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Abstract: Background: This study tested whether combined shock wave (SW)-facilitated melatonin (Mel) delivered
into endothelial progenitor cells (EPCs) (EPCS"Me!) plus S-nitroso-N-acetyl-DL-penicillamine (SNAP) was superior to
merely one modality alone for improving critical limb ischemia (CLI) in rats. Methods: SD rats (n = 50) were equally
categorized into group 1 (sham-control), group 2 (CLI), group 3 (CLI + SNAP), group 4 (CLI + EPCSWM¢) and group
5 (CLI + EPC®"Me! + SNAP), and ischemia-involved quadriceps were harvested by day 14. Results: An in vitro study
showed that at time points of 24/48/72 h, the cell viability/protein expression of endothelial nitric oxide synthase
(eNOS)/and cellular expression of nitric oxide (NO) were highest in EPCs, lowest in EPCs + menadione, and much
higher in EPCS"M¢! + Mena than in EPCs + Mena + Mel. Protein levels of oxidative-stress (NOX-1/NOX-2/oxidized pro-
tein)/early (AN-V*/PIl')/late (AN-V*/PI*) apoptosis and total intracellular/mitochondrial reactive oxygen species ROS
exhibited an antithetical trend of cell viability among the groups (all P<0.0001). Matrigel assay of angiogenesis/pos-
itively-stained NO cells showed that they were much higher in EPCs + SNAP than in EPCs only (all P<0.0001). Ex vivo
angiogenesis/arterial relaxation of carotid-artery rings were highest in left-common-carotid-artery (LCCA) + SNAP,
lowest in LCCA + Mena, and notably higher in LCCA than in LCCA + Mena + SNAP (all P<0.0001). Laser Doppler
showed ischemic to normal-blood-flow (INBF) ratio was highest in group 1, lowest in group 2, and it progressively in-
creased from groups 3 to 5 (all P<0.0001). The protein levels of oxidative-stress (NOX-1/NOX-4/oxidized protein)/
apoptotic [cleaved-caspase-3/cleaved apoptosis/mitochondrial-damage (cytosolic-cytochrome-C/p-DRP-1)]/fibrotic
(Smad3/TGF-B)/inflammatory (MMP-9/IL-13/TNF-a/NF-kB) biomarkers, exhibited an opposite trend, whereas the
protein level of endothelial-cell surface markers (CD31/vWF/eNOS) and number of small vessels exhibited an iden-
tical pattern of INBF ratio among the groups (all P<0.0001). Conclusions: Combined EPCS"Me¢' and SNAP therapy
offered a synergic effect toward rescuing from CLI.
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Introduction

Peripheral arterial occlusive disease (PAOD)
affects an estimated 20 to 27 million people
globally [1-5]. Limb ischemia (LI), defined as
[1-5] ischemic rest painful sensation, ischemic
ulcerations, or presence of ischemic gangrene
change, represents the most critical manifesta-
tion of PAOD and is correlated with unfavorable
cardiovascular and peripheral vascular clinical
outcome [1-5].

Without aggressive and effective management,
PAOD frequently evolves into chronic limb-
threatening ischemia (CLTI) or promptly into
more worsening stage, called critical LI (CLI)
(i.e., the end stage of PAOD) [1, 3, 4, 6-8]. In this
way, CLI, defined as limb ischemia symptoms
for longer than 2 weeks, is characterized by a
cascade of significantly hemodynamically mac-
rovascular arteriosclerotic obstruction and
microvascular ischemic changes, resulting in
markedly reduced tissue/muscle perfusion and
oxygen supply, interrupted muscle energy
metabolism and functional integrity, and gen-
erations of inflammatory reaction and abun-
dant oxidative stress/free radicals [5, 8, 9].
Clearly, lower extremity of CLI represents symp-
toms related to end-stage atherosclerotic PAOD
manifested by rest pain and severe ischemia
and tissue loss [10]. Undoubtedly, this com-
monly carries a high risk of limb amputation,
impaired quality of life, and cardiovascular-
related morbidity and mortality [5, 10-12].

CLI treatment remains a tough challenge to
internal medicine and surgeons [5, 8, 9, 12,
13]. Without an appropriate and prompt treat-
ment, an estimated one-year mortality rate has
been reported to be as high as 22% [13].
Guidelines have recommended that except for
antiplatelet agents, catheter-based endovascu-
lar interventions (i.e., by either balloon angio-
plasty and stenting) and bypass surgery are
two standard modalities for treatment of CLTl/
CLI [14]. However, the amputation-free and
overall survival rate are still relatively low [3, 8,
9, 11, 15], especially in those with end-stage
renal disease [12]. Accordingly, as the number
of patients afflicted by PAOD, and CLTI/CLI con-
tinue to grow, new and innovative solutions are
necessary to furnish effective and durable
treatment options that will lead to improved
outcomes.
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It is well recognized that nitric oxide (NO), which
is mainly released by endothelial cells in the
arteries is the most potent intrinsic vasodilator.
NO plays a crucial role on arterial venous dilata-
tion, anti-thrombosis, and angiogenesis, and
has the capacity of increasing small vessel/
capillary permeability for endothelial progenitor
cells (EPCs) from circulation migrating into tis-
sue, especially in the ischemic areas for angio-
genesis/neovascularization, resulting in resto-
ration of blood flow to the ischemic area.
However, in CLI patients, the arteries always
progressively develop severe occlusive arterio-
sclerosis along with obvious endothelial dys-
function, resulting in extremely inadequate NO
generation and limiting the migration of circula-
tory EPCs into th eischemic area for angiogen-
esis [16, 17]. Additionally, in the setting of CLI,
the oxidative stress, reactive oxygen species
(ROS), hypoxic conditions, and free radials are
always increased and the generations of proin-
flammatory cytokines and inflammatory cell
infiltration are enhanced in the ischemic area
[18-20]. In this way, even some circulatory EPCs
can migrate into the ischemic area. However,
they would always have a very short survival
time due to the impact of such an unsuitable
environment. These aforementioned issues
may explain why the majority of clinical trials of
autologous bone marrow mononuclear cells/
EPCs treatment for PAOD have failed [21-27].
Thus, enforcing a longer survival rate and func-
tional integrity of EPCs may be the first step for
successful cell therapy of limb ischemia.

Evidence has shown that melatonin (Mel), a
potent free radical scavenger, has capacities
for antioxidant stress and anti-inflammation,
and serves as mitochondrial protector [28-33].
Additionally, Mel therapy ensures cell survival
in a toxic environment through inhibiting the
generation of ROS and oxidative stress [30].
Furthermore, our recent study has shown that
extracorporeal shock wave (ECSW) could facili-
tate exogenous mitochondria and cancer drug
incorporation into target cells, which has been
utilized for successful treatment of acute re-
spiratory distress syndrome (ARDS) [34] and
tongue squamous cell carcinoma [35]. Thus,
we believe that ECSW can augment Mel uptake
into EPCs for more enhancement of EPC resis-
tance to oxidative-stress/ROS-induced dam-
age to EPCs in the ischemic area. Moreover,
S-nitroso-N-acetyl-DL-penicillamine (SNAP), a
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NO donor, has been revealed to effectively con-
trol the release of NO from various biomaterials
and the nervous system under physiologic con-
ditions [36-39].

Based on the above-mentioned issues, itis rea-
sonable to believe that combined SNAP and
ECSW-facilitated delivery of Mel into EPC thera-
py may effectively rescue the CLI in rats.

Materials and methods
Ethical issues

The formalities of animal studies were autho-
rized by the Committee at Kaohsiung Chang
Gung Memorial Hospital (Affidavit of Approval
of Animal Use Protocol No. 2022031103), fol-
lowed the Guide for the Care and Use of
Laboratory.

Cell grouping

The rat circulatory endothelial progenitor cells
(EPCs) were categorized into group Al (EPCs
only), group A2 [EPCs (1.0 x 10° cells) + mena-
dione (Mena) (25 uM) co-cultured for 6 h], gro-
up A3 [EPCs (1.0 x 10° cells) + Mena (25 uM)
co-cultured for 6 h + melatonin (Mel) (100 pM)
co-cultured for 24 h], and group A4 [applied
ECSW (0.14 mJ/mm?) for 120 shots to Mel
(100 uM) treated EPCs (i.e., EPCS¥Me!) followed
by 24 h co-culture + Mena (25 yM) co-cultured
for first 6 h]. Additionally, the rat circulatory
EPCs were categorized into group B1 (EPCs
only), and group B2 [SNAP (100 uM) co-cultur-
ed with EPCs for 24 h]. The dosages of Mena
[40], Mel [30, 32], and ECSW [34] energy was
based on our previous reports [30, 32, 34, 40].
The purposes of these cell groupings were uti-
lized for individual study and the results are
illustrated in the Figures 2 and 3.

Ex vivo carotid artery culture for determining
carotid angiogenesis

For the assessment of ex vivo angiogenesis, we
used Sprague-Dawley (SD) rat carotid ring pass-
ing through culture and this ex vivo study was
categorized into 5 groups as: group A [left com-
mon carotid artery (LCCA only)], group B [LCCA
+ SNAP (100 uM) incubated for 24 h, followed
by culturing for 5 days], group C [LCCA + Mena
(25 uM) co-cultured for 6 h, followed by continu-
ous culturing for 5 days] and group D [LCCA +
Mena (25 uM) co-cultured for 6 h, followed by
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SNAP (100 uM) incubated for 12 h, and then
continuously cultured for 15 days], respec-
tively.

Peripheral blood-derived mononuclear cells
(PBMNCs) isolation and EPC culture

The methodologies were based on our previous
study [41]. Briefly, after 3 cc peripheral blood
sampling (i.e., from one animal), PBMNCs were
isolated by density gradient centrifugation
using a Ficoll gradient without brake. Addi-
tionally, the PBMNC layer was isolated by cen-
trifugation without brake and washed with
PBS several times. The PBMNCs were then cul-
tured with the endothelial growth medium-2
(EGM-2; Clonetics®, CA, USA) on the fibronectin-
coated dish at 37°C with 5% CO, and the cul-
ture medium was changed every 48 h. The final
product was designated EPCs. By day 21, cells
with a cobblestone-like phenotype typical of
endothelial cells (i.e., about 2.0 to 3.0 x 10°
cells from about 3.0 cc PBMNCs) were found
attached to the plate.

Autologous EPCs were utilized for the animals.
Thus, the circulatory blood samplings were col-
lected by day 21 prior to CLI induction.

Investigation of LCCA contractility, vasorelax-
ation, and NO release

For the purpose of this study, an additional six
rats served as donors for donating the LCCA to
be harvested, cleaned, and cut into slices of 2
mm in length for evaluating contractile and
relaxant responses as in our previous report
[30]. The carotid rings were carefully mounted
on an isometric force transducer with a ten-
sion of 1.8 g and placed in an organ chamber
filled with Krebs solution maintained at pH 7.4
and bubbled with 95% 0, and 5% CO,. After an
equilibration of 40 minutes, 1 yuM of phenyl-
ephrine (PE) was added to the organ chamber
for the assessment of contractile activity, and
then 30 uM of acetylcholine (Ach) was added
to assess endothelial integrity. All data were
acquired and analyzed using the Danish Myo
Technology (DMT, i.e., DMT dual wire myograph
system) system for analysis.

Vascular basal NO release was calculated as
the percentage difference between PE-induced
vasocontractile response in the presence and
absence of L-NAME, as previously described
[30].
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Assessment of rat aortic-ring angiogenesis

The methodology was based on our recent
reports [30]. In detail, rat aortic ring angiogen-
esis was assessed in 24-well tissue culture
plates which were embedded with 150 pL of 1
mg/mL type | collagen (BD Biosciences, Fran-
klin Lakes, NJ, USA) and allowed to gel for 60
minutes at 37°C and 5% CO,. The aorta was
then cut into 1 mm cross-section pieces, and
placed in collagen-coated wells before filling
with 500 yL of serum-free MCDB131 medium.
The aortic rings were incubated for 5 days at
37°C and 5% CO,,. Photographs were taken on
the first day and at the day 15 with 12.5 x mag-
nification. The number and length of sprouting
vessels were quantified by ULYMPUS DP72
software.

Matrigel assay for evaluating EPC angiogen-
esis

The protocol and procedure for assessing
angiogenesis were performed as reported in
our previous reports [30, 41]. The EPCs were
plated in 96-well plates at 1.0 x 10* cells/well
in 150 pyL serum-free M199 culture medium
mixed with 50 pL cold Matrigel (Chemicon
International, Inc., Temecula, CA, USA) for 24 h
using passage 3 to 4 EPCs incubated at 37°C
in 5% CO,. Three random microscopic images
(200 x) were taken from each well to count
cluster, tube, and network formations, and the
mean values were obtained.

Flow cytometric analysis for assessment of
total intracellular and mitochondrial ROS pro-
duction and apoptosis

Carboxy-H,DCFDA (Invitrogen, Life Technolo-
gies, Carlsbad, CA, USA) was used for assess-
ment of total intracellular ROS generation. The
carboxy-H,DCFDA dye was diluted in PBS at a
concentration of 10 yM and the plates were
kept in a 37°C, 5% CO, incubator for 30 min-
utes. For investigation of mitochondrial ROS in
the cells, the MitoSOX™ Red dye was directly
added at a concentration of 10 nM for an
additional 30 min. incubation. Fluorescence
intensity was analyzed with Beckman Coulter
Cytomics FC 500 Flow Cytometer.

The percentages of viable and apoptotic cells
were determined by flow cytometry using dou-
ble staining of annexin V and propidium iodide
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(Pl) as our previous report [30]. The early
(@annexin V*/PI') and late (annexin V*/PI*) phases
of cell apoptosis were analyzed.

Animal model of CLI, animal grouping, and
measurement of blood flow with laser Doppler

The procedure and protocol were based on our
previous report [30]. Briefly, animals were anes-
thetized by inhalation of isoflurane (2.0%) prior
to CLI induction and at days 1, 7, 14 after CLI
induction prior to sacrifice. The rats were plac-
ed supine on a warming pad (37°C) and blood
flow was detected in both inguinal areas by a
laser Doppler scanner (moorLDLS, Moor In-
struments, UK). The ratio of flow in the left
(ischemic) leg and right (normal) leg was com-
puted. On day 14, the animals were euthanized,
and the quadriceps muscle was collected for
individual study.

Animals (n = 50) were equally categorized into
group 1 [Sham-operated control (SC)], group 2
(CLI only), group 3 [CLI + SNAP (1.0 mg/kg) by
intramuscular injection at 3 h after CLI induc-
tion], group 4 [CLI + ECSW facilitated Mel (100
uM) delivery into autologous EPCs (1.2 x 10°
cells) (EPCSWMel followed by intramuscular in-
jection at 3 h after CLI induction], and group 5
[CLI + (EPCSWMel) + SNAP (1.0 mg/kg) followed
by intramuscular injection at 3 h after CLI in-
duction], respectively. By day 14 after CLI pro-
cedure, the animals in each group were sacri-
ficed and the quadriceps muscle from the isch-
emic area was harvested for individual study.

Western blot analysis

The procedure and protocol for western blot
analysis were based on our previous reports
[16-20, 30]. Briefly, equal amounts (50 pg) of
protein extracts were separated by SDS-PAGE.
After electrophoresis, the separated proteins
were transferred onto a polyvinylidene difluo-
ride (PVDF) membrane (Amersham Bioscienc-
es, Amersham, UK). Nonspecific sites were
blocked by incubation of the membrane in
blocking buffer [5% nonfat dry milk in T-TBS
(TBS containing 0.05% Tween 20)] at room tem-
perature for 1 h. Then the membranes were
incubated with the indicated primary antibody
[endothelial nitric oxide synthase (eNOS)
(1:1000, Cell signaling), NOX1 (1:4000, Sigma),
NOX2 (1:4000, Sigma), NOX4 (1:4000, Abcam),
CD31 (1:3000, Abcam), von Willebrand factor
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(VWF) (1:3000, Abcam), cleaved caspase 3
(1:1000, Cell Signaling), cleaved Poly (ADP-
ribose) polymerase (PARP) (1:1000, Cell
Signaling), cyto-cytochrome C (1:10000, BD),
phosphorylated (p)-DRP1 (1:1000, Cell signal-
ing), total DRP1 (1:1000, Cell Signaling), stro-
mal-cell derived factor (SDF)-1a (1:1000, Cell
Signaling), vascular endothelial growth factor
(VEGF) (1:4000, Abcam), p-Smad3 (1:1000,
Cell Signaling), total Samd3 (1:1000, Cell
Signaling), tissue growth factor beta (TGF-B)
(1:3000, Abcam), matrix metalloproteinase
(MMP)-9 (1:4000, Abcam), nuclear factor (NF)-
kB (1:1000, Cell Signaling), tumor necrosis
factor (TNF)-a (1:1000, Cell Signaling), interleu-
kin (IL)-1B (1:1000, Cell Signaling) and actin
(1:10000, Chemicon, Billerica, MA, USA)] for 1
h at room temperature. Horseradish peroxi-
dase-conjugated anti-rabbit immunoglobulin
IgG (1:2000, Cell Signaling) was used as a sec-
ondary antibody for one-hour incubation at
room temperature. After being washed, the
immunoreactive membranes were visualized
by enhanced chemiluminescence (ECL; Amer-
sham Biosciences) and were exposed to
Biomax L film (Kodak, Rochester, NY, USA). For
the purpose of quantification, ECL signals
were digitized using Labwork software (UVP,
Waltham, MA, USA).

We used 6 animals per group for each experi-
ment, indicating 6 sets of samples were pre-
pared for each western blot. In each set of
samples, we utilized the antibody against
actin for a loading control and normalization.
Therefore, if the presented pictures of western
blotting against different proteins were derived
from the same set of samples, the images of
actin for normalization should be the same
ones.

Small vessel density in limb ischemic area

Immunohistochemical (IHC) staining of blood
vessels was performed with a-smooth muscle
actin (SMA) (1:700, Sigma-Aldrich, Massachu-
setts, USA) as primary antibody at room tem-
perature for 1 h, followed by washing with PBS
three times. Ten minutes after the addition of
the anti-mouse-HRP conjugated secondary
antibody, the tissue sections will be washed
with PBS three times. Then 3,3’ diaminobenzi-
dine (DAB) (0.7 gm/tablet) (Sigma) was added,
followed by washing with PBS three times after
one minute. Finally, hematoxylin was added as
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a counter-stain for nuclei, followed by washing
twice with PBS after one minute. Three sec-
tions of quadriceps were analyzed in each ani-
mal. For quantification, three randomly select-
ed HPFs (x 100) were analyzed in each section.
The mean number per HPF for each animal was
then determined by summation of all numbers
divided by 9.

Statistical analysis

Quantitative data were expressed as mean =+
SD. Statistical analysis was adequately per-
formed by an analysis of variance (ANOVA) fol-
lowed by Bonferroni multiple comparison post
hoc test. Statistical analysis was performed
using SAS statistical software for Windows
version 8.2 (SAS Institute, Cary, NC, USA). A
p value of less than 0.05 was considered
significant.

Results

Cell viability, reactive oxygen species, cellular
apoptosis, integrity of endothelial function,
mitochondrial level of Mel, and protein level of
oxidative stress (Figures 1 and 2)

The MTT assay demonstrated that the cell via-
bility at the time points of 24, 48, and 72 h was
significantly lower in A2 (i.e., EPCs + Mena) as
compared to Al (EPCs). This was significantly
reversed in A3 (EPCs + Mena + Mel) and more
significantly reversed in A4 (EPCSW™¢ + Mena)
(Figure 1). Additionally, flow cytometric analysis
showed that the early (AN-V*/PI") and late (AN-
V*/PI*) cellular apoptosis exhibited an identical
pattern of ROS among the groups (Figure 1) in
A1, highest in A2 and significantly higher in A3
than in A4 (Figure 1). Furthermore, flow cyto-
metric analysis demonstrated that the total
intracellular and mitochondrial ROS were
lowest.

The protein expression of phosphorylated
endothelial nitric oxide synthase (p-eNOS), an
indicator of endothelial functional integrity and
capacity of NO production, was highest in A1,
lowest in A2, and significantly higher in A4 than
in A3. On the one hand, the protein expression
of NOX-1, NOX-2 and oxidized protein, three
indices of oxidative stress, were highest in A2,
lowest in Al and significantly higher in A3 than
in A4 (Figure 2). On the other hand, the IF
microscopic finding showed that expression of
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Figure 1. Cell viability, cellular apoptosis, and reactive oxygen species (ROS). A. MTT assay for determining the cell
viability at time point of 24 h, * vs. other groups with different symbols (1, %, §), P<0.0001. B. MTT assay for deter-
mining the cell viability at the time point of 48 h, * vs. other groups with different symbols (t, %, §), P<0.0001. C.
MTT assay for determining the cell viability at the time point of 72 h, * vs. other groups with different symbols (T,
1, §), P<0.0001. D-G. Flow cytometric analysis for identification of cell apoptosis. H. Flow cytometric analysis for
determining the number of early cellular apoptosis cells (AN-V*/PI'), * vs. other groups with different symbols (t, 1,
§), P<0.0001. I. Flow cytometric analysis for determining the number of late cellular (AN-V*/PI*), * vs. other groups
with different symbols (1, F, §), P<0.0001. J. Flow cytometric analysis for identification of total intracellular ROS.
K. Flow cytometric analysis for assessment of mean fluorescent intensity of total intracellular ROS (i.e., stained
carboxy-H,DCFDA dye), * vs. other groups with different symbols (t, ¥, §), P<0.0001. L. Flow cytometric analysis
for identification of mitochondrial ROS. M. Flow cytometric analysis for assessment of mean fluorescent intensity of
mitochondrial ROS, * vs. other groups with different symbols (1, 1, §), P<0.0001. All statistical analyses were per-
formed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 4 for each group). Symbols
(*, T, ¥) indicate significance for each other (at 0.05 level). EPCs = endothelial progenitor cells; Mel = melatonin;
Mena = menadione. A1 = EPCs only; A2 = EPCs + Mena; A3 = EPCs + Mena + Mel; A4 = EPCS"Ve + Mena.

number of NO+ cells displayed an identical pat- SNAP treatment upregulated NO production
tern of p-eNOS among the groups (Figure 2). and angiogenesis and generation of soluble

angiogenesis factors (Figure 3)
The Mel in mitochondria of the EPCs was con-

ducted. The result showed that mitochondrial The results of Matrigel assay demonstrated
concentration of Mel was significantly higher in that the angiogenesis capacity was significan-
EPCS¥Mel'than in EPC + Mel and the control, and tly higher in B2 (i.e., EPCs + snap) than in B1
significantly higher in EPC + Mel than in the (EPCs). Additionally, the IF microscopic findings
control (Figure 2), implying that ECSW treat- identified that the number of positively stained
ment could facilitate Mel entry into the EPC NO cells and (by western blot analysis) the
mitochondria. protein expressions of eNOS, CD31, and vWF,
three indicators of integrity of endothelial func-
We tentatively concluded that the above-men- tion, exhibited an identical pattern between
tioned findings (i.e., Figures 1 and 2) showed groups B1 and B2. Our findings suggest that
that ECSW-supported Mel protected EPCs SNAP could be a NO donor/stimulator for facili-
against Mena damage. tating the integrity of endothelial cell function.
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Figure 2. Integrity of endothelial function, protein level of oxidative stress, and mitochondrial concentration of Mel in EPCs. (A) Protein expression of phosphorylated
endothelial nitric oxide synthase (p-eNOS), * vs. other groups with different symbols (t, f, §), P<0.0001. (B) Protein expression of NOX-1, * vs. other groups with dif-
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finding (400 x) for identification of positively stained nitric oxide (NO) in EPCs (green color). Blue color indicated DAPI stain (i.e., E-2-H-2) for identification of nuclei.
Light green color indicated merged picture (E-3-H-3). (I) Analytical result of number of NO+ cells, * vs. other groups with different symbols (1, %, §), P<0.0001. Scale
bar in right lower corner represents 20 um. (J) Mitochondrial concentration of Mel in EPCs, * vs. other groups with different symbols (1, ), P<0.0001. All statistical
analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 4 for each group). Symbols (*, 1, ) indicate significance
for each other (at 0.05 level). EPCs = endothelial progenitor cells; Mel = melatonin; Mena = menadione. A1 = EPCs only; A2 = EPCs + Mena; A3 = EPCs + Mena +
Mel; A4 = EPCWVe + Mena.
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Figure 3. SNAP treatment upregulated angiogenesis, NO production, and generation of soluble angiogenesis fac-
tors. A and B. Angiogenesis feature by Matrigel assay showed that the angiogenesis capacity was significantly
increased in EPCs treated by SNAP compared to EPCs only (i.e., control group). C. Number of tubules formed (red
arrows), * vs. T, P<0.0001. D. Tubule length, * vs. 1, P<0.0001. E. Number of clusters formed (pink arrows), * vs.
1, P<0.0001. F. Number of networks formation (blue color), * vs. 1, P<0.0001. G and H. Immunofluorescent micro-
scopic findings (400 x) for identification of positively stained nitric oxide (NO) cells (green color) (red arrows). Scale
bar in right lower corner represents 20 um. |. Analytical result of number of NO+ cells, * vs. T, P<0.0001. J. Protein
expression of endothelial nitric oxide synthase (eNOS), * vs. 1, P<0.0001. K. Protein expression of CD31, * vs. t,
P<0.0001. L. Protein expression of von Willebrand factor (VWF), * vs. 1, P<0.0001. n = 4 for all groups. SNAP = S-
nitroso-N-acetyl-DL-penicillamine; EPCs = endothelial progenitor cells; B1 = EPCs only; B2 = EPCs + SNAP.

Ex vivo carotid artery angiogenesis (Figure 4) Ischemic to normal blood flow (INBF) ratio ana-
lyzed by laser Doppler scan by days 1, 7, and

The ex vivo carotid artery angiogenesis was 14 after conducting left CLI procedure (Figure

determined by microscope. Results showed
that the angiogenesis capacity of the caro-
tid ring was lowest in group C, highest in group
B, and significantly lower in group D than in
group A, suggesting SNAP played a crucial
role in enhancing ex vivo carotid artery
angiogenesis.

Carotid artery relaxation and NO release
(Figure 5)

Baseline NO release from the LCCA was signifi-
cantly higher in B than in other groups, signifi-
cantly higher in A than in C and D, and signifi-
cantly higher in D than in C.

Additionally, to elucidate the impact of Mena
and SNAP on regulating vessel relaxation and
contraction, the LCCA was cut into pieces and
mounted on the machine system. As expected,
vasoconstriction exhibited an opposite pattern,
whereas vasorelaxation exhibited an identical
pattern of NO release among the groups.

5027

6)

By day O prior to CLI procedure, the INBF did
not differ among the four groups. By day 1 after
CLI induction, laser Doppler examination dem-
onstrated a significantly higher INBF ratio in
group 1 (SC) than in group 2 (CLI), group 3 (CLI
+ SNAP), group 4 (CLI + EPCSWMel) or group 5
(CLI + EPCSWMel + SNAP), but there was no sig-
nificant difference among the latter four gro-
ups. However, by days 7 and 14 after induction
of CLI, the ratio of INBF was highest in group 1,
lowest in group 2, and significantly and progres-
sively increased from groups 3 to 5.

Protein expressions of oxidative stress, apop-
tosis, and mitochondrial damage in CLI by day
14 after CLI induction (Figure 7)

Western blot analysis demonstrated that the
protein expressions of NOX-1, NOX-4, and oxi-
dized protein, three indices of oxidative stress,
protein expressions of cleaved caspase 3 and

Am J Transl Res 2024;16(9):5020-5037
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Figure 4. Ex vivo culture of carotid artery angiogenesis. (A-D) Light microscopic findings (i.e., photographic images)
(100 x) of carotid ring culturing in groups A (i.e., SC) (A-1, A-2), B (B-1, B-2), C (C-1, C-2), and D (D-1, D-2), respectively.
Scale bar in right lower corner represents 100 uym. (E) Analytical results of sprout area, * vs. other groups with dif-
ferent symbols (7, F, §), P<0.0001. (F) Analytic result of mean sprout front distance, * vs. other groups with differ-
ent symbols (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 (*, t, }, §) indicate significance at 0.05 level.
LCCA = left common carotid artery; SNAP = S-nitroso-N-acetyl-DL-penicillamine; Men = menadione; group A (LCCA
only), group B (LCCA + SNAP), group C (LCCA + Men) and group D (LCCA + Men + SNAP).

cleaved PARP, two indicators of apoptosis, and
protein expressions of cytosolic cytochrome C
and phosphorylated (p)-DRP-1, two mitochon-
drial-damaged markers, were highest in group
2, lowest in group 1, and significantly and pro-
gressively reduced from groups 3 to 5.

Protein expressions of endothelial cell surface
markers, small vessel density, and angiogen-
esis biomarkers in CLI by day 14 after CLI in-
duction (Figure 8)

The protein expressions of CD31, vWF, and
eNOS, three indicators of endothelial cell sur-
face markers, were highest in group 1, lowest
in group 2, and progressively increased from
groups 3 to 5. Additionally, the IHC microscopic
finding revealed that the number of small ves-

5028

sels (i.e., defined as diameter <25.0 yM) exhib-
ited an identical pattern of DC31 among the
five groups.

The protein expressions of SDF-1a and VEGF,
two indicators of angiogenesis factors, were
progressively increased from groups 1 to 5,
indicating an intrinsic response to CLI stimula-
tion and significantly enhanced by the different
treatment strategies.

Protein expressions of fibrotic and inflamma-
tory biomarkers in CLI by day 14 after CLI in-
duction (Figure 9)

The protein expressions of Smad3 and TGF-3,

two indicators of fibrosis, and the protein
expressions of MMP-9, NF-kB, TNF-«, IL-1j,

Am J Transl Res 2024;16(9):5020-5037
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Figure 5. Ex vivo carotid artery relaxation and NO release. A. Schematic illustration of NO release from endothelial
cells of LCCA from sham-control group (A1) indicating the native endothelial cells (ECs) of LCCA without any pre-
treatment. On the other hand, A2 to A4 groups were pretreated by L-NAME (100 pM) for 30 minutes. NO release
(%) was significantly attenuated in A2 (i.e., LCCA + SNAP) as compared to the A1. It was further significantly attenu-
ated in A3 (LCCA + Men). This was partially but significantly reversed in A4 (LCCA + Men + SNAP), implying that
SNAP plays a crucial role in stimulating the ECs to release NO. Analytical result of NO release (%) among the four
groups, * vs. other groups with different symbols (1, %, §), P<0.0001. B. Phenylephrine (PE) concentration-response
curves (i.e., tension) in LCCA. The cumulative concentration-response curve of LCCA constriction normalized to 90
mM potassium chloride (KC)-induced contraction. The 4 curves, indicating the 4 individual groups, illustrated a
stepwise-increased concentration of PE-induced increase in vasoconstriction. This was significantly and progres-
sively increased in group C compared to other groups. Analytical result of vasoconstriction (%), * vs. other groups
with different symbols (1, F, §) at point a, P<0.0001. Additionally, analytical result of vasoconstriction (%), * vs.
other groups with different symbols (1, F) at points b, ¢ and d [i.e., among the groups in different points (i.e., b, c, d)
of concentrations], P<0.0001. C. The LCCA dilation response to Acetylcholinesterase (ACh) (1.0 x 10®to 3.0 x 103
M) treatment is presented with respect to the percentage of the contractile response that was induced by phen-
ylephrine (PE, 10 M). Additionally, Ach-induced vasorelaxation was significantly reduced in group B versus other
groups. Analytical result of vasorelaxation (%), * vs. other groups with different symbols (t, ), P<0.0001, i.e., * vs.
other groups with different symbols (1, ) at points a, b and c [i.e., among the four groups in different points (i.e.,
a, b, c) of concentration] and * vs. other groups with different symbols (1, ¥, §) at point d. 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). LCCA = left common carotid artery; SNAP = S-nitroso-N-
acetyl-DL-penicillamine; Men = menadione; NO = nitric oxide; group A (LCCA only), group B (LCCA + SNAP), group C
(LCCA + Men) and group D (LCCA + Men + SNAP).

four indicators of inflammation, were highest in frequency of requirement for amputation and
group 1, lowest in group 2, and significantly pro- the low frequency of the amputation-free rate
gressively reduced from groups 3 to 5. [14], but also the low overall survival rate [3, 8,
9, 11, 15]. This shows that the treatment of
Discussion these disease entities is still an unmet need,
and therefore, an innovative treatment must be
This study investigated the therapeutic impact urgently found. The most important finding of
of ECSW-facilitated Mel delivered into EPCs the present study was that as compared to CLI
and NO donor. There were several striking impli- only, the INBF ratio was significantly increased
cations. First, the in vitro study demonstrated in EPC, SNAP, or EPCSW-Mel treatment and more
that as compared to the control (i.e., EPCs only), significantly increased by combined EPCSWMe
EPCSWMel had a greater ability to resist oxidative and SNAP treatment. Our findings highlight
stress and improved the cell viability and NO that a combination regimen (i.e., EPCSWMel +
production. Second, in vitro, ex vivo and in vivo SNAP) could be a last resort for those of CLTIl/
studies showed that SNAP treatment offered a CLI patients who are refractory to conventional
great benefit on generation of soluble angio- therapy.
genesis factors, NO production, angiogenesis,
and vasorelaxation. Third, combined EPCSW-Ve! An mechanistic explanation is needed for why
and SNAP treatment was more effective than the combined regimen was superior to either
merely one for restoring the blood flow in CLI one treatment. It is well-known that inflamma-
and rescuing the critical limb ischemia in rats. tion and oxidative stress always are elicited in
ischemic tissues/organs [5, 8, 9, 18-20], result-
Currently, the treatment of CLTI/CLI is still a for- ing in damaging and shortening the survival
midable challenge not only because of the high rate of EPCs in the ischemic zone [16, 17].
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Figure 6. Ischemic to normal blood flow (INBF) ratio analyzed by laser Doppler scan by days O, 1, 7, and 14 after conducting left CLI induction. A-E. Laser Doppler
finding of ratio of left limb (ischemia) to right limb (normal) blood flow (i.e., INBF) at day O prior to CLI procedure among the five groups. F. Analytical result of ratio of
INBF, P>0.5. G-K. Laser Doppler finding of INBF at day 1 after CLI induction among the five groups. L. Analytical result of ratio of INBF, * vs. 1, P<0.0001, P<0.0001.
M-Q. Laser Doppler finding of ratio of INBF at day 7 after CLI induction among the five groups. R. Analytical result of ratio of INBF, * vs. other groups with different
symbols (T, %, §), P<0.0001. S-W. Laser Doppler finding of ratio of INBF at day 14 after CLI procedure among the five groups. X. Analytical result of ratio of INBF, * vs.
other groups with different symbols (1, %, §), P<0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post
hoc test (n = 10 for each group). Symbols (*, T, %, §) indicate significance (at 0.05 level). CLI = critical limb ischemia; SNAP = S-nitroso-N-acetyl-DL-penicillamine;
SC = sham-operated control; EPCS"Me! = extracorporeal shock wave (ECSW) facilitated melatonin (Mel) delivery into autologous endothelial progenitor cells (EPCs);
group 1 = SC; group 2 = CLI; group 3 = CLI + SNAP; group 4 = CLI + EPCS"™¢!; group 5 = CLI + EPCSWVe! + SNAP.
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Figure 7. Protein expressions of oxidative stress, apoptosis, and mitochondrial damage in CLI by day 14 after CLI induction. A. Protein expression of NOX-1, * vs.
other groups with different symbols (1, %, §), P<0.0001. B. Protein expression of NOX-4, * vs. other groups with different symbols (t, 1, §), P<0.0001. C. The oxidized
protein expression, * vs. other groups with different symbols (t, 1, §, ), P<0.0001 (Note: the left and right lanes shown on the upper panel represent protein mo-
lecular weight marker and control oxidized molecular protein standard, respectively). M.W. = molecular weight; DNP = 1-3 dinitrophenylhydrazone. D. Protein expres-
sion of cleaved caspase 3 (c-Casp3), * vs. other groups with different symbols (1, , §, 9), P<0.0001. E. Protein expression of cleaved poly (ADP-ribose) polymerase
(c-PARP), * vs. other groups with different symbols (T, ¥, §), P<0.0001. F. Protein expression of cytosolic cytochrome C (cyt-CytoC), * vs. other groups with different
symbols (1, ¥, §, 9), P<0.0001. G. Protein expression of mitochondrial cytochrome C (mit-CytoC), * vs. other groups with different symbols (1, %, §, 9), P<0.0001.
H. Protein expression of phosphorylated dynamin-1-like protein (p)-DRP-1, * vs. other groups with different symbols (T, %, §, q), 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, %, §, 9) indicate significance (at
0.05 level). SC = sham-operated control; EPCS"Me! = extracorporeal shock wave (ECSW) facilitated melatonin (Mel) delivery into autologous endothelial progenitor
cells (EPCs); CLI = critical limb ischemia; SNAP = S-nitroso-N-acetyl-DL-penicillamine; group 1 = SC; group 2 = CLI; group 3 = CLI + SNAP; group 4 = CLI + EPCSWVel;
group 5 = CLI + EPCSWMe!l + SNAP.
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Figure 8. Protein expressions of endothelial cell surface markers, small vessel density, and angiogenesis biomarkers in CLI by day 14 after CLI induction. A. Protein
expression of CD31, * vs. other groups with different symbols (1, F, §, 9), P<0.0001. B. Protein expression of stromal-cell derived factor 1 alpha (SDF-1a), * vs.
other groups with different symbols (T, 1, §, 9), P<0.0001. C. Protein expression of von Willebrand factor (vWF), * vs. other groups with different symbols (t, 1, §,
9), P<0.0001. D-H. Microscopic findings (100 x) for identification of positively-stained alpha smooth muscle actin (x-SMA) small vessels (gray color, red arrows)).
I. Number of small vessels (i.e., defined as diameter <25.0 uyM), * vs. other groups with different symbols (1, %, §), P<0.0001. J. Protein expression of endothelial
nitric oxide synthase (eNOS), * vs. other groups with different symbols (1, 1, §, 9), P<0.0001. K. Protein expression of vascular endothelial growth factor (VEGF), *
vs. other groups with different symbols (T, ¥, §, ), 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, §, 9) indicate significance (at 0.05 level). SC = sham-operated control; EPCS¥Me' = extracorporeal shock wave
(ECSW) facilitated melatonin (Mel) delivery into autologous endothelial progenitor cells (EPCs); SNAP = S-nitroso-N-acetyl-DL-penicillamine; group 1 = SC; group 2 =
CLI; group 3 = CLI + SNAP; group 4 = CLI + EPC®WMel; group 5 = CLI + EPCSWVel + SNAP.
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Figure 9. Protein expressions of fibrotic and inflammatory biomarkers in CLI by day 14 after CLI induction. A. Pro-
tein expression of phosphorylated (p)-Smad3, * vs. other groups with different symbols (1, ¥, §, ), P<0.0001. B.
Protein expression of transforming growth factor beta (TGF-B), * vs. other groups with different symbols (1, %, §, 9),
P<0.0001. C. Protein expression of matrix metalloproteinase (MMP)-9, * vs. other groups with different symbols (T,
1, §, 9), P<0.0001. D. Protein expression of phosphorylated (p) nuclear factor (NF)-kB, * vs. other groups with dif-
ferent symbols (1, 1, §, 9), P<0.0001. E. Protein expression of tumor necrosis factor (TNF)-&, * vs. other groups with
different symbols (1, 1, §, 9), P<0.0001. F. Protein expression of interleukin (IL)-1B, * vs. other groups with different
symbols (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, %, §, ) indicate significance (at 0.05 level).
SC = sham-operated control; EPCSWMe! = extracorporeal shock wave (ECSW) facilitated melatonin (Mel) delivery into
autologous endothelial progenitor cells (EPCs); CLI = critical limb ischemia; SNAP = S-nitroso-N-acetyl-DL-penicilla-
mine; group 1 = SC; group 2 = CLI; group 3 = CLI + SNAP; group 4 = CLI + EPCSWMe!: group 5 = CLI + EPCSWMe! + SNAP.

Several studies have already shown that Mel ing in inhibiting oxidative stress production.
has a strong capacity of suppressing inflamma- These aforementioned reports and the result of
tion and oxidative stress as well as protecting our in vitro study put together may, at least in
the integrity of EPCs [28-33]. Interestingly, our part, explain why EPCS"-VMe' was superior to EPCs
in vitro study discovered that ECSW treatment only for restoring the blood flow in the CLI area
can enhance Mel delivery into the EPCs, result- and salvaging the ischemic limb in rats.
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Figure 10. Schematic figure of the underlying mechanism of EPCS"Me! and SNAP treatment on restoring the blood
flow to the CLI area and rescuing the critical limb. CLI = critical limb ischemia; SNAP = S-nitroso-N-acetyl-DL-peni-
cillamine; EPCs = endothelial progenitor cells; ECSW = extracorporeal shock wave; ROS = reactive oxygen species;
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SNAP has been shown to serve as a NO donor
[36-39]. Additionally, NO, which is an indicator
of endothelial cell integrity, plays a crucial role
in vessel dilatation and the generation of angio-
genesis factors. An essential finding of our in
vitro study demonstrated that the angiogenesis
of EPCs markedly augmented by SNAP treat-
ment. Another essential finding of our ex vivo
study demonstrated that angiogenesis of the
aortic ring was also markedly augmented by
SNAP treatment. Of importance was that SNAP
treatment enhanced not only NO release from
rat aorta but also rat aortic vasorelaxation.
These findings from in vitro and ex vivo studies
supported why the INBF ratio was significantly
increased in CLI animals with SNAP compared
to thos without SNAP treatment. A notable find-
ing was that combined EPCSWMe¢' and SNAP
treatment was more effective than merely one

5034

cell-derived factor 1 alpha.

treatment, implicating that this combined regi-
men may offer an additional benefit for restor-
ing the blood flow to the CLI area and rescuing
the critical limb in rats.

A link between oxidative stress/inflammation
and unfavorable outcomes in setting of isch-
emic organ damage has been well-recognized
[16-20, 28-33]. When we looked at the molecu-
lar perturbations in the CLI area, we found that
the protein levels of oxidative stress, inflamma-
tion, apoptosis, and mitochondrial damage
were substantially higher in the CLI area than
that of the SC animals. These molecular pertur-
bations in the CLI zone were significantly
reversed by EPCs and SNAP treatment, further
significantly reversed by EPCSWMe' treatment,
and furthermore significantly reversed by com-
bined EPCS"Me' and SNAP treatment. In this
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way, our findings, in addition to strengthening
the findings of previous studies [16-20, 28-33],
could partially explain why the untoward out-
comes in CLI rodents had various degrees of
effective improvement by undergoing different
therapeutic regimens.

Study limitations

A first limitation was that the study period was
relatively short. Therefore, the long-term effect
of combined EPCS¥Mel and SNAP treatment on
maintaining adequate blood flow in CLI is still
currently unclear. Second, although extensive
work was done, the exact underlying mecha-
nism is still unclear but was schematically pro-
posed in Figure 10 based on the results of our
in vitro, ex vivo, and in vivo studies.

In conclusion, the results of the present study
demonstrated that combined EPCSWMe' and
SNAP treatment offered great benefits of anti-
oxidant and NO donation to EPCs, resulting in
much enhanced angiogenesis, restoring the
blood flow in CLI, and therefore salvaging the
critical limb in rats.
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