L8 INTERNATIONAL JOURNAL OF SURGERY

[ OPEN J

Ilnvited Special Paper

Shock wave-pretreated ADMSCs of cell-sheet
scaffold (CSS) patched on the left ventricular wall
(LVW) inhibited LVW remodeling in mini-pig MI: role
of CSS on counteracting Laplace’s Law of LVW

stress - experimental study

Jiunn-Jye Sheu, MD*°, Jui-Ning Yeh, MD®, Yin-Chia Chen, MD?, John Y. Chiang, PhD®, Pei-Hsun Sung, MD"°¢,
Chi-Ruei Huang, PhD"¢, Yi-Chen Li, PhD?, Hon-Kan Yip, MDP¢"*

Background: We investigated whether shock wave (SW)-pretreated autologous adipocyte-derived mesenchymal stem cells\
(ADMSCs) seeded in the cell-sheet scaffold (CSS) could inhibit left ventricular (LV) remodeling and improve LV ejection fraction (LVEF)
in old myocardial infarction (Ml).

Methods: Mini-pigs (n = 20) were divided into group 1 (sham-operated control), group 2 (old MI), group 3 (old MI + autologous
ADMSCs/1.0x10” in CSS on LV myocardium), and group 4 [old Ml + SW (0.12 mJ/mm? for total 140 shots)-pretreated
ADMSCs in CSS on LV myocardium]. Treatments started on day 28 after Ml induction. In-vivo and in-vitro studies were
conducted.

Results: Cell viability/relative mitochondria DNA expression/mitochondrial cytochrome C/adenosine triphosphate
concentration in ADMCSs and protein expressions of angiogenesis factors [vascular endothelial growth factor (VEGF)/stromal
cell-derived factor-1 (SDF-1)/mitochondrial respiratory chain complexes |-IV/oxygen consumption rate] were higher in group 4
than in group 3 (P <0.001). By day 180, LVEF and small vessel numbers in the peri-infarct or infarct area were highest in group
1, lowest in group 2, and significantly lower in group 3 than in group 4. In contrast, the LV dimension was opposite to the
pattern of change in LVEF in all groups (P < 0.0001). The basal/middle/apical infarct and fibrotic areas were inversely related to
LVEF in all groups (all P <0.0001). Protein levels of angiogenetic markers (SDF-1a/C-X-C chemokine receptor type 4/VEGF/
angiopoietin-1) were significantly and persistently increased from groups 1 to 4. In contrast, protein levels of endothelial cell
markers (von Willebrand factor or endothelial nitric oxide synthase) showed an identical pattern to LVEF in all groups (all

P <0.0001).

Conclusion: SW pretreatment of ADMSCs seeded in CSS offered significant benefits in preserving LV performance and
ameliorating LV remodeling in mini-pigs with old MI.
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Introduction

Left ventricular (LV) myocardial loss after myocardial infarction
(MI) is an irreversible process that results in LV dysfunction, and its
severity correlates with infarct sizel' ¥, Notably, a well-established
physical phenomenon known as Laplace’s law has shown that,
under equilibrium conditions, the wall stress (WS) [a parameter
of force (F)] tangent to the circumference of a vessel is propor-
tional () to its radius to the fourth power (r*) as in the mathe-
matical expression FY¥° « #*. The equation signifies a substantial
elevation of WS associated with only a minor increase in radius.
The law also applies to the heart, which is a spherical organ
whose weakened LV-free wall after MI causes an increase in LV
radius that results in an elevation of LV pressure and further
dilatation of the LV chamber. Such a vicious cycle, called LV
remodeling, leads to progressive and incessant LV dilatation
accompanied by myocardial apoptosis and death that contribute
to LV dysfunction with the clinical presentations of heart failure
(HF). LV remodeling and HF after IM are considered consider-
able and independent predictors of unfavorable prognostic
outcomes®*®!. Therefore, preventing LV dilatation is a key factor
for preserving LV function and improving prognostic outcomes
after MI.

Abundant evidence supports the ability of mesenchymal stem cells
(MSGs) to suppress inflammation and enhance immune privilege,
tissue regeneration, and angiogenesis® '3, which suggests the fea-
sibility of its clinical application as a novel therapeutic approach
to various organ diseases !, Nevertheless, data from tissue
engineering studies focusing on the validity of MSCs delivery
through biological scaffolds for myocardial repair and tissue
regeneration after MI is limited'”!8], Improved cardiac perfor-
mance and suppressed LV remodeling through the ‘patching’
technique in which stem cells were grown or embedded in a
special tissue scaffold to form a ‘graft’ before being implanted in
the infarct or ischemic myocardium have been observed!!”1%,
The mechanistic basis of this technique includes (1) enhancement
of myocardial regeneration through enrichment of angiogenetic
factors or neovascularization and paracrine effects and (2)
mechanical advantage from ventriculoplasty that contributes to a
reduction in LV dimension, thereby attenuating WS according to
Laplace’s law.

Consistent with the results of previous reports ,anearly
study from our team has demonstrated significant upregulation of
angiogenetic factors, increase in small vessel density, preservation
of LV performance, and amelioration of LV remodeling via
the application of platelet-rich fibrin scaffolds containing adi-
pose-derived MSCs (ADMSC:s) on the infarct myocardium in a
rat model immediately after the induction of infarction™.
However, our study had two limitations. First, we targeted the
acute phase of MI rather than a later stage, as in a real clinical
situation. Second, data from small animals may not accurately
reflect the pathophysiological features of human beings, sug-
gesting the need for a larger animal model to better simulate
human conditions.

The efficacy of shock wave (SW) in improving ischemia-
induced organ dysfunction, mainly via the suppression of
inflammation and oxidative stress, including the promotion of
angiogenesis and tissue regeneration, has been verified>*2l,
Thus, using cell-based biomaterials to regenerate LV myocardial
tissues and architecture, an approach known as ‘cardiac tissue
engineering,” may offer additional benefits to the enhancement of

[17,18]

HIGHLIGHTS

e Myocardial infarction (MI) is the dominant etiology of
mortality in patients for any cause of hospitalization.

e Diminished left ventricular (LV) mass after MI is perpe-
tually irreparable to cause LV remodeling and pump
failure, which are strongly and independently predictive
of unfavorable prognostic outcomes.

e Shock wave-pretreated adipose-derived mesenchymal stem
cells seeded in cell-sheet scaffold therapy offered great
benefits in inhibiting inflammation, oxidative stress, cellu-
lar apoptosis, and LV remodeling as well as enhancing
angiogenesis and tissue regeneration, resulting in improv-
ing the LV function.

tissue regeneration and inhibition of LV remodeling, thereby
improving LV function and prognostic outcomes.

Methods

Ethical statement

All animal experimental protocols and procedures were approved
by the Institute of Animal Care and Use Committee (IACUC) at
Kaohsiung Chang Gung Memorial Hospital. Animals were housed
in an AAALAC-approved animal facility in our hospital (IACUC
protocol no. 2019031904). This work has been reported in
accordance with the guidelines of Animals in Research: Reporting
In Vivo Experiments®*],

Porcine Ml induction and animal grouping

Each male mini-pig (Taitung Animal Propagation Station,
Livestock Research Institute, Taiwan), weighing 18-20 kg, was
anesthetized by intramuscular injection of ketamine (15 mg/kg)
and maintained under anesthesia by inhalation of 1.5% iso-
flurane. After being shaved on the chest, the mini-pig was placed
in the supine position on a warming pad at 37°C and then given
endotracheal intubation with positive-pressure ventilation
(180 ml/min) with room air using ventilator support (Sn:
Q42270; SIMS PneuPAC, Ltd.) during the procedure. An elec-
trocardiogram (ECG) monitor and defibrillator were connected
to the chest wall of each mini-pig. One ampoule of amiodarone
(150 mg) was intravenously administered to each animal before
acute myocardial infarction (AMI) induction to prevent malig-
nant arrhythmia.

Under sterile conditions, the heart was exposed using a
surgical sternum saw (Stryker 6207 Sternum Saw-MedRepair
LLC) to open the sternum through a mid-thoracotomy
(through a median sternotomy). The pericardium was then
gently incised in a small zone (~3-5 cm) to prevent future
adhesion between the chest wall and pericardium, and the mid-
portion of the left anterior descending artery (LAD) was firmly
ligated with a 5-0 prolene suture distal to the first diagonal
branch. Regional myocardial ischemia was confirmed by
typical changes in the waveform on ECG monitoring and
observation of rapid discoloration of the myocardium from
pink to gray over the anterior surface of the left ventricle,
together with the rapid development of akinesia and dilatation
of at-risk areas. Following this procedure, AMI was confirmed

7547



Sheu et al. International Journal of Surgery (2024)

using ECG. After the procedure, the sternum and muscle layers
were fixed with 1-0 vicryl, followed by 2-0 vicryl sutures for
the skin layer.

Mid-LAD ligation was performed in 20 mini-pigs. Two mini-pigs
succumbed to either ventricular tachycardia or ventricular fibrilla-
tion, even after defibrillation during the LAD-ligated procedure. The
remaining 18 mini-pigs were categorized into different groups.

By the 14th day after AMI induction (defined as old MI), the
animals (7 =18) in stable condition were equally categorized into
group 2 (old MI + intra-myocardium injection of 1.5 ml culture
medium), group 3 [old MI + autologous ADMSCs/1.0x107 cells
seeded in cell-sheet scaffold (CSS)/embedded into the LV infarcted
area], and group 4 (old MI + SW-pretreated ADMSCs/1.0x10”
cells, followed by seeding in CSS/embedded into the LV infarcted
area). Five healthy mini-pigs served as sham controls (group 1). The
sample size of the present study was based on the results of our
recent study on MI in mini-pigs treated with human bone marrow-
derived MSCs!®! and our previous studies?®*”! and was calcu-
lated by a statistician. The LV ejection fraction (LVEF) of MI
mini-pigs without any treatment was 40+ 5% 3 months after MI
induction. The LVEF in the group of MI mini-pigs after receiving
human bone marrow-derived MSCs was improved to 50% + 5%.
Accordingly, the same size was calculated as 6 in each MI group
based on the two-tail effective size=2.0, a=0.05, and power =
80%. In consideration of possible death from the MI procedure,
20 mini-pigs were used for this experimental MI study. However,
another rationale for using mini-pigs (large animals) to create an
old MI model in the present study was to mimic the clinical fea-
tures of humans with old MI because mini-pigs have similar
physiological and anatomical features as humans.

On day 90 after the first thoracotomy, the chest wall was
reopened (second thoracic procedure) using the same method the
first time for CSS and CSS-ADMSCs embedded into the LV
infarcted area. After opening the chest wall, we carefully sepa-
rated the adhesion between the sternum and pericardium as well
as the adhesion in the myocardium by hand with an accessory
small scissors commonly used during surgical intervention. After
adequate preparation, the CSS and CSS-ADMSCs were embed-
ded into the LV myocardium, followed by careful sutures using
the same method as the first time for each animal.

Preparation of autologous fat tissue for the cultivation of
ADMSCs

To obtain ADMSCs, adipose tissue was separated from the mini-
pigs on day 14 after AMI induction. The preparation and culture
of ADMSCs have been previously described in detail®1113,

SW treatment for ADMSCs and CSS patched into the
infarction zone of the LV myocardium after the open chest
wall procedure

The ADMSCs were first seeded in a 25T flask and incubated
for 24 h, followed by SW (0.12 mJ/mm? for 140 shots) applied
to the flask and incubated for another 24 h. After that, the
ADMSCs (1.2x107 cells) were collected and mixed with
the temperature-sensitive plasticity gel (TSPG; Industrial
Technology Research Institute, Taiwan) that is liquid at <4.0°
C and solid at >4.0°C when exposed for > 6 min. The TSPG
was added to a 3.5 cm plate and allowed to stand for 25 min
at room temperature. Finally, ADMSCs were incubated for
24 h at 37°C to form an elastic ‘CSS.’

In the current study, the interval of day 28 after AMI was
defined as the pathological time of the old MI. Accordingly, on
day 28 after AMI and immediately after the preparation of
ADMSC:s cultivated in the CSS, the chest walls of the mini-pigs in
groups 2—4 were reopened under anesthesia. The culture medium
was then injected into the infarcted and peri-infarcted areas in
group 2 mini-pigs, whereas the CSS was firmly patched by several
sutured points over the infarcted area of the LV myocardium. This
created a framework similar to a splint for fixation after a bone
fracture, resulting in the creation of an external compression force
that subsequently reduced the WS force. During the procedure,
one animal died in groups 2, 3, and 4 each. After the procedure,
the mini-pigs recovered from anesthesia and were intensively
taken care of for 24 h, and their vital signs were observed.

Evaluation of cardiac function using 2D echocardiography

The methodology for evaluating cardiac function has been
described in our previous studies?®*1:26271. Echocardiography
was conducted before AMI induction and on days 28, 60, and
180 after the procedure using iE33 (Philips Medical System,
Bothell, Washington, USA) with S$ transducers. The LVEF was
calculated as follows: LVEF (%) = [(LVEDd® - LVESd®)/
LVEDd?] x100. A 2D echo performance was assessed by a
veterinary cardiologist blinded to the therapeutic strategy.

Specimen preparation and assessment of the infarct area (IA)
at the basal, middle, and apical levels of LV

By the 180th day after AMI induction, all the mini-pigs were
euthanized after echocardiography. The methodology for TA assess-
ment has been previously reported?**'262"], Three cross-sections (1
cm-thick) from the basal, middle, and apical levels were used to
quantify IA in each animal after staining with 2% triphenyl tet-
razolium chloride. Three sections at each level (apical, middle,
and basal) of the LV anatomical structure were selected to avoid
selection bias in the pathological analysis. Sections were photo-
graphed from a fixed height directly above. The obtained images
were analyzed using Image Tool 3 (IT3) image analysis software
(University of Texas, Health Science Center, San Antonio,
UTHSCSA; Image Tool for Windows, Version 3.0, USA) to avoid
selection bias. The pathological assessment was conducted by a
senior technician blinded to the therapeutic strategy.

Assessment of thickness of the infarcted wall at the papillary
muscle level

To elucidate the effect of SW-ADMSCs therapy on myocardial
regeneration, three cross-sections of the LV at the papillary
muscle level were used with the three thickest regions chosen, and
the thickness was calculated for each mini-pig. Data were further
summarized and divided into six groups for statistical analysis.
The papillary muscle level was used as an estimation of wall
thickness because most cases of MI-induced myocardial necrosis
or ischemia are predominantly distributed in these levels of the
LV-free wall. The pathological parameters were determined by a
senior technician blinded to the therapeutic strategy.

Assessment of small vessels in infarct and peri-infarct areas

This methodology has been previously described
Estimation of the small vessel density in the infarct and peri-
infarct areas at the papillary muscle level was used to determine

[20,26,27]
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the capacity for angiogenesis or neovascularization after SW +
CSS-ADMSCs therapy. Three sections of the basal, middle, and
apical levels of the LV myocardium, which were selected for
immunohistochemical (IHC) staining for small vessel density,
were treated with alpha-smooth muscle actin (a-SMA; 1:400) as
the primary antibody at room temperature for 1 h, followed by
rinsing with phosphate-buffered saline (PBS) thrice. The anti-
mouse-horseradish peroxide (HRP)-conjugated secondary anti-
body was then added for 10 min, followed by rinsing with PBS
thrice. Hematoxylin and eosin (H&E) staining was performed by
a senior technician blinded to the therapeutic strategy.

Pathohistological examination of fibrosis in 1As

This methodology has been previously describe
Masson’s trichrome staining was used to evaluate LV myocardial
fibrosis. Three serial sections of the LV myocardium at the basal,
middle, and apical levels of the left ventricle were prepared at
4 pm thickness using a Cryostat (Leica CM3050S). We estimated
the IAs to select these anatomical levels. The integrated area (pm?)
of fibrosis in the slides was calculated using the I'T3 image analysis
software. Three sections from each animal were quantified. The
mean pixel number per high-power field (HPF) for each mini-pig
was then calculated by summing all the pixel numbers and
dividing them by nine. The mean integrated area (um?) of fibrosis
in the LV myocardium per HPF was determined using a con-
version factor of 19.24 (1 pm? represented 19.24 pixels).
Masson’s trichrome staining was performed by a senior techni-
cian blinded to the therapeutic strategy.

d[20,26,27]

IHC staining

This methodology was previously reported®'3. Rehydrated
paraffin sections were treated with 3% H,0O, for 30 min and
incubated with an ImmunoBlock reagent for 30 min at room
temperature. Sections were then incubated with primary anti-
bodies specifically against a-SMA (1:400, Sigma Aldrich) and
r-H2AX (1:1000, Abcam). Sections incubated with irrelevant
antibodies served as controls.

Western blot

The procedure and protocol have been previously described™*13,
Equal amounts (50 pg) of protein extracts were loaded and
separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis using 8-12% acrylamide gradients. After electrophor-
esis, the separated proteins were transferred onto a
polyvinylidene difluoride membrane (Amersham Biosciences).
Nonspecific sites were blocked by incubating the membrane in
a blocking buffer (5% nonfat dry milk in Tris-buffered saline
containing 0.05% Tween 20) at room temperature for 30
minutes. The membranes were incubated with the indicated
primary antibodies [vascular endothelial growth factor (VEGF;
1:1000, Abcam), stromal cell-derived factor-1a (SDF-1a; 1:1000,
Cell Signaling), C-X-C chemokine receptor type 4 (CXCR4;
1:1000, Abcam), angioetin-1 (1:1000, Abcam), bone morphoge-
netic protein-2 (BMP-2; 1:1000, Abcam), phosphorylated
Smad1/5 (1:1000, Cell Signaling), von Willebrand factor (vWF;
1:1000, Abcam), endothelial nitric oxide synthase (eNOS;
1:1000, Abcam), angiopoietin-1 (1:1000, Abcam), cytosolic
cytochrome (1:5000, BD), mitochondrial cytochrome C
(1:5000, BD), y-H2AX (1:1000, Cell Signaling), phosphorylated

Smad3 (1:1000, Cell Signaling), transforming growth factor
(TGF)-B (1:1000, Abcam), complex I (1:5000, Abcam), complex
I (1:5000, Abcam), complex IIT (1:5000, Abcam), complex IV
(1:5000, Abcam), complex V (1:5000, Abcam), matrix metallo-
proteinase-9 (MMP-9; 1:1000, Abcam), interleukin-6 (IL-6;
1:1000, Abcam), cyclooxygenase-2 ([COX-2; 1:1000, Abcam),
interferon gamma (IFN-y; 1:1000, Abcam), NADPH oxidase
(NOX-1; 1:1000, Sigma), NOX-2 (1:1000, Sigma), mitochondria
respiratory chain (MRC I; 1:5000, Abcam), MRC 1II (1:5000,
Abcam), MRC III (1:5000, Abcam), and MRC IV (1:5000,
Abcam)] for 1 h at room temperature. HRP-conjugated anti-
rabbit immunoglobulin G (1:2000, Cell Signaling Technology)
was used as the secondary antibody for the 1 h incubation at
room temperature. The rinsing procedure was repeated eight
times within 1 h, and the immunoreactive bands were visualized
using enhanced chemiluminescence (ECL; Amersham
Biosciences) after exposure to Biomax L film (Kodak). ECL
signals were digitized using the Labwork software (UVP) for
quantification.

Statistical analysis

All parameters were expressed as mean + standard deviation. The
differences between the two groups were compared using
Student’s #-test. Additionally, continuous variables among dif-
ferent groups were compared using analysis of variance
(ANOVA), followed by the Bonferroni test for post hoc between-
group comparison. However, repeated measures of ANOVA
were adopted to analyze cell variability at different time points.
Statistical analysis system (SAS) software for Windows version
8.2 (SAS Institute, Cary, North Carolina, USA) was used as an
analytic tool. Statistical significance was set at P < 0.05.

Results

In-vitro study to verify the effect of SW and ADMSCs on
attenuating the inflammatory reaction, oxidative stress, and
apoptosis

To verify the therapeutic effect of SW and ADMSCs on amelior-
ating inflammation and oxidative stress, Raw 264.7 Cells (mouse
mononuclear macrophages) were categorized into four groups: Al
(Raw 264.7 Cells), A2 [Raw 264.7 Cells + lipopolysaccharide (LPS;
50 ng/ml)], A3 [Raw 264.7 Cells + LPS + pig-derived ADMSCs
(5.0x10° cells)], and A4 (Raw 264.7 Cells + LPS + SW (0.12 m]/
mm? for a total of 140 shots)] + pretreated pig-derived ADMSCs
(5.0x10° cells). The results showed that the protein levels of matrix
metalloproteinase-9 (MMP-9), IL-6, COX-2, and IFN-y, four
indices of inflammation, protein levels of NOX-1 and NOX-2, and
two biomarkers of oxidative stress were most significantly lower in
A1, the highest in A2, and remarkably higher in A3 than in A4.
Flow cytometry revealed that early and late apoptosis had similar
MMP-9 expression among the groups. Furthermore, flow cyto-
metry revealed that the surface expression of M1 in macrophages,
an index of inflammation, was most significantly lower in Al,
greatly upregulated in A2 compared with A3 and A4, and notably
higher in A3 than in A4. In contrast, the surface expression of M2
in macrophages, an index of anti-inflammation, significantly and
gradually increased from A1 to A4. Thus, the ratio of M2 to M1
was reduced most in A2, the highest in A4, and significantly higher
in A1 than in A3, implying that combination therapy with SW and
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Figure 1. Effect of SW and ADMSCs on alleviating inflammation, oxidative stress and apoptosis. (A) Western blot result of MMP-9, * versus other groups with
different symbols (1, 1, §), P <0.0001. (B) Western blot result of interleukin (IL)-6, * versus other groups with different symbols (t, ¥, 8), P < 0.0001. (C) Western blot
result of COX-2, * versus other groups with different symbols (t, 1, §), P <0.0001. (D) Western blot result of interferon (IFN)-y, * versus other groups with different
symbols (t, £, §), P <0.0001. (E) Western blot result of NOX-1, * versus other groups with different symbols (1, 1, §), P < 0.0001. (F) Western blot result of NOX-2, *
versus other groups with different symbols (1, 1, §), P < 0.0001. (G) Flow cytometric assessment of early (AN-V*/PI7) apoptosis, * versus other groups with different
symbols (1, £, §), P < 0.0001. (H) Flow cytometric assessment of late (AN-V*/PI*) apoptosis, * versus other groups with different symbols (1, F, §), P < 0.0001. (I-1)
Number of M1 surface expression in Raw 264.7 Cells, * versus other groups with different symbols (1, 1, §), P <0.0001. (I-2) Number of M2 surface expression in
Raw 264.7 Cells, * versus other groups with different symbols (1, 1, §), £<0.0001. (I-3) Ratio of M2/M1, * versus other groups with different symbols (t, 1, §),
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, . §) express significance for each other (at 0.05 level). ADMSCs, adipose-derived mesenchymal stem cells; LPS, lipopolysaccharide; SW, shock wave.

ADMSCs was superior to a single therapy for reducing inflam-
mation and oxidative stress (Fig. 1).

SW treatment augmented cell proliferation, angiogenesis
biomarkers, and the manifestation of mitochondrial
cytochrome C in ADMSCs

To elucidate whether SW treatment could augment cell prolifera-
tion, angiogenesis biomarker ability, and the expression of mito-
chondrial cytochrome C, ADMSCs were categorized as Bl
(ADMSCs only) and B2 [ADMSCs + SW (0.12 mJ/mm? for 140
shots)]. The triphenyl tetrazolium chloride (TTC) assay showed that
cell viability was markedly higher in B2 than in B1 at 24, 48, and
72 h. Additionally, microscopic examination revealed that the level

of mitochondrial cytochrome C in ADMCSs was higher in B2 than
in B1. The protein levels of VEGF and SDF-1 in ADMSCs, two
angiogenesis biomarkers, and the cellular expression of Ki67, an
indicator of proliferation, were notably higher in B2 than in B1
(Fig. 2).

SW treatment upregulated the expression of relative
mitochondrial DNA (mtDNA), adenosine triphosphate (ATP)
concentration, mitochondrial bioenergetics, and the
expression of respiratory chain complexes in ADMSCs

According to the findings shown in Figure 2, SW treatment
upregulated ADMSCs proliferation, and we used the cell
grouping of B1 and B2 to verify whether the mitochondrial
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Figure 2. SW treatment augmented cell proliferation ability, number of mitochondrial cytochrome C, and angiogenesis biomarkers in ADMSCs. (A) Cell viability at
24 h, *versus T, P<0.0001. (B) Cell viability at 48 h, f versus §, P <0.0001. (C) Cell viability at 72 h, ] versus §, P <0.00001. Note that the repeated measures
ANOVA was adopted to analyze cell variability at different time points. (D1-D3 and E1-E3) Showing the immunofluorescent microscopic finding (400x) for
identifying the expression of mitochondrial cytochrome C (red-green color in the merged picture). (D1 and E1) Indicated the cytochrome C stain (green color); (D2
and E2) Indicated mitochondrial stain (red color); (D3 and E3) Indicated the merged picture of A and B (red-green color). (F) The percentage (%) of positively stained
cytochrome C in mitochondria, * versus T, P < 0.0001. (G) Western blot analysis of VEGF, * versus t, P < 0.0001. (H) Western blot analysis of SDF-1a, * versus T,
P <0.0001. n=6in each group. (I and J) Demonstrating the IF microscopic finding (400x) for identifying the cellular expression of Ki68 (green color). (K) Analytical

result of the number of Ki67+ cells, * versus 1, P <0.0001. n=4 in each group.

content, oxygen consumption rate, and ATP would also be
upregulated by SW treatment. As expected, relative mtDNA, an
index of mitochondrial integrity, was remarkably upregulated in
B2 compared to that in B1. Additionally, ATP concentration was
significantly higher in B2 than in B1 (Fig. 3).

Furthermore, to estimate the impact of SW on mitochondrial
respiration, groups B1 and B2 were subjected to a Seahorse XF24
extracellular flux analyzer to assess the efficiency of mitochon-
drial respiration, reflected by the OCR, which is an indicator of

effective mitochondrial utilization. ~Significant progressive
increases were observed in mitochondrial respiration, including
basal and maximal respiration, ATP generation, and spare
respiration capacity, indicating that mitochondrial bioenergetics
were better in B2 than in B1.

The protein expression of mitochondrial respiration chains of
complexes I, I, III, and IV was substantially increased in B2
compared to that in B1. These findings implied that the SW
treatment enhanced ADMSCs proliferation, resulting in the
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Figure 3. SW treatment augmented the expressions of relative mitochondrial DNA (mtDNA), ATP concentration, mitochondrial bioenergetics, and expressions of
respiratory chain complexes in the ADMSCs. (A) Level of relative mtDNA, * versus 1, P < 0.0001. (B) The ATP concentration, * versus 1, P < 0.0001. (C to I) Changes
in mitochondrial respiration of ADMSCs with and without SW treatment. (C) Indicated mitochondria respiration reflected by the level of oxygen consumption rate
(OCR) in B1 and B2, following the injection of oligomycin, FCCP, and antimycin A/rotenone (Back. corr. = Background correction). (D) The rates of basal
respiration, (E) ATP production, (F) maximal respiration, (G) spare respiratory capacity (n=4 per group), and (H) protein leakage, respectively; * versus t, all
P <0.001. () Non-mitochondrial oxygen consumption, P>0.5. (J) Western blot analysis of mitochondria respiratory chain (MRC) complex |, * versus 1, all
P <0.0001. (K) Protein expression of MRC complex Il, * versus 1, all P < 0.0001. (L) Protein expression of MRC complex lll, * versus T, all P < 0.0001. (M) Western
blot analysis of MRC complex IV, * versus t, all P <0.0001. (N) Western blot analysis of MRC complex V, * versus t, all P<0.0001. n=3 in each group.

upregulation of relative mitochondrial DNA, OCR, ATP, and
electron transport chain efficacy in ADMSCs.

Comparison of the growth morphological feature of ADMSCs
between Matrigel, hyaluronic acid, and TSPG

To verify whether the growth ability of ADMSCs in TSPG was
not inferior to that of Matrigel and hyaluronic acid, the same
number of ADMSC:s derived from the 24-h cell culture from those
isolated from autologous adipose tissues was mixed with the
materials previously listed and incubated under the same

conditions of temperature and culture medium. On the 7th day of
cell culture, microscopic examination revealed similar numbers
and morphological features of ADMSCs, indicating that TSPG
was suitable for ADMSCs growth and proliferation. (Fig. 4)

Accumulation of mortality rate at the end of the study period
and measurement of time courses of LVEF using
transthoracic echocardiography

In total, 25 animals were used in this study. The mortality rate
during AMI induction (at the first time point of the procedure)
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< 3

Figure 4. Comparison of the growth morphological feature of ADMSCs among the Matrigel, hyaluronic acid, and TSPG. (A1-A3) lllustrating the morphologic feature
of ADMSCs after 24 h of culture in Matrigel culture plate, that is, at 40x (A1), 100x (A2), and 200x (A3), respectively. (B1-B3) lllustrating the morphologic feature (i.e.
typical spindle shape) of ADMSCs after 7 days culture in Matrigel culture plate, that is, at 40x (B1), 100x (B2), and 200x (B3), respectively. (C1-C3) lllustrating the
morphologic feature of ADMSCs after 24 h of culture in TSPG culture plate, that is, at 40x (C1), 100x (C2), and 200x (C3), respectively. (D1-D3) lllustrating the
morphologic feature (i.e. typical spindle shape) of ADMSCs after 7 days of culture in TSPG culture plate, that is, at 40x (D1), 100x (D2), and 200x (D3), respectively.

TSPG, temperature-sensitive plasticity gel.

was 8% (2/25). The mortality rate during the second proce-
dure before the final animal grouping was 13.04% (3/23).
No further deaths occurred until the end of the study period.
Thus, the cumulative mortality rate in this study was 20%
(5/25) (Table 1).

To elucidate whether SW-pretreated ADMSCs in CSS could
provide additional advantages in preserving LV function,
transthoracic echocardiography (2D M-mode method) was
adopted in the current study, and LVEF, fractional shortening
(FS), LVESD, and LVEDD at baseline, on day 28 (prior to
ADMSCs treatment), and 60 and 180 days after AMI induc-
tion were derived.

The baseline values of LVEF, FS, LVESD, and LVEDD did not
differ between groups 1 (SC), 2 (old MI), 3 (old MI + autologous
ADMSCs seeded in CSS), and 4 (old MI + SW-pretreated
ADMSC:s seeded in CSS). However, by the 28th day after AMI
induction, LVEF and FS remarkably increased, whereas LVESD
and LVEDD remarkably decreased in group 1 compared with
those in the other three groups. These parameters did not differ
between groups 2 and 4 at this time point.

On day 60 after AMI induction, LVEF increased the most in
group 1, decreased the most in group 2, and increased notably in
group 4 compared with group 3. FS was notably higher in group
1 than in groups 2—4 and was notably increased in groups 3 and 4
compared with group 2. However, FS was similar between
groups 3 and 4. In contrast, LVESD and LVEDD were remark-
ably lower in group 1 than in groups 2—4 and remarkably lower
in groups 3 and 4 than in group 2. They were similar in groups
3 and 4.

On day 180 after AMI induction, LVEF and FS increased the
most in group 1, decreased the most in group 2, and significantly
increased in group 4 compared with group 3. In contrast, LVESD
and LVEDD, two indices of LV remodeling, were significantly
lower in groups 1, 3, and 4 than in group 2; however, no dif-
ference was observed between groups 3 and 4.

These findings imply that SW-pretreated autologous ADMSCs
seeded in CSS were superior to autologous ADMSCs seeded in
CSS in preserving LV function and reducing LV chamber size
parameters of LVESD and LVEDD (defined as reducing the LV
remodeling).
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Serial changes of LVEF were assessed by transthoracic echocardiography.

Variable Group 1 (n=5) Group 2 (n=5) Group 3 (n=5) Group 4 (n=5) P*
Baseline
LVEDd (mm) 28.14+1.64 30.64 +2.51 29.09+3.34 29.68+3.78 >0.2
LVESd (mm) 17.95+1.22 18.3333 + 4.64 18.54 +2.24 19.27 +1.85 >0.3
LVEF (%) 67.73+1.26 67.2267 +2.55 67.73+£0.93 67.8+1.37 >0.7
FS (%) 35.83+2.29 36.1+19 36.29+0.55 36.69+1.09 >0.5
At day 28
LVEDd (mm) 29.98+1.97° 34.83+9.69° 34.81+519° 34.73 £ 4.47° <0.001
LVESd (mm) 19.44 +1.57° 28.47 +3.68° 27.49 +4.11° 26.34 +3.58" <0.0001
LVEF (%) 66.12+1.92° 46.49 +3.54° 46.11+£1.94° 47.43+3.43° <0.0001
FS (%) 35.2+1.32° 2273 +213° 21.99+1.25 23.37 +1.88" <0.0001
At day 60
LVEDd (mm) 32.04+£2.22° 43124763 36.09 +3.46° 36.82+£5.41° <0.0001
LVESd (mm) 20.83+1.78° 32.10 + 4.89° 26.6 +1.74° 26.09+3.90° <0.0001
LVEF (%) 65.68 +2.32° 46.25 £ 4.77° 51.94 +4.84° 56.83 + 2.37¢ <0.0001
FS (%) 35.06+1.61° 22.99+3.07° 26.03+3.22° 29.13+1.54° <0.0001
At day 180
LVED (mm) 32.16 +2.47° 42.91+8.08° 36 +4.51° 37.93+4.64° <0.0001
LVESd (mm) 20.78 +1.94° 33.99 + 6.45° 27.78 +3.65° 26.11+£2.85° <0.0001
LVEF (%) 66.57 + 2.60° 44.35+337° 56.07 +3.90° 61.38 +3.12¢ <0.0001
FS (%) 35.63+1.81° 21.25+1.59° 28.85+2.83° 33.51+1.56 <0.0001

Data are expressed as mean + SD or % (n).

*Indicates by one-way ANOVA. Different letters (a, b, ¢, d) were used for grouping, indicating significant differences (< 0.05) among different groups by the Bonferroni multiple-comparison post hoc test.
ADMSCs, adipose-derived mesenchymal stem cells; FS, fractional shortening; group 1, sham-operated control; group 2, old myocardial infarction (MI); group 3, old MI + cell-sheet scaffold of autologous ADMSCs
(1.0x107 cells); group 4, old MI + ECSW pretreated cell-sheet scaffold of autologous ADMSCs (1.0x107 cells); LVEF, left ventricular ejection fraction; LVED, left ventricular-end-diastolic dimension; LVESd, left

ventricular-end-systolic dimension.

TTC assay for infarcted size, determination of the thickness
of the wall and internal LV chamber size in the infarcted zone,
and histology of cross-sectioned IAs in infarcted and peri-
infarcted zones by the 180th day after AMI induction

To verify the effect of ADMSCs + CSS on the reduction of the
infarcted area, infarct sizes at three levels — basal, middle, and
apical — were assessed. The IAs of all layers were reduced the most
in group 1, increased the most in group 2, and significantly
reduced in group 4 compared with group 3. Consistently, the
cross-section of the chamber size at the middle LV level revealed a
similar infarcted area within the groups. In addition, the wall
thickness of the middle cross-section exhibited an opposite pat-
tern of the infarcted areas within the four groups (Fig. 5).

H&E staining was used to determine the cross-sections of
infarcted and peri-infarct zones in the present study. Through
visual observation of the anatomical structure during har-
vesting of the LV myocardium, we collected specimens from
two distinct areas of the infarcted and peri-infarcted zones.
Microscopic examination illustrated that IAs in these two
distinctive zones were the lowest in group 1, highest in group
2, and substantially lower in group 4 than in group 3, indi-
cating that SW-pretreated autologous ADMSCs implanted in
CSS were superior to autologous ADMSCs implanted in CSS
for reducing the infarct size.

Vessel density in infarcted and peri-infarcted areas on day
180 after AMI induction

a-SMA staining was used to elucidate whether the two innovative
treatments would augment the neovascularization of small vessels
(<25.0 uM). The number of small vessels in both infarcted and

peri-infarcted areas increased the most in group 1, reduced the
most in group 2, and remarkably increased in group 4 compared
with group 3, implying that SW booster in ADMSCs effectively
enhanced angiogenesis or vasculogenesis in the ischemic area
(Fig. 6).

Fibrosis area and DNA-damage biomarker in infarcted areas
on day 180 after AMI induction

Histopathological examination demonstrated that the fibrosis
area (identified using Masson’s trichrome stain) and y-H2AX
(index of a DNA-damaged biomarker identified using the
immunofluorescence stain) were reduced the most in group 1,
increased the most in group 2, and significantly lower in group 4
than in group 3. SW-pretreated autologous ADMSCs implanted
in CSS were superior to autologous ADMSCs implanted in CSS in
reducing myocardial injury (Fig. 7).

Protein levels of angiogenetic factors and integrity of
endothelial cell biomarkers in peri-infarcted areas on day 180
after AMI induction

To identify these biomarkers, western blot analysis was conducted
in vivo. The protein levels of SDF-1a, CXCR4, VEGF, and
angiopoietin-1, four indices of angiogenetic markers, were sub-
stantially and gradually upregulated from groups 1 to 4, implying
an intrinsic response to ischemia stimulation further increased by
SW-ADMSCs treatment (Fig. 8).

The protein levels of vWF and eNOS, two indices of endo-
thelial cell surface biomarker integrity, increased the most in
group 1, reduced the most in group 2, and notably increased in
group 4 compared with group 3.
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Figure 5. MTT assay for infarcted size, identifications of thickness of the wall, internal LV chamber size in infarcted zone, and histological finding of cross-section
infarct areas in infarcted and peri-infarcted zones by 180th day after AMI induction. (A1-A4) lllustrating the MTT assay to identify the infarct area at the apical (yellow
dotted line). (A5) Analyzed result of the infarcted area at apical level, * versus other groups with different symbols (t, ¥, §), P < 0.0001. (B1-B4) lllustrating the MTT
assessment for clarification of the infarcted area at the middle level (yellow dotted line). (B5) Analyzed result of the infarcted area at the middle level, * versus other
groups with different symbols (t, £, §), P <0.0001. (C1-C4) lllustrating the MTT examination for clarifying infarcted area at basal level (yellow dotted line). (C5)
Analyzed result of the infarcted area at the basal level, * versus other groups with different symbols (1, ¥, §), P < 0.0001. (D1-D4) Showing the morphological feature
of internal chamber size at the middle level of the left ventricle. (D5) Analysis of internal chamber area, * versus other groups with different symbols (t, %, §),
P <0.0001. (D6) Analysis of the wall thickness at the middle level of the infarcted zone, * versus other groups with different symbols (t, 1, §), P <0.0001. (E1-E4)
Microscopic analysis (20x) of H&E stain for clarification of infarcted area (yellow dotted line). (E5) Analysis of infarct area, * versus other groups with different symbols
(t, £, §), P<0.0001. (F1-F4) Microscopic finding (200x) of H&E stain for clarification of peri-infarct area (yellow dotted line). (F5) Analysis of peri-infarct area, * versus
other groups with different symbols (t, 1, §), P <0.0001. The scale bars in lower right corner represent 50 pm. n = 5 for each group. Symbols (%, 1, ¥, §) express
significance (at 0.05 level). ADMSCs, adipose-derived mesenchymal stem cells; CSS, cell-sheet scaffold; MI, myocardial infarct; SC, sham control.

Protein levels related to apoptosis, fibrosis, and
mitochondrial or DNA-damaged markers and complexes I-IV
in peri-infarcted areas on day 180 after AMI induction

The protein level of cytosolic cytochrome C, an index of
mitochondrial damage, and y-H2AX, an index of DNA
damage, exhibited a similar manner of apoptosis within the
four groups. In contrast, those of mitochondrial cytochrome

The protein levels of Smad3 and TGF-p, two indices of apoptosis, : X o5t X
C, an index of mitochondrial integrity, and complexes I-IV,

reduced the most in group 1, increased the most in group 2, and

significantly increased in group 3 compared with group 4. In
contrast, BMP-2 and Smad1/5, two indices of anti-apoptotic
markers, exhibited an antithetical manner of Smad3 within the
four groups (Fig. 9).

four indicators of functional integrity of electron transport,
displayed an opposing manner of cytosolic cytochrome C
within the four groups.
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Figure 6. VVessel density in infarcted and peri-infarcted areas and apoptotic nuclei in the infarcted area by 180th day after AMI induction. (A-D) Microscopic finding
(200x) of a-SMA stain for identification of small vessels in infarct area (red arrow). (E) Analysis of the number of small vessels (defined as < 25.0 M) in infarct area, *
versus other groups with different symbols (t, 1, §), P <0.0001. (F-l) Microscopic finding (200x) of a-SMA stain for clarification of small vessels in peri-infarct area
(red arrow). (E) Analysis of a number of small vessels (defined as <25.0 pM) in peri-infarct area, * versus other groups with different symbols (1, £, §), P <0.0001.
The scale bars in lower right corner represent 50 pm. n=5 for each group. Symbols (%, 1, 1, §) express significance (at 0.05 level). CSS, cell-sheet scaffold; M,

myocardial infarct.

Quantitative polymerase chain reaction (QPCR) analyses of
inflammation, apoptosis, and oxidative stress in peri-
infarcted areas on day 180 after AMI induction

Gene expressions were analyzed using qPCR according to the
manufacturer’s instructions. The qPCR showed that the relative
gene expressions of IL-1B, IL-6, and tumor necrosis factor-a,
three indices of inflammation, relative gene expressions of NOX-
1 and NO-4 and (flavin-containing dimethylaniline mono-
oxygenase 2 [FMO2]), three indicators of oxidative stress, and
relative gene expression of Bim, an indicator of apoptosis, were
highest in group 2, lowest in group 1 and significantly lower in
group 4 than in group 3. However, the relative gene expressions
of Bcl-2 and Bcl-xL, two biomarkers of anti-apoptosis, displayed
an opposite pattern of inflammation among the groups (Fig. 10).

Discussion

This study investigated SW-pretreated ADMSCs seeded in CSS
using a large animal model of old MI, followed by patching on the
surface of the LV IA, resulting in several preclinical striking
implications. First, by permanent ligation of the LAD, we

successfully created a large animal model of old MI; the LV
chamber size (LVEDd and LVESd) notably increased progres-
sively in old MI animals, which strongly supports a pathological
scenario of LV remodeling. Second, a novel finding of the current
study was that SW-pretreated ADMSCs + CSS were superior to
ADMSCs + CSS in preserving LV performance and suppressing
LV remodeling. Third, we confirmed that improving LV perfor-
mance and suppressing LV remodeling in old MI pigs could be
mainly achieved with the combined effect of the ADMSCs treat-
ment (enhancing angiogenesis and altering cellular-molecular
perturbations) and CSS patching (providing a force for limiting
the dilatation of the LV chamber), resulting in reduced LV WS
force and vanishing LV remodeling (Laplace’s law phenomenon).

The role of tissue regeneration of SW has been extensively
investigated in previous studies?°232¢281 Several novel findings
were observed in our in-vitro study. First, SW treatment sig-
nificantly suppressed inflammation, oxidative stress, and apop-
tosis. Second, SW treatment augmented ADMSCs proliferation
and generated angiogenesis biomarkers. Third, SW treatment
upregulated the mitochondrial number and ATP concentration in
ADMSC:s and the efficacy of mitochondrial oxidative phosphor-
ylation and mtDNA copy number. These findings encouraged us
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Figure 7. Fibrosis area and DNA-damaged marker in the infarcted area by 180th day after AMI induction. (A-D) lllustrating the microscopic finding (200x) of
Masson'’s trichrome stain for clarification of fibrosis area (blue area). (E) Analytical result of fibrotic area, * versus other groups with different symbols (t, 1, §),
P <0.0001. (F-I) Demonstrating the IF microscopic finding (200x) for identifying the positively stained y-HA2X cells (pink color). (J) Analysis of y-HA2X+ cells, *
versus other groups with different symbols (1, £, §), P <0.0001. The scale bars in lower right corner represent 50 pm. n=>5 for each group. Symbols (*, 1, £, §)
express significance (at 0.05 level). CSS, cell-sheet scaffold; MI, myocardial infarct.

to use SW-pretreated ADMSCs prior to seeding in the TSPG to
form a CSS to enhance tissue regenerative therapy in the present
in-vivo study.

The relationship between old MI and endless LV remodeling
has been extensively investigated"®l. Consequently, it causes
decompensated HF and extremely poor long-term prognostic
outcomes, even with advanced pharmacomodulation!-32%3%],
Notably, compared to the SC group, the LVEDd and LVESd
parameters measured on serial echocardiography on days 28, 60,
and 180 significantly and progressively increased in the old MI
group. Additionally, anatomical findings on day 180 showed that
the LV chamber size was notably increased, whereas LVEF was
remarkably reduced in the old MI group compared with the
control group. Our results, aside from supporting previous
reports!' 8], create a platform for an old MI animal model to
investigate different management strategies for inhibiting LV
remodeling. The most cardinal finding in the current study was
that, compared with that in the old MI group, the LV chamber
size was remarkably reduced in old MI animals treated with
ADMSCs + CSS and significantly reduced in old MI animals
treated with SW-pretreated ADMSCs + CSS. In contrast, the
LVEF showed an opposing pattern of LV chamber size within the

three groups. Our findings highlight that the combination of
ADMSCs and CSS effectively retards LV remodeling and suc-
cessfully improves LV performance.

In this study, readers would be highly interested in explor-
ing the underlying mechanism of combined ADMSCs and CSS
in alleviating LV remodeling and strengthening cardiac func-
tion in elderly patients with MI. We propose two fundamental
findings that delineate the mechanisms underlying this suc-
cessful treatment. First, ‘reduction in WS force,’ that is, after
opening the chest wall, the CSS was patched on the LV IA,
followed by firm sutures at 8 points and four suture lines cross-
tied over the CSS (Fig. 10), to constitute a ‘restrictive chamber-
dilatation force,’ resulting in retardation of LV dilatation and
LV remodeling. Second, ‘tissue engineering and regeneration,’
that is, on day 180 after AMI induction, fibrosis fully occupied
the TA (Fig. 7), suggesting myocardial death in the infarcted
area, which was clearly identified in old MI animals. However,
the histopathological findings identified that some ‘islet-shape’
survival myocardium cells were present inside the infarcted
area of ADMSCs + CSS-treated animals. Additionally, the wall
thickness significantly increased in animals treated with
ADMSCs + CSS. These two findings highlight that ‘tissue
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Figure 8. Protein levels of angiogenesis factors and integrity of endothelial cell biomarkers in the peri-infarcted area by 180th day after AMIinduction. (A) Protein level
of SDF-1a, * versus other groups with different symbols (t, %, §), P <0.0001. (B) Protein level of CXCR4, * versus other groups with different symbols (1, 1, §),
P <0.0001. (C) Protein level of VEGF, * versus other groups with different symbols (1, 1, §), P < 0.0001. (D) Protein level of angiopoetin-1, * versus other groups with
different symbols (1, F, §), P <0.0001. (E) Protein level of von Willebrand factor (WVF), * versus other groups with different symbols (1, %, §), P <0.0001. (F) Protein
level of eNOS, * versus other groups with different symbols (1, f, §), P <0.0001. n=5 for each group. Symbols (*, T, f, §) express significance (at 0.05 level).

engineering and regeneration’ already occurred after ADMSCs
+ CSS treatment.

The upregulation of angiogenesis is crucial in restoring ischemia-
related organ dysfunction. In contrast, the upregulation of mole-
cular-cellular perturbations, including inflammatory response,
generation of oxidative stress, fibrosis, and apoptosis, including
DNA-damage markers, correlate with worsening ischemia-related
organ dysfunction®!3192326-281 The essential findings in the cur-
rent study were that, compared with old MI animals without
treatment, the angiogenesis capacity (number of small vessels and
protein levels of angiogenesis biomarkers) and anti-apoptotic
gene expressions notably increased. In contrast, those of the
molecular-cellular perturbations and gene expressions of
inflammation, oxidative stress, and apoptosis mentioned above
were remarkably repressed in ADMSCs + CSS-treated and fur-
ther notably increased in SW-pretreated ADMSCs + CSS-treated
animals. Our findings, in addition to corroborating the findings
of previous reports® 15192326281 coy1d, at least partly justify why
LV remodeling was substantially suppressed and why LVEF was
greatly retained in old MI animals after ADMSCs-CSS treatment.

Mitochondrial dysfunction and interruption of mitochondrial
homeostasis play crucial roles in ischemic organs®3U. A key
finding in the current study was that compared with SC animals,

the mitochondrial damage marker was significantly increased. In
contrast, the protein expression of complexes I-IV was signifi-
cantly reduced in old MI animals. However, these variables were
markedly reversed in ADMSCs + CSS-treated and further
markedly reversed in SW-pretreated ADMSCs + CSS-treated
animals. Our findings, in addition to strengthening those of
previous reports®> explain why LV function was greatly
preserved in old MI animals after acquiring SW-pretreated
ADMSCs-CSS treatment.

Readers would be interested in the rationale for using mini-pigs
for MI animal model studies and the translational aspects of this
research. These animals have several physiological properties of
humans?®!, including (1) similar body temperature and systolic
and diastolic blood pressure; (2) almost identical heart rate and
LV systolic and LV end-diastolic pressure; (3) same ratio of heart
weight to body weight, ~1:10; (4) equal LV injection fraction; and
(5) anatomical heart structures, giving >90% similarity of the
coronary artery anatomy. In the near future, a large animal model
will be used to facilitate applications in translational medicine.
Additionally, our promising results and ethical methods may
encourage cardiovascular surgeons to consider SW-pretreated
ADMSC:s seeded in CSS in the setting of coronary artery bypass
surgery, particularly for those with incomplete revascularization
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Figure 9. Protein expressions of apoptotic, fibrotic and mitochondrial and DNA-damaged biomarkers, and complexes -V in peri-infarcted area by 180th day after AMI
induction. (A) Protein level of Smad3, * versus other groups with different symbols (t, 1, §), £<0.0001. (B) Protein level TGF-B, * versus other groups with different
symbols (1, 1, §), P<0.0001. (C) Protein level of bone morphogenic protein (BMP)2, * versus other groups with different symbols (1, £, §), P < 0.0001. (D) Protein level of
Smad1/5, * versus other groups with different symbols (1, 1, §), P < 0.0001. (E) Protein level of y-H2AX; * versus other groups with different symbols (t, £, §), £ < 0.0001.
(F) Protein level of cytosolic cytochrome C (cyt-CytoC), * versus other groups with different symbols (1, 1, §), P<0.0001. (G) Protein level of mitochondrial cytochrome C
(mit-CytoC), * versus other groups with different symbols (t, f, §), P<0.0001. (H) Protein level of complex |, * versus other groups with different symbols (1, £, §),
P <0.0001. () Protein level of complex II, * versus other groups with different symbols (1, 1, §), P < 0.0001. (J) Protein level of complex Ill, * versus other groups with
different symbols (1, ¥, §), P<0.0001. (K) Protein level of complex IV, * versus other groups with different symbols (t, 1, §), P<0.0001. (L) Protein level of complex V, *
versus other groups with different symbols (t, ¥, §), P<0.0001. n=5 for each group. Symbols (*, 1, ¥, §) indicate significance (at 0.05 level).
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Figure 10. gPCR analyses of inflammation, oxidative stress, apoptosis, and anti-apoptosis in the peri-infarcted area by 180th day and proposed mechanism of
SW-pretreated ADMSCs seeded in CSS patched on LV wall for attenuating LVWSF and improving heart function in Ml pig. (A1) Relative gene expression of
interleukin (IL)-1B, * versus other groups with different symbols (t, %, §), P <0.0001. (A2) Relative gene expression of IL-6, * versus other groups with different
symbols (1, %, §), P <0.0001. (A3) Relative gene expression of tumor necrosis factor (TNF)-a, * versus other groups with different symbols (1, 1, §), P < 0.0001. (B1)
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expression of Bcl-2, * versus other groups with different symbols (1, 1, §), P <0.0001. (D2) Relative gene expression of Bcl-xL, * versus other groups with different
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symbols (1, 1, §), P <0.0001. n = 5 for each group. ADMSCs, adipose-derived mesenchymal stem cells; CSS, cell-sheet scaffold; LV, left ventricular; LVWSF, LV
wall stress force; MI, myocardial infarction; TSPG, temperature-sensitive plasticity gel; SW, shock wave. (E) llustrating during suturing of SSC on LV wall. White
arrows indicate the CSS with white color. (F) lllustrating the complete suture and the suture lines (green arrowheads) for firmly fixing the CSS on the LV-free wall can
be clearly identified. (G) Demonstrating the gross anatomical morphology of the heart by the 180th day after IM induction. The CSS on the completely absorbed LV-

free wall can be clearly identified.

owing to the coronary artery anatomy and distribution.

We did not determine whether ADMSCs seeded in CSS were
superior to others for the following reasons. Currently, the two
most popular methods for the administration of stem cell therapy
for ischemic myocardium during cardiovascular surgery are direct
implantation of stem cells into ischemic regions of the LV myo-
cardium and cell-sheet scaffold patches on the LV-free wall. The
first method has several disadvantages, including (1) direct
implantation of stem cells into the myocardium containing even a
small volume of the culture medium would damage the myo-
cardium (by needle puncture and expanded volume), particularly
when several sites of the ischemic myocardium should be injected
with mixed cells + culture medium that contains some volume; and
(2) after implantation, stem cells are always trapped at the
implanted site and cannot migrate to remote areas. However, such
an ischemic zone usually occurs in cases of inflammation, hypoxia,
and oxidative stress, which can damage and kill implanted stem
cells. However, the second method has several advantages: (1) cell-
sheet scaffold patches on the LV-free wall would not damage the
myocardium; (2) the cells easily migrate into the LV myocardium
from the cell sheet for differentiation and tissue regeneration; and
(3) the cell sheet would provide basic requirements of nutrients that
ensure cell survival in toxic environments.

Clinicians must always inquire whether the technology and
results of the preclinical studies are ready and available for
application in daily clinical practice. Considering that the present
study was feasible and safe with attractive and promising results,
we suggest applying ECSW and embedded ADMSCs + CSS into
LV myocardium in cases of incomplete revascularization of cor-
onary artery bypass grafting (CABG) surgery or in patients with
myocardium ischemia and angina who are not candidates for
CABG but refractory to medication, particularly when these
technologies, treatment materials, and modalities are available
without unethical issues.

Our study had some limitations. First, we could not measure
the applied ‘restrictive chamber-dilatation force’ in the LV myo-
cardium after CSS was patched on the LV infarcted area. Second,
our study did not investigate the time points of ADMSCs-CSS
treatment. Thus, whether the time interval of day 28 of treatment
was most suitable to offer the greatest benefit for boosting the
outcome in the old MI scenario remains unknown. Third, a group
involving the direct implantation of ADMSCs into old MI ani-
mals was not included; hence, whether ADMSCs-CSS treatment
was superior to ADMSCs treatment alone in improving LV per-
formance or vice versa remains unknown. Fourth, despite
extensive work, our data may only partially support the under-
standing of SW-supported ADMSCs-CSS treatment for improv-
ing LV function and inhibiting LV remodeling.

Conclusion

Our study showed that SW-pretreated ADMSCs-CSS offered
great benefits in promoting LV performance and suppressing LV
remodeling, mainly by counteracting Laplace’s Law of LV WS.
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