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Abstract

This study tested the hypothesis that ITRI Biofilm prevents adhesion of the chest cavity. Combined extracorporeal shock
wave (ECSW) + bone marrow-derived autologous endothelial progenitor cell (EPC) therapy was superior to monotherapy
for improving heart function (left ventricular ejection fraction [LVEF]) in minipigs with ischemic cardiomyopathy (IC)
induced by an ameroid constrictor applied to the mid-left anterior descending artery. The minipigs (n = 30) were equally
designed into group | (sham-operated control), group 2 (IC), group 3 (IC + EPCs/by directly implanted into the left
ventricular [LV] myocardium; 3 [+]/3[-] ITRI Biofilm), group 4 (IC + ECSW; 3 [+]/[3] — ITRI Biofilm), and group 5
(IC + EPCs—ECSW; 3 [+]/[3] — ITRI Biofilm). EPC/ECSWV therapy was administered by day 90, and the animals were
euthanized, followed by heart harvesting by day 180. In vitro studies demonstrated that cell viability/angiogenesis/cell
migratory abilities/mitochondrial concentrations were upregulated in EPCs treated with ECSW compared with those
in EPCs only (all Ps < 0.001). The LVEF was highest in group I/lowest in group 2/significantly higher in group 5 than in
groups 3/4 (all Ps < 0.0001) by day 180, but there was no difference in groups 3/4. The adhesion score was remarkably
lower in patients who received ITRI Biofilm treatment than in those who did not (all Ps <0.01). The protein expressions
of oxidative stress (NOX-1/NOX-2/oxidized protein)/apoptotic (mitochondrial-Bax/caspase3/PARP)/fibrotic (TGF-f/
Smad3)/DNA/mitochondria-damaged (y-H2AX/cytosolic-cytochrome-C/p-DRPI), and heart failure/pressure-overload
(BNP [brain natriuretic peptide]/3-MHC [beta myosin heavy chain]) biomarkers displayed a contradictory manner of
LVEF among the groups (all Ps << 0.0001). The protein expression of endothelial biomarkers (CD31/vWF)/small-vessel
density revealed a similar LVEF within the groups (all Ps < 0.0001). ITRI Biofilm treatment prevented chest cavity adhesion
and was superior in restoring IC-related LV dysfunction when combined with EPC/ECSW therapy compared with EPC/
ECSW therapy alone.
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Introduction commonly causes higher morbidity and mortality’~'° and the
unacceptably high cost of post-surgical intervention care.
Moreover, there is no effective treatment for post-surgical
adhesions. This highlights the need for developing a new
methodology with safety and efficacy for surgeons and
patients undergoing a second cardiovascular surgery, regard-
less of the causal etiology.

Currently, venous graft occlusion after CABG is consid-
ered ineffective. In addition, patients with vein graft failure
frequently have myocardial ischemia and angina, which are

A few patients with left main or three-vessel diseases undergo
coronary artery bypass surgery (CABG)' . Inevitably, many
of these patients would receive a second open chest-wall sur-
gery owing to restenosis of post-CABG coronary arteries (re-
do CABG), valvular heart disease, or other disease entities,
resulting in a high incidence of tissue—organ adhesion (ie,
post-surgical adhesion)*®. However, re-opening chest-wall
surgical intervention (second cardio-thoracic surgery* ')
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commonly refractory to medication, resulting in hospital
readmission for refractory angina and heart failure!'~'4.
These medical issues are of utmost importance; therefore,
there is a need to identify new therapeutic modalities that are
safe and efficacious for these patients.

Angiogenesis/neovascularization is the key mechanism
for restoring the blood flow in the ischemic zone to improve
the ischemia-associated left ventricular (LV) dysfunction
and clinical outcomes'>2°. However, endogenous angiogen-
esis is inadequate, indicating that exogenous angiogenesis
may be essential in patients with ischemic cardiomyopathy
(IC). Endothelial progenitor cells (EPCs) play a critical role
in endothelial cell repairmen and angiogenesis'7?%%,
However, direct implantation of EPCs into the ischemic area
of the LV myocardium is superior to venous or intracoronary
arterial injection for long retention/tracking of EPCs in isch-
emic areas for angiogenesis?2. Thus, we hypothesized that
direct implantation of EPCs into the LV myocardium would
be an innovative strategy for patients with total vein grafting
occlusion, angina, and heart failure owing to coronary artery
obstruction that is refractory to conventional medical treat-
ment. However, the first CABG procedure caused tissue/
heart adhesions that hindered the second successful opening
chest-wall surgery for the implantation of EPCs, resulting in
an increasingly impermissible high risk of mortality and
morbidity in these patients.

Extracorporeal shock waves (ECSWs) have anti-inflam-
matory, angiogenic, and tissue regeneration capacities®’%.
Our studies and previous other studies have further elucidated
that ECSW therapy effectively improves ischemia-associated
organ dysfunction, mainly through angiogenesis!'>16192931,
However, it remains unclear whether the combined EPCs and
ECSW therapy is more effective than either therapy alone. The
minipig IC model was used for the study because the systolic
and diastolic blood pressure, heart rate, LV end-diastolic and

LV systolic dimensions, LV ejection fraction, ratio of heart
weight to body weight, and coronary artery anatomy were all
similar between minipigs and humans.

The ITRI Biofilm (a bioresorbable porous film) devel-
oped by the Industrial Technology Research Institute
of Taiwan is a Food and Drug Administration (FDA)-
recognized implantable biomaterial that exhibits optimal
compatibility and has undergone biocompatibility testing.
Porous films are composed of biocompatible biodegrad-
able materials with specially designed drug carrier charac-
teristics that can deliver hydrophobic, hydrophilic, and
protein-based drugs. They are applicable for guided tissue
regeneration in wound care and anti-adhesive wound care;
that is, the ingrowth of scar tissue and subsequent adhesion
control. Thus, this study was designed to test whether the
ITRI Biofilm material could inhibit the formation of adhe-
sions resulting from surgical procedures in the chest cavity.
The cardinal finding in this study was that this ITRI Biofilm
treatment ensured that the chest cavity was far away from
the adhesion, and combination therapy of EPCs and ECSW
was better than individual therapies for restoring ischemia-
induced LV dysfunction.

Materials and Methods

Creation of an Animal Model of LV IC and
Application of ITRI Biofilm on the Heart Surface
Area

The methodologies are described in our previous study'’.
Briefly, a male minipig (Taitung Animal Propagation Station,
Livestock Research Institute, Taiwan), weighting 16—18 kg
was anesthetized by intramuscular injections of ketamine (15
mg/kg) and maintained by inhalation of 1.5% isoflurane dur-
ing the procedures. The minipig was placed in the supine
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position on a warming pad at 37°C followed by endotracheal
intubation with positive-pressure ventilation (180 ml/min)
with room air using a ventilator (Fig. 4).

Under sterile conditions, the heart was exposed through a
mid-thoracotomy. After gentle removal of the pericardium,
an ameroid constrictor was applied to the mid-left anterior
descending artery (LAD) just distal to the first diagonal
branch.

After applying ameroid constrictors to the LAD, the ITRI
Biofilm (which was a gift for us from the Industrial
Technology Research Institute of Taiwan) was immediately
patched/covered on the surface of the whole heart.

The animals were then categorized into group 1 (sham-
operated control [SC], just by opening the skin and muscle of
chest wall, followed by closing the skin and muscle layers),
group 2 (IC, including six animals without ITRI Biofilm use
during the first opening chest-wall procedure), group 3 (IC +
autologous EPCs [1.0 X 107 cells] implanted into LV isch-
emic area 3 months after ameroid constrictor over LAD
induced IC, included three animals with and three animals
without ITRI Biofilm use during the first opening chest-wall
procedure), group 4 (IC + ECSW 0.12 mJ/mm? at total 800
impulses/time, first applied to LV surface at four points dur-
ing the second time of opening the chest wall, followed by the
same dosage undergoing echo guide 1 week after the second
opening chest-wall procedure; three animals with and three
animals without receiving ITRI Biofilm treatment during the
first opening chest-wall procedure) and group 5 (combined
EPC + ECSW, included three animals with and three animals
without ITRI Biofilm use during the first opening chest-wall
procedure), respectively. Accordingly, nine animals with and
nine animals without ITRI Biofilm treatment were included.

Functional Assessment of Left Ventricular Ejection
Fraction by Echocardiography

The procedure and protocol have been described in our pre-
vious reports'>%1°, Briefly, transthoracic echocardiographic
examination was conducted before ischemic myocardial
induction and on days 90 and 180 after the procedure using
an iE33 (Philips Medical System, Bothell, WA, USA) with
S5 transducers. Recordings were stored for offline two-
dimensional image analysis using computer software (Q-lab
v9.0; Philips Medical Systems). The left ventricular ejection
fraction (LVEF) was calculated as follows: LVEF (%) =
[(LVEDd&*-LVESd?)/LVEDd?*] X 100. All measurements
were performed by an animal cardiologist blinded to the
treatment and non-treatment groups.

Application of ECSW to LV Myocardium of
Minipigs
The procedure and protocol were based on those described in

our previous reports!>141° By day 90 after the procedure, each
minipig in groups 4 and 5 was anesthetized again without

intubation. ECSW therapy was applied to these animals on
days 90 and 97 after myocardial ischemia induction using a
shockwave generator system (Storz Duolith, SD1 STORZ
MEDICAL AG, Switzerland). Briefly, ECSW was applied
once to each of the four ischemic zones at an intensity of 200
impulses at 0.12 mJ/mm?/zone at a total of 800 impulses/time
after echocardiographic localization of the four ischemic
zones of the LV (middle anterior, middle anteroseptal, middle
inferior, and middle inferolateral segments) using the paraster-
nal axis approach.

Methodology for Assessing the Adhesive Scores
Over the Chest Cavity

The procedure and protocol for the assessment of the adhe-
sive scores over the chest cavity were based on previous
reports®2. Surgical intervention was performed by a senior
cardiovascular surgeon (CVS) who had performed CABG for
>10 years. Meanwhile, another CVS who has conducted
CABG for 25 years and has a license for heart transplantation
was blinded to the study design and the treatment strategy to
carefully assess the adhesive scores over the chest cavity
using the following list (1), (2), and (3) protocols for identifi-
cation of the variables and then summarized them on a com-
puter for data analysis for objective observational purposes.

First, we carefully dissected and isolated retrosternal and
intrapericardial adhesions. The adhesions were categorized
into three groups:

(1) Using cardiac regions directionally divided into A-D
A) Behind the heart
B) Left side of the heart
C) Right side of the heart
D) Front side of the heart and the area between the
pericardium and sternum at the surgical site
E) In front of the heart, the pericardium and ster-
num are located before the opening
(2) Scoring for all regional assessments
0 = No sticking
1 = Evacuated adhesion that could be easily dis-
sected by hand
2 = Uncharacteristic, can be easily dissected by hand
3 = Frequent, requiring sharp dissection, but was
easy to dissect
4 = Rich, required sharp and appropriate dissection
5 = Rich, requires careful and clear dissection and is
difficult to dissect.
(3) Using an anatomical profile plane rating scale
0 = No adhesion, retained the anatomical plane
1 = The stickiness was thin and could be dissected
by hand and the anatomy could be preserved
2 = Moderate adhesion could be dissected and the
anatomical plane was preserved
3 = The adhesion is thick and could not be dissected
and the anatomical plane disappeared
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Western Blot Analysis

This procedure was based on previous reports'>!®1° Equal
amounts (50 pg) of protein extract were loaded and separated
by SDS-PAGE (sodium dodecyl sulfate—polyacrylamide gel
electrophoresis) using a 12% acrylamide gradient. After
electrophoresis, the separated proteins were transferred onto
a polyvinylidene difluoride (PVDF) membrane (Amersham
Biosciences). Nonspecific sites were blocked by incubating
the membrane in a blocking buffer (5% nonfat dry milk in
T-TBS [TBS containing 0.05% Tween 20]) overnight.
Membranes were incubated with the indicated primary
antibodies.

We used six animals per group for each experiment, indi-
cating that six sets of samples were prepared for western blot
analysis. In each set of samples, we utilized the antibody
against f-actin for loading control and normalization.
Therefore, the image of actin for normalization should be the
same if the western blotting images for different proteins
were derived from the same set of samples.

The Time Points of Ischemia Induction,
Treatment, Second Surgical Intervention, and
Echocardiographic Evaluation and the End of the
Study Period

A stylized figure that outlines the overall study timeline with
all relevant time points and interventions is provided in
Supplementary Figure 3 for readers to easily and quickly
realize the complexity of the cohort subgroups.

Data Analysis

Quantitative data were expressed as mean = SD. Data analy-
sis was performed using analysis of variance (ANOVA), fol-
lowed by a Bonferroni multiple comparison post hoc test.
Statistical analyses were performed using SAS statistical
software for Windows version 8.2 (SAS Institute, Cary, NC,
USA). Statistical significance was set at P < 0.05
significant.

Results

Impact of ECSW Therapy on Enhancing the EPC
Angiogenesis and Cell Viability

To elucidate whether ECSW would offer additional benefit
for enhancing the angiogenesis, the bone marrow-derived
endothelial progenitor cells (BMDEPCs) were pretreated by
ECSW (0.12 mJ/mm? with a total of 180 shots) before incu-
bating for Matrigel assay (Fig. 1). The angiogenic capacity
of the EPCs was significantly lower than in the EPC +
ECSW group.

In addition, the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide) assay showed that cell viability

at the time points of 24, 48, and 72 h was significantly higher
in the EPC + ECSW group than in the EPCs alone, indicating
that ECSW application to EPCs upregulated angiogenesis and
cell proliferation.

Impact of ECSW Therapy on Enhancing the
Mitochondrial Cytochrome C in Mitochondria and
Migratory Ability of EPCs

The number of mitochondrial cytochrome C in mitochondria
(mit) and the relative mitDNA were significantly higher in
the EPCs + ECSW group than in the EPC-only group (Fig.
2). In addition, this parameter was significantly increased in
the EPC + ECSW group compared with the EPC-only group
when examining EPC migratory capacity (Supplementary
Figure 1). These data implied that ECSW treatment enhanced
cell proliferation and mitochondrial duplication, resulting in
increased ATP (adenosine triphosphate)/energy for EPC
migration.

Time Courses of LVEF and Left Ventricular
Fractional Shortening Evaluated by Transthoracic
Echocardiography

As expected, baseline LVEF did not differ among the five
groups (Fig. 3). However, LVEF and left ventricular frac-
tional shortening (LVFS) were significantly higher in group
1 than in groups 2—-5 by day 90 after LV ischemia induction.
Meanwhile, there was no difference among the latter four
groups. On the other hand, these two parameters were high-
est in group 1, lowest in group 2, and significantly higher in
group 1 than in groups 3 and 4 by day 180 after LV isch-
emia induction; however, they were similar between groups
3 and 4, suggesting that the combined EPCs and ECSW
therapy was superior to either one in preserving heart
function.

Anatomical Features and Adhesive Severity of
the Heart and Chest Cavity by Day 60 After the
Second Opening Chest-Wall Procedure

After opening the chest wall, the degree of adhesion of the
chest cavity and heart was remarkably serious in the case
without ITRI Biofilm (Fig. 4). Thus, the adhesion score was
significantly higher in animals without ITRI Biofilms than in
those with ITRI Biofilms, indicating that ITRI Biofilm treat-
ment prevented chest cavity adhesion after the second surgi-
cal intervention.

Protein Expressions of Angiogenesis Factors of LV
Myocardium by Day 60 After Ischemic Induction

The protein expression of CD31 and vWF (von Willebrand
factor) (two indicators of angiogenesis/integrity of endothelial
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Figure |. Impact of ECSW therapy on enhancing the pig bone marrow-derived EPCs angiogenesis and cell viability. (Al) Flow
cytometry analysis to identify endothelial progenitor cells (EPCs) and hematopoietic stem cells, including CD3 1+, c-Kit+, KDR+,
CD34+, and CD45+ cells. (A2) Percentage expression in different stem cells. The most common cell types were c-Kit+ and CD3 |+
cells, followed by CD34+ and KDR+ cells. (B) lllustrating how to identify angiogenesis parameters, the number of tubules (blue
color line), total tubular length (expressed as the length of the tubule, unit = pM), mean tubular length (expressed as mean length

of the tubule, unit = puM), cluster formation (red color circle), and network formation (green color triangle), respectively. (C and

D) Morphological features (200X) of the Matrigel assay to elucidate angiogenesis in EPCs (D) and EPCs + ECSW (E). The assessed
parameters of angiogenesis included (1) tubular formation (red arrows), (2) cluster formation (yellow arrows), and (3) network
formation (green). The scale bar in the right lower corner represents 50 um. E) Analytical result of the number of tubules, * vs T, P <
0.001. (F) Analytical result of total tubular length, * vs 1, P < 0.001. G) Analytical result of mean tubular length, * vs 1, P < 0.001. (H)
Analytical result of cluster formation, * vs §, P < 0.001. (I) Analytical result of network formation, * vs 1, P < 0.001. (J) Cell viability at
24 h, ¥ vs 1, P < 0.0001. (K) Cell viability at 48 h, * vs }, P < 0.0001. L) Cell viability at 72 h, * vs 1, P < 0.0001. n = 6 for each group.
EPCs, endothelial progenitor cells; ECSW, extracorporeal shock wave.

cells) was the highest in group 1, lowest in group 2, and sig-
nificantly higher in group 5 than in groups 3 and 4; however,
there was no difference between groups 3 and 4 (Fig. 5). In
addition, the protein expressions of stromal cell-derived fac-
tor (SDF)-la, CXCR4, and VEGF (vascular endothelial

growth factor) (three indicators of angiogenesis) were sig-
nificantly and progressively increased from groups 1 to 5.
Furthermore, the number of small vessels (defined as diam-
eter = 25 uM)!>1%1% (an indicator of the cellular level of
angiogenesis) displayed an identical pattern of CD31.
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Figure 2. Impact of ECSW therapy on enhancing cytochrome C expression in mitochondria of minipig bone marrow-derived nuEPCs.
(A and B) Immunofluorescent (IF) microscopic findings (400x) for identifying the expression of mitochondrial cytochrome C in
mitochondria (green color). (C and D) MitoTracker stain (400X) for identifying endogenous mitochondria (red color). (E and F) Merged
picture (400X) of (A)—(D). The pink-yellow color indicated the endogenous mitochondrial cytochrome C. The blue color in (E) and (F)
indicated the DAPI stain (400 X) for identifying the nuclei of EPCs in two groups, respectively. Scale bars in right lower corner represent
20 pm. (E) Mitochondrial cytochrome C expression in endogenous mitochondria/high-power field in the cells, * vs 1, P < 0.001.
BMDEPCs = bone marrow-derived endothelial progenitor cells.
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Figure 3. Assessment of time courses of LVEF and LVFS by transthoracic echocardiography. (A) LVEF at baseline, P > 0.5. (B) LVEF by
day 90 after LV ischemia induction, * vs 1, P < 0.0001. (C) LVEF by day 180 after LV ischemia induction, * vs other groups with different
symbols (1, 1, and §), P < 0.0001. (D) LVFS at baseline, P > 0.5. (E) LVFS by day 90 after LV ischemia induction, * vs t, P < 0.0001. (F)
LVFS by day 180 after LV ischemia induction, * vs other groups with different symbols (1, I, and §), P < 0.0001. All statistical analyses
were performed using one-way ANOVA, followed by Bonferroni multiple comparison post-hoc tests (n = 6 for each group). Symbols (¥,
1, £ and §) indicate significance (at 0.05 level). SC, sham-operated control; IC, ischemic cardiomyopathy; LVEF, left ventricular ejection
fraction; LVFS, left ventricular fractional shortening.
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Figure 4. Morphological features of adhesion and the adhesive score by day 60 after ischemic induction. (A) The application of ITRI
Biofilm (white color) to the heart surface just after opening the chest wall. (B and C) The anatomical features of the two animals
without ITRI Biofilm just after opening the chest wall. Remarkably, adhesive appearance was noted in these two animals. (D and E) The
anatomical features of the two animals received ITRI Biofilm just after opening the chest wall. The adhesive appearance was remarkably
attenuated in these two animals compared with (B) and (C) (without ITRI Biofilm treatment). (F) Adhesion score, * vs 1, P < 0.0001 (n

= 9 for each group).

Protein Expressions of Apoptotic and Fibrotic
Biomarkers of LV Myocardium by Day 60 After
Ischemic Induction

The protein expression of NOX-1, NOX-2, and oxidized pro-
teins (three indicators of oxidative stress) and the protein
expression of mitochondrial Bax, cleaved caspase 3, and
cleaved PARP (three indices of apoptosis) were the lowest in
group 1, highest in group 2, and significantly higher in
groups 3 and 4 than in group 5, but there was no difference
between groups 3 and 4 (Fig. 6).

Protein Expression of Heart Failure,
Mitochondrial-Damaged and Fibrotic Markers
of LV Myocardium by Day 60 After Ischemic
Induction

The protein expressions of BNP (brain natriuretic peptide)
and B-MHC (beta myosin heavy chain) (two indices of pres-
sure overload/heart failure) were lowest in group 1, highest
in group 2, and significantly lower in group 5 than in groups
3 and 4 (Fig. 7). In addition, the protein expression levels of
cytosolic cytochrome C and DRP1 (two indicators of mito-
chondrial damage) displayed similar BNP patterns between
the two groups. Moreover, the protein expressions of

transforming growth factor (TGF)-f and Smad3 (two indices
of fibrosis) showed a similar pattern of heart failure markers
among the groups.

Histopathological Finding of LV Myocardium and
Protein Level of Fibrosis by Day 60 After Ischemic
Induction

Masson’s trichrome stain demonstrated that the fibrotic area
and the cellular level of y-H2AX (an indicator of DANA-
damaged biomarker in LV myocardium) were highest in
group 2, lowest in group 1, and significantly lower in group
5 than in groups 3 and 4 (Supplementary Figure 2).

Discussion

Our previous animal models and clinical studies demonstrated
that ECSW therapy remarkably improved ischemia-related
organ dysfunction and outcomes'>!1%1%293133-35 Consistently,
our clinical trials have previously demonstrated that intracoro-
nary administration of EPCs effectively improves LVEF, and
short-term and long-term outcomes. The results of these ani-
mal studies and clinical trials'>1%1929313335 highlight that
EPCs and ECSW may be new tools for the treatment of isch-
emic heart disease, especially in patients with diffuse CAD
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Figure 5. Protein expression of angiogenesis factors in LV myocardium by day 60 after ischemic induction. (A) Protein expression of
CD3l, * vs other groups with different symbols (1, £, and §), P < 0.0001. (B) Protein expression of von Willebrand factor (VWF), * vs
other groups with different symbols (1, 1, and §), P < 0.0001. (C) Protein expression of stromal cell-derived factor (SDF)-la, * vs other
groups with different symbols (1, 1, and §), P < 0.0001. (D) Protein expression of CXCR4, * vs other groups with different symbols

(, 1 and §), P < 0.0001. (E) Protein expression of vascular endothelial growth factor (VEGF), * vs other groups with different symbols
(1, +, and §), P < 0.0001. (F-J) lllustrating the microscopic finding (200X) of alpha-smooth muscle actin (a-SMA) (gray color). (K) The
number of small vessels (diameter = 25 uM), * vs other groups with different symbols (f, f, and §), 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,
%, and §) indicate significance (at 0.05 level). SC = sham-operated control; IC = ischemic cardiomyopathy.

(defined as end-stage CAD) who are non-candidates for either
catheter-based coronary artery intervention or CABG. The
essential finding of this study is that LV function was signifi-
cantly preserved in IC animals treated with EPCs or ECSW.
Importantly, EPC therapy was comparable with ECSW ther-
apy in improving ischemia-related LV dysfunction. Thus, our

findings are consistent with those of previous stud-
ies!516:192931.3335 The most novel finding in this study was
that the combined EPC and ECSW treatment was superior to
ECSW alone in improving ischemia-related LV dysfunction.

Therefore, our findings extend those of the previous
StudieSIS,16,19,29—31,33—35
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Figure 6. Protein expression of oxidative stress, apoptotic, and fibrotic biomarkers in LV myocardium by day 60 after ischemic
induction. (A) Protein expression of NOX-I, * vs other groups with different symbols (1, §, and §), P < 0.0001. (B) Protein expression
of NOX-2, * vs other groups with different symbols (T, 1, and §), P < 0.0001. (C) Oxidized protein expression, * vs other groups with
different symbols (T, 3, and §), P < 0.0001 (Note: the left and right lanes shown on the upper panel represent protein molecular weight
marker and control oxidized molecular protein standard, respectively). M.W. = molecular weight; DNP = [-3 dinitrophenylhydrazone.
(D) Protein expression of mitochondrial (mit)-Bax, * vs other groups with different symbols (, 1, §, and {[), P < 0.0001. (E) Protein
expression of cleaved caspase 3 (c-Casp3), * vs other groups with different symbols (7, 1, and §), P < 0.0001. (F) Protein expression of
cleaved poly(ADP-ribose) polymerase (c-PARP), * vs other groups with different symbols (1, §, and §), 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} §, and 1)) indicate significance (at 0.05 level).

An increase in LV fibrosis is a strong indicator of increas-
ing fibroblast number and enhanced cardiomyocyte death,
resulting in LV mass reduction and LV chamber dilatation as
a consequence of increasing LV remodeling and heart fail-
ure. Thus, LV fibrosis and remodeling are strong predictors
of unfavorable outcomes'®1%338  In this study, we observed
that the fibrotic area and DNA-damaged markers were
remarkably increased in IC animals compared with SC ani-
mals when looking at the histopathological findings. In addi-
tion, the protein levels of fibrosis biomarkers (TGF-f and
Smad3) were consistently expressed as the pathological fin-
ing of fibrosis among the groups. These findings strengthen
previous research!'®1%3638 and could explain (at least in part)
why LVEF was reduced in the IC group compared with the
SC group. Of particular importance was that these parame-
ters were substantially reversed in IC animals treated by
EPCs or ECSW and further substantially reversed in those of
IC animals treated by a combination of EPCs and ECSW,
highlighting that this combination regimen offered an addi-
tional benefit in the setting of IC.

BNP and B-MHC are two well-known heart failure/
pressure-overload biomarkers®. A cardinal finding in this

study was that these two aforementioned biomarkers and
cardiomyocyte size increased in IC animals compared with
those in SC animals. These findings were in agreement
with those of Masson’s trichrome staining (the fibrotic
area). In addition, the protein levels of apoptosis and mito-
chondrial damage markers were markedly upregulated in
the LV myocardium of the IS group compared with those
in the SC group. These aforementioned molecular—cellular
perturbations could partially explain why heart function
was reduced in IC animals compared with SC animals. The
distinctive findings in this study were that these molecu-
lar—cellular perturbations were substantially suppressed by
EPCs or ECSW treatment, and more substantially sup-
pressed by the combined EPCs and ECSW treatment. This
explains why LVEF was preserved in IC animals after
EPC-EPCs—ECSW treatment.

Readers would be keen to explore the underlying
mechanisms involved in improving LVEF. Our previous
studies'> 7192129313334 demonstrate that EPCs and ECSW
treatments improve heart function mainly through the upregu-
lation of angiogenesis, cell proliferation, migratory capacity,
anti-inflammation, and the preservation of mitochondrial
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Figure 7. Protein expressions of heart failure, mitochondrial-damaged-, and fibrotic markers of LV myocardium by day 60 after
ischemic induction. (A) Protein expression of brain natriuretic peptide (BNP), * vs other groups with different symbols (1, , §, and

), P < 0.0001. (B) Protein expression of beta myosin heavy chain (B-MHC), * vs other groups with different symbols (1, 1, and §), P

< 0.0001. (C) Protein expression of cytosolic cytochrome C (cyt-CytoC), * vs other groups with different symbols (1, £, and §), P <
0.0001. (D) Protein expression of phosphorylated dynamin-related protein | (p-DRPI), * vs other groups with different symbols (, 1,
and §), P < 0.0001. (E) Protein expression of transforming growth factor (TGF)-3, * vs other groups with different symbols (1, 1, and §),
P < 0.0001. (F) Protein expression of Smad3, * vs other groups with different symbols (, 1, and §), 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,

%, § and 1)) indicate significance (at the 0.05 level).

integrity. Our in vitro studies demonstrated that ECSW-treated
EPCs augmented angiogenesis, cell viability, EPC migratory
ability, and mitochondrial duplication. Of fundamental impor-
tance was that our in vivo studies showed that the angiogenesis
biomarkers were markedly upregulated using EPC-ECSW
treatment, suggesting that our in vitro studies (in addition to
supporting the in vivo study) could explain why LV function
was preserved in IC animals after receiving—the EPCs—
ECSW treatment.

The second cardio-thoracic surgery*'? inevitably causes
unacceptably high morbidity and mortality”'® and an
extremely high cost of post-surgical intervention care. An
intriguing finding in this study was that the adhesions in the
chest cavity and myocardium were substantially reduced in
these animals compared with those without ITRI Biofilm.

This finding highlights that innovative management should
be encouraged for patients who receive second chest-wall
opening surgery, regardless of the disease entity.

Study Limitation

Our study has several limitations. First, the direct implanta-
tion of EPCs into the LV myocardium is less practical than
intracoronary administration. Second, the animal model was
an IC rather acute myocardial infarction (AMI) setting.
Therefore, we do not know whether this treatment strategy
can be extrapolated to patients with AMI.

Third, the sample size of this study was relatively small,
which may have distorted the results of the statistical analy-
sis. Thus, we could not completely exclude statistical bias in
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this study. Fourth, our study did not include a positive-control
cohort that might affect the true impact of ITRI Biofilms on
the prevention of adhesion. Finally, while interpreting our
findings, the authors should be cautious about the following
limitations of our scoring specific for adhesions: (1) not all
adhesions will be clinically significant and (2) the process of
opening the chest would disrupt the anatomy of the adhe-
sions, resulting in impairment of one’s ability to gauge the
severity.

In conclusion, the results of this study demonstrate that
EPCs—ECSW therapy effectively preserved IC-related LV
dysfunction, predominantly via angiogenesis. The innova-
tive results of this study encourage us to apply this modality
in clinical practice for patients with IC with severe diffuse
disease!”?! when they undergoing CABG without unethical
issues.
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