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Abstract: This study tested the hypothesis that early administration with cold water (CW)-assisted adipose-derived
mesenchymal stem cell (ADMSC)-derived exosome (Exo) therapy was superior to either one on protecting the heart
against ischemia-reperfusion (IR) (i.e., by ligation of 50 minutes and relieved by day 5 prior to euthanizing the ani-
mals) injury. Adult-male SD rats (n=30) were equally categorized into groups 1 (sham-operated control), 2 (IR), 3 (IR
+ CW), 4 (IR + Exo) and 5 (IR + CW-Exo). The left ventricular ejection fraction (LVEF) was highest in group 1, lowest
in group 2, and significantly higher in group 5 than in groups 3 and 4, but no difference between groups 3 and 4 (all
P<0.001). The protein expressions of oxidative-stress (NOX-1/NOX-2/NOX-4/oxidized protein), apoptotic/mitochon-
drial-damaged (mitochondrial-Bax/caspase 3/PARP/p53/cytosolic-cytochrome-C) and inflammatory (IL-13/TNF-a/
NF-kB/MMP-9) biomarkers, and cellular-stress response signaling (PI3K/Akt/GSK3pB and p-m-TOR) showed an op-
posite pattern, whereas the anti-oxidants (SIRT1/SIRT3), anti-inflammation (IL-10) and IKB-o/p-AMKP/mitochon-
drial-cytochrome-C exhibited an identical pattern to the LVEF among the five groups (all P<0.0001). The cellular ex-
pressions of inflammation (CD68), total cellular ROS (i.e., stained by H,DCFDA) and the LV infarct/fibrotic/collagen-
deposition areas displayed an opposite pattern, whereas the cell gap junction (coonexin 43) and sarcomere length
exhibited an identical pattern of LVEF among the five groups (all P<0.0001). Conclusion: Combined CW-exosome
therapy markedly protected the heart against IR injury.

Keywords: Ischemia-reperfusion, hypothermic therapy, exosome, cell-stress signaling, inflammation, oxidative
stress

Introduction

Swift restoration of the blood flow by opening
the occluded artery (i.e. called reperfusion
therapy) is the key to protect the deterioration
of the ischemia-related organ dysfunction [1-3].
However, reperfusion therapy will always intro-
duce an inevitable reperfusion injury [4-7].
Primary percutaneous coronary intervention
(PCl) is a pathological condition of myocardial
ischemia-reperfusion (IR) injury characterized

by loss of the coronary blood supply to the myo-
cardium followed by restoration of coronary
artery perfusion in setting of acute myocardial
infarction (AMI) during primary coronary inter-
vention [8]. Thus, reperfusion has been des-
cribed as the “double edged sword” [4].

In fact, myocardial IR injury contributes to unfa-
vorable cardiac events in settings of myocardial
ischemia/AMI, cardiovascular surgical interven-
tions, cardiogenic shock, or any cause of circu-
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latory arrest [9-13]. Abundant data have shown
that IR injury involves not only intracellular inju-
ry processes, generation of reactive oxygen
species (ROS)/oxygen free radicals, but also
harmfully inflammatory and immune reactions
[8, 11, 14-19]. Furthermore, ROS are essential
contributors to the opening of the mitochondri-
al permeability transition pore, resulting in the
rapidly release of cytochrome C (i.e., an indica-
tor of mitochondrial damage) and cell death
[20, 21], ultimately causing loss of heart con-
tractile function [22, 23]. Despite decades of
intensive research, advanced pharmaco-thera-
peutic strategies and state-of-the-art coronary
interventions, effective treatments for myocar-
dial IR injury are regrettably lacking [17, 20, 21,
24]. Accordingly, there is an urgent need for a
safe and efficacious treatment modality.

Therapeutic hypothermia is used for patients
following both out-of-hospital and in-hospital
cardiac arrest for purposes of preserving organ
viability [25]. Growing data have shown that
among patients with in-hospital cardiac arrest,
use of therapeutic hypothermia compared with
usual care was associated with a higher likeli-
hood of survival to hospital discharge and fa-
vorable neurological survival [26-29]. The un-
derlying mechanisms of mild hypothermia (usu-
ally at 4°C) for protecting the neuropeptide
effect have been proposed as holding the abil-
ity to up-regulate the expression of anti-apop-
totic gene Bcl-2, and decrease the levels of
some inflammatory chemokines (such as IL-8,
MCP-1 and COX-2) in endothelial cells [30],
inducing the expression of cold-inducible RNA-
binding protein to inhibit cell apoptosis induced
by tumor necrosis factor-a via the activation of
extracellular signal-regulated kinase [31] as
well as reducing ROS/free radical production
and mitochondrial damage through inhibiting
mitochondrial permeability transition pore, ap-
optosis and inflammation [30, 31]. Additionally,
recent study has further identified that possible
molecular mechanism for cellular protective
effect of mild hypothermia involved the PI3K-
Akt-GSK3p signal pathway and anti-apoptotic
pathway [32].

Interestingly, previous studies have demon-
strated that mesenchymal stem cell-derived
exosomes have distinctive properties, namely,
promotion of angiogenesis, immunomodulation
and paracrine effects that preserve organ func-
tion following injury in preclinical studies [33-
36]. Additionally, our recent studies have shown
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that adipose-derived mesenchymal stem cell
(ADMSC) derived exosome (Exo) (ADMSCE®)
has capacity of anti-inflammation and immuno-
modulatory effect [37, 38]. Furthermore, our
studies have further revealed that ADMSC®®
treatment effectively attenuated brain, kidney,
liver and lung IR injury [38-41]. Based on the
aforementioned findings, we tested the hypoth-
esis that combined hypothermia and exosome
would be superior to either one alone for pro-
tecting the heart against IR-induced injury.

Materials and methods
Ethics

All animal experiment procedures were app-
roved by the Institute of Animal Care and Use
Committee at Kaohsiung Chang Gung Memorial
Hospital (Affidavit of Approval of Animal Use
Protocol No. 2017092103) and performed in
accordance with the Guide for the Care and
Use of Laboratory Animals.

Animals were housed in an Association for
Assessment and Accreditation of Laboratory
Animal Care International (AAALAC; Frederick,
MD, USA)-approved animal facility in our hospi-
tal with free access to water and standard ani-
mal chow in a room with controlled tempera-
ture at 24°C and 12-hour light-dark cycles.

Induction of acute myocardial ischemia-reper-
fusion injury and animal grouping

Pathogen-free, adult male Sprague-Dawley
(SD) rats (n=30) weighing 320-350 g (Charles
River Technology, BioLASCO, Taiwan) were uti-
lized in the present study. The procedure and
protocol for myocardial IR injury were based on
our recent report [42]. In detail, all animals
were placed under anesthesia with 2.0% inha-
lational isoflurane on a warming pad at 37°C
for the IR procedure. Under sterile conditions,
the heart was exposed via a left thoracotomy.
IR injury was induced by ligating the left coro-
nary artery (LCA) for 40 minutes with a 7-0
prolene suture, 3 mm distal to the margin of the
left atrium. Regional myocardial ischemia was
verified by observing a rapid color change from
pink to dull red over the anterior surface of the
left ventricle and swift development of akinesia
and dilatation over the affected region. Rats
receiving thoracotomy only without ischemia
induction served as sham-operated controls
(SC). The knot was then released after 40-min-
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ute ischemia, followed by 5 days reperfusion.
The rats were sacrificed at day 5 after IR proce-
dure, and hearts were harvested.

The animals were divided into five groups: gr-
oup 1 (SC), group 2 (IR only), group 3 [IR + cold
water (CW) at 4°C was injected into LCA (12 pl),
followed by infusion of the same volume of CW
(i.e., 14 ul) for each of the ischemic area for a
total of three areas (i.e., total volume was 54 pl
for one animal) at 40 minutes just at the begin-
ning of reperfusion], group 4 [IR + AMDSC®®
(total 52 ug) was intra-coronary injection (10
ug) and implanted into three ischemic areas
(i.e., 14 ug/each site) just at the beginning of
reperfusion] and group 5 (IR + combination
CW-AMDSC®®). The dosage of exosome was
based on our previous reports [38-41] with
minimal modification.

Functional assessment with echocardiography

The procedure and protocol for echocardiogra-
phy have been described in our previous report
[42]. Transthoracic echocardiography was per-
formed in each group prior to and on day 5 after
myocardial IR induction. The procedure was
performed by an animal cardiologist blinded to
the experimental design using an ultrasound
machine (Vevo 2100, Visualsonics). M-mode
standard two-dimensional (2D) left paraster-
nal-long axis echocardiographic examination
was conducted. Left ventricular internal dimen-
sions [end-systolic diameter (ESD) and end-dia-
stolic diameter (EDD)] were measured at papil-
lary level of left ventricle, according to the
American Society of Echocardiography leading-
edge method using at least three consecutive
cardiac cycles. LVEF was calculated as follows:
LVEF (%) = [(LVEDD? - LVEDS®)/LVEDD?] x 100%.

Western blot analysis of heart tissues

Western blot analysis was performed as des-
cribed previously [39, 41, 42]. In detail, equal
amounts (50 ug) of protein extracts were load-
ed and separated by SDS-PAGE. Separated pro-
teins were transferred to PVDF membranes,
and nonspecific sites were blocked by incuba-
tion in blocking buffer [5% nonfat dry milk in
T-TBS (TBS containing 0.05% Tween 20)] over-
night. The membranes were incubated with the
indicated primary antibodies [mitochondrial
Bax (1:1000, Abcam), cleaved poly (ADP-ribose)
polymerase (PARP) (1:1000, Cell Signaling), ca-
spase 3 (1:1000, Cell Signaling), tumor necrotic
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factor (TNF)-a (1:1000, Cell Signaling), matrix
metalloproteinase (MMP)-9 (1:3000, Abcam),
interleukin (IL)-1B (1:1000, Cell Signaling), nu-
clear factor (NF)-kB (1:1000, Abcam), IL-10
(1:2000, Abcam), NADPH oxidase (NOX)-1 (1:
1500, Sigma), NOX-2 (1:500, Sigma), NOX-4 (1:
1000, Abcam), cytosolic cytochrome C (1:1000,
BD), mitochondrial cytochrome C (1:1000, BD),
p53 (1:1000, Cell Signaling), phosphorylated
(p) nuclear factor-kB (p-NF-kB) (1:1000, Cell
Signaling), nuclear factor of kappa light poly-
peptide gene enhancer in B-cells inhibitor, al-
pha (IKB-a) (1:1000, Cell Signaling), Phosphoi-
nositide 3-kinase (PI3K) (1:5000, Abcam), Akt
(1:1000, Cell Signaling), glycogen synthase ki-
nase 3B (GSK3p) (1:2000, Abcam), AMP-acti-
vated protein kinase (AMKP) (1:1000, Cell Sig-
naling), phosphorylated mammalian target of
rapamycin (p-m-TOR) (1:1000, Cell Signaling),
SIRT1 (1:4000, Abcam) and SIRT3 (1:500, Ab-
cam) for 1 hour at room temperature. Horse-
radish peroxidase-conjugated anti-rabbit 1gG
(1:2000, Cell Signaling) was used as a second-
ary antibody. Immuno-reactive bands were
visualized by enhanced chemiluminescence
(ECL; Amersham Biosciences) and digitized
using Labwork software (UVP).

Assessment of total intracellular ROS test by
H,DCFDA

For determining the fluorescent intensity of
ROS in myocardium, six additional animals
were used in each study group. The protocol
and procedure of this examination have been
described in our previous report [42] with some
modifications. In detail, by day 5 after DCM
induction, 2’,7’-dichlorodihydrofluorescin diace-
tate (H,DCFDA, Molecular Probes) was dis-
solved in DMSO at a concentration of 25 mg/
mL. After being diluted with 50% ethanol to a
final concentration of 2.5 mg/mL, it was admin-
istered intravenously at a dose of 6 pg/g body
weight to each animal. The rats were sacrificed
30 minutes following H,DCFDA administration.

The hearts were harvested, excised and sec-
tioned. Totally three 3-mm-thick sections were
obtained from each heart. All sections were
examined under fluorescent microscope with a
maghnification of 400 x (Olympus). Image analy-
sis was performed offline using Image J (Na-
tional Institutes of Health, USA). This formula
was employed to calculate integrated fluores-
cent density, i.e., integrated fluorescent density
= area of selected cell x mean gray value.
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Oxidative stress reaction in LV myocardium

Expression of oxidative stress proteins has
been described previously [39, 41, 42]. Oxyblot
Oxidized Protein Detection Kit was purchased
from Chemicon (S7150). DNPH derivatization
was carried out using 6 ug of protein for 15
minutes according to the manufacturer’s in-
structions. One-dimensional electrophoresis
was carried out on 12% SDS/polyacrylamide
gel after DNPH derivatization. Proteins were
transferred to nitrocellulose membranes, which
were then incubated in the primary antibody
solution (anti-DNP 1:150) for 2 hours, followed
by incubation in secondary antibody solution
(1:300) for 1 hour at room temperature. Im-
muno-reactive bands were visualized by ECL
(Amersham Biosciences) and digitized using
Labwork software (UVP).

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

Re-hydrated paraffin sections were treated wi-
th 3% H,0, for 30 minutes and incubated with
Immuno-Block reagent (BioSB, Santa Barbara,
CA, USA) for 30 minutes at room temperature.
Sections were then incubated with primary
antibodies against CD68 (1:100, ab31630,
Abcam), connexin 43 (1:200, MAB3067, Merck
millipore), sarcomere (1:500, IMG-80152, IM-
GENEX), Masson’s trichrome (ScyTek, Trichrome
stain kit) and Sirius red (Direct Red 80, Sigma-
Aldrich). Three sections of heart specimens
from each rat were analyzed. For quantification,
three randomly selected HPFs (100 x, 200 x or
400 x for IHC and IF studies) were analyzed in
each section. The mean number of positively-
stained cells per HPF for each animal was
determined by summation of all numbers divid-
ed by 9.

Histological quantification of myocardial fibro-
sis/Infarct and collagen deposition

The relevant procedure and protocol were de-
tailed in our previous reports [42, 43]. Briefly,
hematoxylin and eosin (H&E) and Masson’s tri-
chrome staining were used to identify the
infarct area and fibrosis of LV myocardium,
respectively. Three serial sections of LV myo-
cardium in each animal were prepared at 4 um
thickness by Cryostat (Leica CM3050S). The
integrated areas (um?) of infarction and fibrosis
on each section were calculated using the
Image Tool 3 (IT3) image analysis software
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(University of Texas, Health Science Center,
San Antonio, UTHSCSA; Image Tool for Windo-
ws, Version 3.0, USA). Three randomly select-
ed high-power fields (HPFs) (100 x) were ana-
lyzed in each section. After determining the
number of pixels in each infarct and fibrotic
area per HPF, the numbers of pixels obtained
from three HPFs were calculated. The proce-
dure was repeated in two other sections for
each animal. The mean pixel number per HPF
for each animal was then determined by calcu-
lating all pixel numbers and dividing by 9. The
mean integrated area (um?2) of fibrosis in LV
myocardium per HPF was obtained using a con-
version factor of 19.24 (since 1 uym? corre-
sponded to 19.24 pixels). This method was also
applied for identification of connexin 43 (Cx43)
expression in myocardium.

To analyze the extent of collagen synthesis and
deposition, cardiac paraffin sections (6 pm)
were stained with picrosirius red (1% Sirius red
in saturated picric acid solution) for one hour at
room temperature. The sections were then
washed twice with 0.5% acetic acid. After dehy-
dration in 100% ethanol, the sections were
cleaned with xylene and mounted in a resinous
medium. High power fields (x 100) of each sec-
tion were used to identify Sirius red-positive
areas in each section. Analysis of the collagen
deposition area in LV myocardium was per-
formed analogously.

Statistical analysis

Quantitative data are expressed as means *
SD. Statistical analysis was performed by AN-
OVA followed by Bonferroni multiple-compari-
son post hoc test. SAS statistical software for
Windows version 8.2 (SAS institute, Cary, NC,
USA) was utilized. A probability value <0.05 was
considered statistically significant.

Results

LVEF and infarction area by day 5 after IR pro-
cedure (Figure 1)

By day O prior to the acute IR procedure, the
LVEF was similar among the five groups. How-
ever, by day 5 after IR procedure, the LVEF was
highest in group 1 (i.e., SC), lowest in group 2
(IR) and significantly higher in group 5 (IR +
CW-ADMSC®®) than in group 3 (IR + CW) and
group 4 (IR + ADMSC®), but no difference
between the latter two groups. On the other
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Figure 1. Time intervals of LVEF and infarction area by day 5 after IR procedure. A. By day O prior to IR procedure, the
analytical results of left ventricular ejection fraction (LVEF), P>0.5. B. By day 5 after IR procedure, analytical result of
LVEF, * vs. other groups with different symbols (, ¥, §), P<0.001. C-G. lllustrating the microscopic finding (100 x) of
H.E. stain for identification of infarct area (yellow-dotted line). H. Analytical result of infarct area, * vs. other groups
with different symbols (1, f, §), P<0.0001. All statistical analyses were performed by one-way ANOVA, followed by
Bonferroni multiple comparison post hoc test (n=6 for each group). Symbols (*, 1, %, §) indicate significance (at
0.05 level). HPF = high-power field; SC = sham-operated control; IR = ischemia reperfusion; CW = cold water; Exo =

adipose-derived mesenchymal stem cell-derived exosome.

hand, the H.E stain showed that LV infarction
area exhibited an opposite pattern of LVEF
among the five groups. Accordingly, these func-
tional (i.e., 2-D echo finding) and pathological
(i.e., microscopic finding) parameters proved
that early administration of CW-ADMSC®* ther-
apy notably protected the heart from acute IR
injury.

Histopathological findings of LV myocardium by
day 5 after IR procedure (Figure 2)

The Masson’s trichrome stain demonstrated
that the fibrotic area in LV myocardial ischemic
zone was highest in group 2, lowest in group 1,
and significantly lower in group 5 than in groups
3 and 4, but it did not differ between these lat-
ter two groups. Additionally, Sirius-red stain
showed that the collagen-deposition area in LV
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myocardial ischemic region exhibited an identi-
cal pattern of fibrosis among the five groups.

Inflammatory cell infiltration and ROS in LV
myocardium by day 5 after IR procedure
(Figure 3)

The IF microscopic findings demonstrated that
cellular expressions of CD68, an indicator of
infammation, were highest in group 2, lowest
in group 1, and significantly lower in group 5
than in groups 3 and 4, but both showed no dif-
ference between groups 3 and 4. Additionally,
the IF microscopy demonstrated that the inten-
sity of ROS expression (i.e., after H,DCFDA
staining) in LV myocardium, an indicator of total
cellular expression of ROS, exhibited a similar
pattern to that of CD68+ cells among the five
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Figure 2. Histopathological findings of LV myocardium by day 5 after IR procedure. A-E. lllustrating the microscopic
finding (100 x) of Masson'’s trichrome stain for identification of fibrotic area (blue color). F. Analytical result of fibrotic
area, * vs. other groups with different symbols (1, %, §), P<0.0001. G-K. lllustrating the microscopic finding (100 x)
of Sirius-red stain for identification of collagen-deposition area (pink color). L. Analytical result of collagen-deposition
area, * vs. other groups with different symbols (1, %, §), P<0.0001. Scale bars in lower right corner represent 50
um. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc
test (n=6 for each group). Symbols (*, 1, ¥, §) indicate significance (at 0.05 level). SC = sham-operated control; IR =
ischemia reperfusion; CW = cold water; Exo = adipose-derived mesenchymal stem cell-derived exosome.

groups, except for that the ORS was notably
lower in group 4 than in group 3.

Cellular expressions of connexin 43 and sarco-
mere length in LV myocardium by day 5 after
IR procedure (Figure 4)

The IF microscopic finding revealed that the
expression of connexin 43 in LV myocardium,
an indicator of cellular gap junction for cell to
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cell communication, was highest in group 1,
lowest in group 2, and significantly higher in
group 5 than in groups 3 and 4, but it showed
no difference between groups 3 and 4. Addi-
tionally, The sarcomere length of LV myocardi-
um displayed an identical pattern to connexin
43, suggesting an early stage of intrinsic re-
sponse of increasing LV myocardial hypertro-
phy/contractility following AMI for compensated
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Figure 3. Inflammatory cell infiltration and ROS in LV myocardium by day 5 after IR procedure. A-E. lllustrating the
immunofluorescent (IF) microscopic finding (400 x) for identification of CD68+ cells (green color). F. Analytical result
of number of positively stained CD68 cells, * vs. other groups with different symbols (1, %, §), P<0.0001. Scale bars
in lower right corner represent 20 um. G-K. lllustrating the IF microscopic finding (400 x) for identification of fluores-
cent intensity of H,DCFDA stain [i.e., an indicator of tissue reactive oxygen species (ROS)] (green color). L. Analytical
result of fluorescent intensity ROS in kidney tissue, * vs. other groups with different symbols (1, ¥, §, 9), P<0.0001.
All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test
(n=6 for each group). Symbols (*, T, 1, §, 9) indicate significance (at 0.05 level). SC = sham-operated control; IR =
ischemia reperfusion; CW = cold water; Exo = adipose-derived mesenchymal stem cell-derived exosome.

LV dysfunction/heart failure that was attenuat- tive stress, were highest in group 2, lowest in
ed by CW-exosome treatment. group 1 and significantly lower in group 5 than
in groups 3 and 4, but no difference between
groups 3 and 4 (Figure 5). However, the protein
expressions of SIRT1 and SIRT3, two indices of
anti-oxidants, displayed an opposite pattern of
The protein expressions of NOX-1, NOX-2, NOX- oxidative stress among the five groups (Figure
4 and oxidized protein, four indicators of oxida- 5). On the other hand, the protein expressions

The protein expressions of oxidative stress, an-
tioxidant and inflammation in LV myocardium
by day 5 after IR procedure (Figures 5 and 6)
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Figure 4. Cellular expressions of connexin 43 and sarcomere length in LV myocardium by day 5 after IR procedure.
A-E. lllustrating the immunofluorescent (IF) microscopic finding (400 x) for identification of the expression of con-
nexin 43 (Cx43) in LV myocardium (red color). F. Analytical result of accumulated Cx43 area (%), * vs. other groups
with different symbols (1, F, §), P<0.0001. Scale bars in lower right corner represent 20 um. G-K. illustrating the IF
microscopic finding (400 x) for identification of sarcomere (SM) length (1000 x). L. Analytical result of SM length, *
vs. other groups with different symbols (, F), P<0.0001. All statistical analyses were performed by one-way ANOVA,
followed by Bonferroni multiple comparison post hoc test (n=6 for each group). Symbols (*, 1, f, §) indicate signifi-
cance (at 0.05 level). SM = sarcomere length; SC = sham-operated control; IR = ischemia reperfusion; CW = cold
water; Exo = adipose-derived mesenchymal stem cell-derived exosome.

of IL-1B, TNF-a, p-NF-kB, and MMP-9, four in- pattern, whereas the protein expression of IKB-
flammatory biomarkers, revealed an identical «, its function is to inhibit the NF-kB transcrip-
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Figure 5. The protein expressions of oxidative stress and antioxidants in LV myocardium by day 5 after IR procedure.
A. Protein expression of NOX-1, * vs. other groups with different symbols (1, 1, §), P<0.0001. B. Protein expres-
sion of NOX-2, * vs. other groups with different symbols (1, f, §), P<0.0001. C. Protein expression of NOX-4, * vs.
other groups with different symbols (1, 1, §), P<0.0001. D. The oxidized protein expression, * vs. other groups with
different symbols (f, f, §), P<0.0001 (Note: the right and left lanes shown on the upper panel represent protein
molecular weight marker and control oxidized molecular protein standard, respectively). M.W = molecular weight;
DNP = 1-3 dinitrophenylhydrazone. E. Protein expression of SIRT1, * vs. other groups with different symbols (t, ¥,
§), P<0.0001. F. Protein expression of SIRT3, * vs. other groups with different symbols (1, , §), P<0.0001. All sta-
tistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n=6
for each group). Symbols (*, 1, %, 8) indicate significance (at 0.05 level). SC = sham-operated control; IR = ischemia
reperfusion; CW = cold water; Exo = adipose-derived mesenchymal stem cell-derived exosome.

tion factor, and protein expression of IL-10, an est in group 1 and significantly lower in group 5
indicator of anti-inflammation, exhibited an op- than in groups 3 and 4, but there was no differ-
posite pattern of oxidative stress among the ence between groups 3 and 4. Additionally, the
five groups (Figure 6). protein expressions of cleaved PARP and p53,

another two indicators of cellular apoptotic/
The protein expressions of apoptotic and mito- death biomarkers, were highest in group 2, low-
chondrial damaged biomarkers in LV myocar- est in group 1, significantly lower in group 5
dium by day 5 after IR procedure (Figure 7) than in groups 3 and 4, and significantly lower

in group 4 than in group 3. Furthermore, the
The protein expressions of mitochondrial-Bax protein expression of cytosolic cytochrome C, a
and cleaved caspase 3, two indicators of apop- mitochondrial damaged marker, displayed an
totic biomarkers, were highest in group 2, low- identical pattern, whereas the protein expres-
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* vs. other groups with different symbols (1, %, §), P<0.0001. E. Protein expression of matrix metalloproteinase
(MMP)-9, * vs. other groups with different symbols (1, , §), P<0.0001. F. Protein expression of IL-10, * vs. other
groups with different symbols (1, %, §), P<0.0001. All statistical analyses were performed by one-way ANOVA, fol-
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nificance (at 0.05 level). SC = sham-operated control; IR = ischemia reperfusion; CW = cold water; Exo = adipose-
derived mesenchymal stem cell-derived exosome.

sion of mitochondrial cytochrome C, an indica-
tor of mitochondrial integrity, exhibited an op-
posite pattern of p53 among the five groups.

IR setting that was ameliorated by CW-Exo
treatment.

Discussion
The protein expressions of cell-stress response

signaling in LV myocardium by day 5 after IR
procedure (Figure 8)

The protein expressions of PI3K, p-Akt, GSK3(,
p-m-TOR and p-AMKP, five cell-stress response
signaling biomarkers, were highest in group 2,
lowest in group 1, and significantly lower in gr-
oup 5 than in groups 3 and 4, but no difference
between groups 3 and 4, suggesting an intrin-
sic cellular response to ischemic stimulation in
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This study which investigated the therapeutic
impact of CW-Exo on protecting the heart from
IR injury yielded several striking implications.
First, CW was comparable to Exo therapy for
preserving the LVEF in setting of acute IR injury
in rat. Second, combined CW-Exo added an
additional benefit to preserving the LVEF and
cardiac architectural integrity after acute IR
procedure. Third, the results of the present
study demonstrated that CW-Exo therapy on

Am J Transl Res 2019;11(9):5375-5389
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mesenchymal stem cell-derived exosome.

protecting the heart function against IR injury
was mainly through inhibiting oxidative stress/
inflammatory signaling that regulated the intrin-
sic cell-stress response pathway.

Interestingly, clinical studies have previously
shown that hypothermic therapy offered a high-
er likelihood of survival to hospital discharge
and favorable neurological survival [26-29]
mainly through the preservation of vital organ
viability [25] in critical patients. Additionally, a
couple of experimental studies have clearly
shown that MSC-derived Exo therapy effective-
ly protected the ischemic-related/IR injured or-
gan dysfunction [38-41]. The most important
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finding in the present study was that as com-
pared with IR only animals, the LVEF (i.e., func-
tional interpretation) was significantly improv-
ed, whereas the infarct, collagen-deposition
and fibrotic areas (i.e., histopathological fea-
tures) were substantially reduced in those of
CW or Exo treated IR animals and these para-
meters were further altered in those of IR ani-
mals after receiving combined CW-Exo thera-
py. Accordingly, our findings, in addition to ex-
tending the results of previous studies [25-29,
38-41], highlight that this therapeutic modality
(i.e., CW-Exo) may be potential for those of se-
vere myocardial IR patients who are refractory
to conventional therapy.
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Associations among oxidative stress, inflam-
matory reaction, and mitochondrial and organ
damages have been keenly investigated [16,
19, 20, 38-43]. One essential finding in the
present study was that as compared with SC,
the oxidative stress, inflammation, apoptosis
and mitochondrial damage were substantially
increased in IR animals. These findings, in addi-
tion to being consistent with the results of pre-
vious studies [38-43], could powerfully explain
why the LVEF was notably reduced and infarct-
ed/fibrotic/collagen-deposition areas were su-
bstantially increased in those of IR animals.
However, these cellular-molecular perturba-
tions and infarcted/fibrotic/collagen-deposition
areas were remarkably suppressed and LVEF
was markedly increased in those of IR animals
after receiving CW or Exo therapy and further
altered in these animals after receiving CW-Exo
therapy. Our findings, therefore, strengthened
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the conclusions from previous studies [16, 19,
20, 38-43].

The underling mechanisms of hypothermia th-
erapy for protecting the vital organs [25] and
giving the favorable neurological survival [26-
29] have been revealed to be very complicated,
including anti-apoptosis, suppression of inflam-
matory chemokines [30], induction of expres-
sion of cold-inducible RNA-binding protein, acti-
vation of extracellular signal-regulated kinase
[31] and inhibition of ROS/free radical produc-
tion, mitochondrial damage [30, 31] as well as
possible regulation of PI3K-Akt-GSK3p signal
pathway [32]. On the other hand, our previous
studies have identified that Exo therapy pro-
tected the ischemia/IR-related organ dysfunc-
tion was mainly through inhibitions of inflam-
mation and oxidative stress and upregulation
of immunomodulation [38-41]. A principal find-
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Figure 9. Proposed mechanisms underlying the positive therapeutic effects of CW-Exo preserved heart function in

a setting of ischemia-reperfusion myocardial injury.

ing in the present study was that CW-Exo thera-
py downregulated the cell-stress response [i.e.,
(PI3K/Akt/GSK3B and p-m-TOR/p-AMKP)], sar-
comere length, oxidative-stress and inflamma-
tory signaling pathway as well as upregulated
cell to cell gap junction, antioxidant (i.e., SIRT1,
SIRT3) and anti-inflammatory (IL-10) biomark-
ers. In this way, our findings, in addition to cor-
roborating with those from previous studies
[30-32, 38-41], could once again explain why
the functional (i.e., preserved LVEF and con-
nexin 43) and cardiac architectural (attenuated
the infarcted/fibrotic/collagen-deposition are-
as/sarcomere length) integrities were notably
safeguarded in IR animals treated by CW-Exo
regimen.

Study limitation

This study has limitations. First, despite the
short-term results were attractive and promis-
ing, the study period lasted only five days.
Certainly, the long-term outcome remains un-
clear. Second, although extensive works had
been done in the present study, the exact
underlying mechanisms of CW-Exo therapy on
protecting the heart from acute IR injury are not
fully identified. The proposed mechanisms un-
derlying the observed protective effects of CW-
Exo treatment against IR-induced cardiac dam-
age based on our findings have been summa-
rized in supplemental Figure 9.
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In conclusion, CW-Exo therapy offered reliable
benefit on protecting the heart against IR-in-
duced myocardial damage mainly through regu-
lating the cell-stress response, oxidative-stress
and inflammatory signaling pathways.
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