liver parenchyma. Scale bars in right lower corner represent 20 µm. L: Number of CD14+ cells in differ-
ent groups, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. All statistical analyses were performed 
by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 10 for each group). Symbols (*, 
†, ‡, §, ¶) indicate significant differences (at 0.05 level). SC = sham control; LIR = liver ischemia reperfusion; Ex = 
exosome; Mel = melatonin.
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three indicators of oxidative stress in hepato-
cytes, were highest in the hypoxic group and 
lowest in the control group, and significantly 
higher in hypoxia+exosome (50 µM) group than 
those in hypoxia+melatonin (50 µM) group 
(Figure 3). The results of in vitro studies, there-
fore, imply that xenogenic exosomes possess 
intrinsic capacity of suppressing inflammation, 
apoptosis, and oxidative stress.

Flow cytometric characterization and quan-
tification of peripheral blood mononuclear 
cell (PBMNC) apoptosis, and circulating and 
splenic immune cells 72 hours after reperfu-
sion (Figure 4)

After 72 hours of liver reperfusion, flow cyto-
metic analysis showed that the numbers of 
early and late apoptotic PBMNC were highest in 
group 2 (LIR only) and lowest in group 1 (SC), 
significantly higher in groups 3 (LIR-Ex) and 4 
(LIR-Mel) than those in group 5 (LIR-Ex-Mel), 
and significantly higher in group 3 than those in 

group 4. Besides, the circulating and splenic 
numbers of CD3+/CD4+ helper T cells and CD3+/
CD8+ cytotoxic T cells exhibited an identical 
pattern to that of PBMNC apoptosis among the 
five groups. The in vivo findings once again sug-
gest that xenogenic exosomes not only pos-
sess anti-inflammatory but also process immu-
nomodulatory and anti-apoptotic properties. In 
this experimental setting, combined treatment 
with exosomes and melatonin exerted an addi-
tive suppressive effect on apoptosis and 
immune reactivity. 

Effect of exosomes and melatonin on the pres-
ervation of hepatocyte and liver histological 
integrity 72 hours after reperfusion (Figure 5)

By the end of 72 hours after reperfusion, the 
circulating level of AST, an indicator of hepato-
cyte integrity, was highest in group 2 and low-
est in group 1, significantly higher in group 3 
than that in groups 4 and 5, and significantly 
higher in group 4 than that in group 5. Moreover, 

Figure 7. Immunofluorescent (IF) staining for identification of inflammatory cell (CD161+, F4/80+) infiltration in 
liver parenchyma 72 hours after reperfusion. (A to E) IF microscopy (400 x) showing CD161+ cells (green) in liver 
parenchyma. Scale bars in right lower corner represent 20 µm. F: Differences in number of CD161+ cells among dif-
ferent groups, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. (G to K) Identification of F4/80+ cells 
(green) in liver parenchyma using IF microscopy (400 x). Scale bars in right lower corner represent 20 µm. (L) Mean 
number of F4/80+ cells in different groups, * vs. other groups with different symbols (*, †, ‡, §, ¶), P<0.0001. All 
statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n 
= 10 for each group). Symbols (*, †, ‡, §, ¶) indicate significant differences (at 0.05 level). SC = sham control; LIR 
= liver ischemia reperfusion; Ex = exosome; Mel = melatonin.
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the liver injury score correlated well with the 
change in AST level.

Suppressive effect of exosomes and melatonin 
on inflammatory and immune cell infiltrations 
and protein expression of oxidative stress in 
liver parenchyma 72 hours after reperfusion 
(Figures 6-9)

Following 72 hours of reperfusion, IF microsco-
py of the reperfused liver showed that the num-
bers of cells positive for CD11, CD14 (Figure 6), 
CD161, and F4/80 (Figure 7), four markers of 
inflammatory cells, were lowest in group 1 and 
highest in group 2, and significantly and pro-
gressively decreased from groups 3 to 5. In 
addition, the numbers of cells positive for CD3, 
CD4 (Figure 8), and CD8 (Figure 9), three mark-
ers of immunoreactive cells, exhibited an iden-
tical pattern compared with that of inflamma-
tory cells among the five groups. Moreover, the 
protein expressions of NOX-1 and NOX-2, two 
indicators of oxidative stress, demonstrated a 

pattern identical to that of immune cells among 
all groups (Figure 9).

Protein expressions of inflammatory, anti-
inflammatory, apoptotic and anti-apoptotic bio-
markers, and cellular level of oxidative stress 
in liver parenchyma 72 hours after reperfusion 
(Figures 10 and 11)

The protein expressions of ICAM-1, IL-1β, TNF-
α, NF-κB, MMP-9, RANTES, six indices of inflam-
mation, were highest in group 2 and lowest in 
group 1, significantly higher in group 3 than 
those in groups 4 and 5, and significantly high-
er in group 4 than those in group 5 in the reper-
fused livers (Figure 10). Conversely, the protein 
expression of IL-10, an indicator of anti-inflam-
mation, showed an opposite pattern compared 
to that of inflammation among all groups (Figure 
10). The protein expressions of cleaved cas-
pase 3 and PARP, two indicators of apoptosis, 
exhibited an identical pattern compared to that 
of inflammation among the five groups (Figure 

Figure 8. Immunofluorescent (IF) staining for identification of immunoreactive cell infiltration in liver parenchyma 
72 hours after reperfusion. A to E: Illustration of IF microscopic finding (400 x) of CD3+ cells (green) in liver paren-
chyma. The scale bars in right lower corner represent 20 µm. F: Analytic results of number of CD3 + cells, * vs. other 
groups with different symbols (†, ‡, §, ¶), P<0.0001. G to K: Illustration of IF microscopic finding (400 x) of CD4+ 
cells (green color) in liver parenchyma. The scale bars in right lower corner represent 20 µm. L: Analytic results of 
number of CD4+ cells, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. All statistical analyses were 
performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 10 for each group). 
Symbols (*, †, ‡, §, ¶) indicate significance (at 0.05 level). SC = sham control; LIR = liver ischemia reperfusion; Ex 
= exosome; Mel = melatonin.
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11). By contrast, the protein expression of Bcl-
2, an index of anti-apoptosis, correlated well 
with the expression of IL-10 among the five 
groups (Figure 11). IF microscopy demonstrat-
ed that the number of cells positively stained 

somes (i.e., mini-pig ADMSC-derived exosomes) 
against acute LR injury in a rodent model. 
Second, both in vitro and in vivo experiments in 
the present study showed that not only could 
exosomes alleviate inflammation and oxidative 

Figure 9. Prevalence of CD8+ cells and protein expression of NOX-1 and 
NOX-2 in liver parenchyma 72 hours after reperfusion. A to E: Immunohis-
tochemical (IHC) staining (400 x) showing CD8+ cells (gray) in liver paren-
chyma. Scale bars in right lower corner represent 20 µm. F: Mean number 
of CD8 + cells in different groups, * vs. other groups with different symbols 
(†, ‡, §, ¶), P<0.0001. G: Protein expression of NOX-1, * vs. other groups 
with different symbols (†, ‡, §, ¶), P<0.001. H: Protein expression of NOX-2, 
* vs. other groups with different symbols (†, ‡, §, ¶), P<0.001. All statistical 
analyses were performed by one-way ANOVA, followed by Bonferroni multiple 
comparison post hoc test (n = 10 for each group). Symbols (*, †, ‡, §, ¶) 
indicate significant differences (at 0.05 level). SC = sham control; LIR = liver 
ischemia reperfusion; Ex = exosome; Mel = melatonin.

for H2DCFDA, an indicator of 
reactive oxygen species (ROS), 
displayed a pattern identical 
to that of apoptosis among the 
five groups (Figure 11).

The protein expressions of 
DNA damage, mitochondrial 
damage, and anti-oxidant 
biomarkers 72 hours after 
reperfusion (Figure 12)

The protein expressions of 
γ-H2AX, an indicator of DNA 
damage, and cytosolic cyto-
chrome C, an indicator of mito-
chondrial damage, were high-
est in group 2 and lowest in 
group 1, significantly higher in 
group 3 than those in groups 
4 and 5, and significantly high-
er in group 4 than those in 
group 5 (Figure 12). On the 
other hand, the protein expres-
sion of mitochondrial cyto-
chrome C, an indicator of mito-
chondrial integrity, showed an 
opposite pattern compared to 
that of DNA damage marker 
(Figure 12). Besides, the pro-
tein expressions of heme oxy-
genase (HO)-1 and quinone 
oxidoreductase (NQO) 1, two 
indicators of anti-oxidative ca- 
pacity, were significantly and 
progressively increased from 
group 1 to group 5 (Figure 12).

Discussion

The present study, which 
investigated the protective 
effect of combined exosome 
and melatonin treatment ag- 
ainst acute LIR injury, yielded 
several striking implications. 
First, to best of our knowl-
edge, this is the first study to 
investigate the therapeutic 
potential of xenogenic exo-
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Figure 10. Protein expressions of inflammatory and anti-inflammatory bio-
markers in liver parenchyma 72 hours after reperfusion. A: Protein expres-
sion of vascular cell adhesion molecule (ICAM)-1, * vs. other groups with 
different symbols (†, ‡, §, ¶), P<0.001. B: Protein expression of interleukin 
(IL)-1β, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.001. C: 
Protein expression of tumor necrosis factor (TNF)-α, * vs. other groups with 
different symbols (†, ‡, §, ¶), P<0.001. D: Protein expression of nuclear fac-
tor (NF)-κB, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.001. 
E: Protein expression of matrix metalloproteinase (MMP)-9, * vs. other 
groups with different symbols (†, ‡, §, ¶), P<0.001. F: Protein expression of 
RANTES, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.001. G: 
Protein expression of IL-10, * vs. other groups with different symbols (†, ‡, 
§, ¶), P<0.001. All statistical analyses were performed by one-way ANOVA, 
followed by Bonferroni multiple comparison post hoc test (n = 10 for each 
group). Symbols (*, †, ‡, §, ¶) indicate significant differences (at 0.05 level). 
SC = sham control; LIR = liver ischemia reperfusion; Ex = exosome; Mel = 
melatonin.

stress, but they could al- 
so trigger immunomodulation. 
The results, therefore, sug-
gest that ADMSC-derived exo-
somes possess pleiotropic 
properties for cell-to-cell com-
munication regardless of their 
origins. Third, of particular im- 
portance is the finding of this 
study that melatonin treat-
ment further improved the 
outcome of exosome therapy 
against acute LIR injury in the 
present experimental setting.

The most important finding of 
the present study is that the 
plasma level of AST (i.e., 
deranged hepatocyte integri-
ty) and liver injury score (i.e., 
histological damage), which 
were substantially increased 
in LIR animals without treat-
ment compared with those in 
the sham-operated controls, 
were significantly suppressed 
in LIR animals after exosome 
or melatonin therapy and fur-
ther significantly improved fol-
lowing combined exosome-
melatonin treatment. In addi-
tion to corroborating the 
results of previous studies 
that demonstrated notable 
protective effects of melato-
nin against LIR injury [26, 
28-32], one interesting finding 
in the present study is that 
combined exosome and mela-
tonin treatment was superior 
to either alone in this experi-
mental setting. In this way, our 
pre-clinical results highlight 
the clinical therapeutic poten-
tial of combining exosome 
with melatonin for the treat-
ment of patients with critical 
acute liver injury, especially 
those sustaining overwhelm-
ing immune reactions as in ful-
minant liver failure. 

In concert with the findings by 
other authors that the mecha-
nisms by which IR causes he- 
patic damage actually involve 
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Figure 11. Protein expressions of apoptotic and anti-apoptotic biomarkers, and oxidative stress at cellular level in 
liver parenchyma 72 hours after reperfusion. A: Protein expression of cleaved caspase (c-Casp) 3, * vs. other groups 
with different symbols (†, ‡, §, ¶), P<0.001. B: Protein expression of cleaved poly ADP ribose polymerase (c-PARP), 
* vs. other groups with different symbols (†, ‡, §, ¶), P<0.001. C: Protein expression of Bcl-2, * vs. other groups with 
different symbols (†, ‡, §, ¶), P<0.001. D-H: Microscopic (400 x) identification of H2DCFDA-positive cells (red) in IR 
region. Scale bars in right lower corner represent 20 µm. I: Analysis of collagen deposition area, * vs. other groups 
with different symbols (†, ‡, §, ¶), P<0.0001. All statistical analyses were performed by one-way ANOVA, followed 
by Bonferroni multiple comparison post hoc test (n = 10 for each group). Symbols (*, †, ‡, §, ¶) indicate significant 
differences (at 0.05 level). SC = sham control; LIR = liver ischemia reperfusion; Ex = exosome; Mel = melatonin.
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multiple signaling pathways [1-6, 26-29], the 
results of the present study demonstrated that 
the protein expressions of the markers of 
inflammation, oxidative stress, DNA and mito-
chondrial damage as well as the circulating and 
splenic levels of immune cells were all substan-
tially increased in animals with acute LIR injury 
compared with those in the sham-operated 
controls. Therefore, our findings, in addition to 
strengthening those of previous studies [1-6, 
26-29], suggest that a single therapeutic agent 
may be inferior to a combined regimen. Accord- 
ingly, while our in vitro and in vivo studies had 
demonstrated that either exosome or melato-
nin could effectively ameliorate LIR-associated 
inflammation, oxidative stress, apoptosis as 
well as elicit immunomodulation, the combined 
exosome-melatonin regimen was found to be 
superior to either alone for preserving hepato-
cyte and liver parenchymal integrity. The results 
of the present investigation are also consistent 
with those of our recent experimental studies 
that demonstrated additional benefit of comb-

ing ADMSC with melatonin or mitochondria in 
the treatment of acute lung injuries from IR and 
acute respiratory distress syndrome [27, 30]. 
Furthermore, previous study has also shown 
that cocktail therapy (i.e., melatonin and trime- 
tazidine) offered additional hepatic protective 
effects in the setting of acute IR injury [29]. 
Therefore, not only are our findings consistent 
with those of the previous studies [27, 29, 30], 
but the current study also demonstrated that 
endogenous particles of stem cell origin could 
be of therapeutic potential in this common dis-
ease setting. 

Another important finding in the present study 
is that, as compared with the animals with LIR, 
the protein expressions of anti-apoptotic and 
anti-oxidative markers were remarkably incre- 
ased in animals with exosome or melatonin 
treatment and further augmented after com-
bined treatment. These findings not only could 
account for the markedly increased protein 
expression of mitochondrial cytochrome C and 

Figure 12. Protein expressions of DNA damage, mitochondrial damage, and anti-oxidant biomarkers in liver pa-
renchyma 72 hours after reperfusion. A: Protein expression of γ-H2AX, * vs. other groups with different symbols 
(†, ‡, §, ¶), P<0.001. B: Protein expression of cytosolic cytochrome C (cyt-Cyto C), * vs. other groups with different 
symbols (†, ‡, §, ¶), P<0.001. C: Protein expression of mitochondrial cytochrome C (mit-Cyto C), * vs. other groups 
with different symbols (†, ‡, §, ¶), P<0.001. D: Protein expression of heme oxygenase (HO)-1, * vs. other groups with 
different symbols (†, ‡, §, ¶), P<0.001. E: Protein expression of quinone oxidoreductase (NQO) 1, * vs. other groups 
with different symbols (†, ‡, §, ¶), P<0.001. All statistical analyses were performed by one-way ANOVA, followed by 
Bonferroni multiple comparison post hoc test (n = 10 for each group). Symbols (*, †, ‡, §, ¶) indicate significant 
differences (at 0.05 level). SC = sham control; LIR = liver ischemia reperfusion; Ex = exosome; Mel = melatonin.
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the substantially suppressed oxidative stress, 
but could also explain the notably preserved 
hepatocyte and liver histological integrity in ani-
mals undergoing LIR after receiving the three 
different treatment regimens. The proposed 
mechanisms underlying the protective effects 
of combined exosome-melatonin treatment 
against LIR injury based on the in vitro and in 
vivo findings of the current study are summa-
rized in Figure 13.

Study limitation

This study has limitations. First, although the 
short-term (i.e., 72 hours) results were promis-

ing, the long-term effect of exosome and mela-
tonin treatment, either alone or combined, on 
LIR injury is still unclear. Second, although the 
results of the current study showed that mela-
tonin was more effective than exosomes for 
protecting against LIR injury, whether a higher 
dose of exosomes would further improve the 
therapeutic effect of exosomes in this experi-
mental setting remains to be elucidated.

In conclusion, the results of the present trans-
lational study provide important information on 
the therapeutic potential of xenogenic ADMSC-
derived exosomes in the treatment of acute LIR 
injury and underscore an additive protective 

Figure 13. Proposed mechanisms underlying protective effects of exosome-melatonin treatment against liver isch-
emia-reperfusion injury based on findings of this study. A: Suppression of inflammatory responses (i.e., upregulated 
expressions of pro-inflammatory biomarkers) in macrophage in vitro by exosomes after lipopolysaccharide (LPS) 
pre-treatment. B: In vitro alleviation of oxidative stress and apoptosis in hepatocytes after exosome/melatonin treat-
ment before hypoxic stimulation. C: In vivo impacts of exosome/melatonin treatment on inflammation, oxidative 
stress, DNA damage, mitochondrial damage, apoptosis, and immune reactions that contribute to impaired hepato-
cyte and histological integrity. LPS: lipopolysaccharide, MIF: migration inhibitory factor, MMP-9: matrix metallopro-
teinase 9, TNF-α: tumor necrosis factor alpha, IL-1β: interleukin-1 beta, COX-2: cyclooxygenase-2, NOX-1: NADPH 
oxidase 1, NOX-2: NADPH oxidase 2, c-Casp 3: cleaved caspase 3, c-PARP: cleaved poly ADP ribose polymerase, IL: 
interleukin, PBMNC: peripheral blood mononuclear cell, NF-κB: nuclear factor kappaB, ICAM-1: intercellular adhe-
sion molecule 1, RANTES: regulated on activation, normal T cell expressed and secreted , HO-1: heme oxygenase-1, 
NQO: quinone oxidoreductase 1, cyt-Cyto C: cytosolic cytochrome C, mit-Cyto C: mitochondrial cytochrome C, AST: 
aspartate aminotransferase.
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effect through combining exosomes with mela-
tonin in this experimental setting.
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