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Exendin-4 protected against critical limb
ischemia in obese mice

Jiunn-Jye Sheu", Meng-Wei Chang?", Christopher Glenn Wallace®, Hsin-Ju Chiang?, Pei-Hsun Sung®,
Tzu-Hsien Tsai®, Sheng-Ying Chung®, Yung-Lung Chen®, Sarah Chua®, Hsueh-Wen Chang?, Cheuk-Kwan Sun’,
Fan-Yen Lee'f, Hon-Kan Yip®&°t

Division of Thoracic and Cardiovascular Surgery, Department of Surgery, ?Department of Emergency Medicine,
“Department of Obstetrics and Gynecology, °Division of Cardiology, Department of Internal Medicine, Kaohsiung
Chang Gung Memorial Hospital and Chang Gung University College of Medicine, Kaohsiung, 83301, Taiwan;
3Department of Plastic Surgery, University Hospital of South Manchester, Manchester, UK; SDepartment of
Biological Sciences, National Sun Yat-Sen University, Kaohsiung, 80424, Taiwan; "Department of Emergency
Medicine, E-Da Hospital, I-Shou University School of Medicine for International Students, Kaohsiung, 82445,
Taiwan; Center for Translational Research in Biomedical Sciences, Kaohsiung Chang Gung Memorial Hospital
and Chang Gung University College of Medicine, Kaohsiung, 83301, Taiwan; °Center for Institute of Shock Wave
Medicine and Tissue Engineering, Kaohsiung Chang Gung Memorial Hospital and Chang Gung University College
of Medicine, Kaohsiung, 83301, Taiwan. *Indicates equal contribution in this study compared with the first author.
TIndicates equal contribution in this study compared with the corresponding author.

Received January 27, 2015; Accepted March 3, 2015; Epub March 15, 2015; Published March 30, 2015

Abstract: This study tested the hypothesis that exendin-4 protects against critical limb ischemia (CLI) in obese
mice undergoing hypoxic stress (H). B6 mice were categorized into aged-matched control (C)-H (group 1-A), obesity
(induced by high-fat diet) (O)-H (group 1-B), C-H-CLI (group 2-A), O-H-CLI (group 2-B), C-H-CLI-exendin-4 (group 3-A)
and O-H-CLI-exendin-4 (group 3-B). Animals were sacrificed by day 14 after CLI procedure. By day 14, laser Doppler
results showed that blood flow in CLI area was higher in group 3-A than group 2-A, higher in group 3-B than group
2-B, highest in groups 1-A and 1-B, higher in group 2-A than in group 2-B, and higher in group 3-A than in group
3-B (all p<0.001), but not significantly different between groups 1-A and 1-B. Furthermore, circulating numbers of
endothelial progenitor cells (EPCs) (c-kit/CD31+, Sca-1/KDR+) showed an identical pattern of blood flow in CLI area
among groups 2-A, 2-B, 3-A and 3-B, except that these biomarkers were lowest in groups 1-A and 1-B (all p<0.001).
Protein and cellular levels of angiogenesis factors (VEGF, CXCR4, SDF-1a) exhibited an identical pattern of circulat-
ing EPC numbers among all groups (all p<0.001). Protein levels of apoptotic (cytosolic cytochrome-C, mitochondrial
Bax, cleaved caspase 3 and PARP) and fibrotic (Samd 3, TGF-B) biomarkers showed an opposite pattern of blood
flow in CLI area among groups 2-A, 2-B, 3-A and 3-B, but were lowest in groups 1-A and 1-B (all p<0.001). This find-
ing suggests exendin-4 protected against CLI in obese mice undergoing hypoxic stress mainly through enhancing
angiogenesis and inhibiting apoptosis.
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Introduction Cardiovascular disease is the leading cause of
morbidity and mortality in obese individuals.
Obesity is an important risk factor for the devel-
opment of type 2 diabetes, musculoskeletal
problems (such as osteoarthritis), certain can-
cers [1], and lung disease [7], and dramatically
increases the risk of developing metabolic and

cardiovascular disorders [1, 8]. This risk ap-

Obesity is a global health burden with rapidly
increasing prevalence. Greater than 10% of the
world’s adult population is currently obese,
defined by a body mass index (BMI) of 30 kg/
m? or more [1]. The prevalence of obesity in the
USAis 34% [2-4], and this is forecast to increase

to 42% by 2030 [2]. Obesity is due to excessive
fat accumulation that impairs health resulting
from social, behavioral, environmental and
genetic factors [5, 6].

pears to originate from perturbations in adi-
pose-tissue function that elicit a chronic inflam-
matory state and cause dysregulation of endo-
crine and paracrine actions of adipocyte-
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derived factors. These, finally, impair vascular
homeostasis and lead to endothelial dysfunc-
tion [9]. Our previous experimental work has
consistently demonstrated that obesity sup-
presses heart function and circulating levels
and function of endothelial progenitor cells
(EPCs) [10]. Additionally, we have previously
shown that obesity suppressed angiogenesis in
the setting of critical limb ischemia (CLI), and
this was reversed by obesity control [11]. This
finding raises the possibility that pharmaco-
modulation may be an option, other than reduc-
ing weight, to repair endothelial dysfunction
and increase angiogenesis in the setting of
obesity.

Exendin-4 and liraglutide, two GLP-1 analogues,
reportedly have multiple cellular protective
effects, including protecting endothelial cells
from senescence mainly through anti-oxidative
[12, 13] and anti-inflammatory [13-15] proces-
ses. Additionally, our recent work demonstrat-
ed that exendin-4 therapy provided significant
protection for the kidneys against acute isch-
emia-reperfusion injury [16].

Based on these recent reports [9-16], we hy-
pothesized that exendin-4 therapy might pro-
tect against CLI in obese mice undergoing inter-
mittent hypoxic stress.

Materials and methods
Ethics

All animal experimental procedures were ap-
proved by the Institute of Animal Care and Use
Committee at Kaohsiung Chang Gang Memorial
Hospital (Affidavit of Approval of Animal Use
Protocol No. 2012120303) and performed in
accordance with the Guide for the Care and
Use of Laboratory Animals (NIH publication No.
85-23, National Academy Press, Washington,
DC, USA, revised 1996).

Animal model of obesity induction in C57BL/6J
mice

The procedure and protocol of obesity induc-
tion in C57BL/6J (B6) mice has been detailed
in our previous reports [10, 11]. Briefly, 8-week-
old male B6 mice (n = 24), weighing 20-22 g,
(Charles River Technology, BioLASCO Taiwan
Co., Ltd., Taiwan), were fed with a high-fat diet
(45 Kcal% fat; Research Diets, Inc) to create a
diet-induced obesity model for the purpose of
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this study. According to the literature [17], our
previous experience [11, 12] and the company
(Research Diets, Inc), successful obesity induc-
tion in mice was defined as a body weight
increase of more than 35% after 12 weeks of
feeding (high fat diet of 45 Kcal% fat). By the
end of 13 weeks of feeding, more than 70% of
mice satisfied obesity criteria.

Animal grouping

Obese mice (n = 24) were equally divided into
obesity + hypoxia (OH) only, OH+CLI and OH+
CLI+exendin-4 (Ex4; 10 pg/kg subcutaneous
injection at post-CLI 1 hr, followed by once per
day for 13 days).

Other aged-matched B6 mice (n = 24) fed with
a control diet for the same duration (i.e., total
13-week control diet), which was also purcha-
sed from the same company (Research Diets,
Inc), served as age-matched control (C) +
hypoxia (CH) only, CH+CLI and CH+CLI+Ex4 (ad-
ministration was identical to the OH+CLI+ex-
endin-4 group). The dosage of exendin-4 was
according to our recent report [16].

Rationale of intermittent hypoxia and proce-
dure and protocol for hypoxia stress

It is well recognized that murine animals have
reliable collateral circulation to their limbs.
Therefore, in order to ensure consistency of the
CLI condition, intermittent hypoxia was applied
to all animals as follows: animals were subject-
ed to alternating hypoxia (12 h) and room air
(12 h) for three cycles (i.e., three days), before
undergoing the CLI procedure. Twenty four
hours after the CLI procedure, animals were
subjected to 6 hours of hypoxia before return-
ing to room air.

The procedure and protocol for hypoxic stress
was detailed in our recent report [18]. Briefly,
the mice were kept in a hypoxic chamber that
consisted of (1) a plastic chamber with a built-in
electric fan for mixing nitrogen and oxygen, a
cage of mice with free access to water and ani-
mal chow, barium hydroxide lime for absorbing
carbon dioxide, and charcoal powder for elimi-
nating ammonia; (2) an oximeter showing the
oxygen content inside the chamber (consistent-
ly keptat 11 + 0.2%); (3) gas tanks (i.e. nitrogen
and air) connected to the chamber for main-
taining the hypoxic environment inside the
chamber; (4) transparent glass window for
monitoring animal activities.

Am J Transl Res 2015;7(3):445-459



Exendin-4 protected against critical limb ischemia

B (o
150 200
EA aa‘. | E‘U-"
38 34 331
3 8 50 ST e 83
m om 7 m~
0.
1A 1B 2A 2B 3A 3B
D E o B Y F
254 60 60
'g‘ g 15+ %§ 40 %% 401
23 22 E
Z 210 zd 23
ol 0520 [=] = 201
m 5 m (11 M
0-

05A 1B 2A 2B 3A 3B A 1B 2A 2B 3A 3B

|:|0|-|—1A .OH 1B ECH-CLI-ZA .on—n—cu-za @CH CLI-Ex4=3A -OH CLI-Ex4=3B

Figure 1. Serial changes of blood sugar and body weight. A. Baseline fasting blood sugar among control animals of
thee subgroups (i.e., CH, CH-CLI, CH-CLI-Ex4) and obese animals of three subgroups (OH, OH-CLI, OH-CLI-Ex4), all
p>0.5. B. Fasting blood sugar at 12 weeks after obesity induction. (1) « indicated 1A vs. 1B, p<0.001; B indicated
2Avs. 2B, p<0.001; y indicated 3A vs. 3B, P<0.01. (2) t vs. other groups with different black symbols (f, 1), p<0.01.
C. Fasting blood sugar at 14 weeks after obesity induction. (1) « indicated 1A vs. 1B, p<0.001; B indicated 2A vs.
2B, p<0.001; y indicated 3A vs. 3B, P<0.01. (2) T vs. other groups with different black symbols (1, 1), p<0.01. D.
Baseline body weight among control animals of thee subgroups and obese animals of three subgroups, all p>0.5. E.
Body weight at 12 weeks after obese induction. (1) o indicated 1A vs. 1B, p<0.001; B indicated 2A vs. 2B, p<0.001;
yindicated 3A vs. 3B, P<0.01. (2) t vs. other groups with different black symbols (1, f), p<0.05. F. Body weight at 12
weeks after obese induction. (1) o indicated 1A vs. 1B, p<0.001; B indicated 2A vs. 2B, p<0.001; y indicated 3A vs.
3B, P<0.01. (2) t vs. other groups with different black symbols (1, f), p<0.05. Symbols (1, F) indicate significance
(at 0.05 level). CH = control, hypoxia; OH = obesity control, Ex4 = exendin 4.

Animal model of critical limb ischemia (CLI) was adopted for blood sampling using a 30G
needle. After treatment with red blood cell-lys-
ing buffer, remaining cells were labeled with
appropriate antibodies. Flow cytometric analy-
sis for identification of cell surface markers was
performed as previously described [19, 20].
Briefly, the cells were incubated for 30 minutes
with primary antibodies, including PE-conju-
gated antibodies (against CD34, Sca-1, CD31
BD Biosciences), FITC-conjugated antibody
against c-kit (BD Biosciences), anti-CXCR4
(Abcam) and anti-KDR (NeoMarkers) antibod-
ies, which were further recognized by Alexa
flour 488-conjugated secondary antibodies
(Invitrogen). Isotype-identical antibodies (IgG)
served as controls. Flow cytometric analyses
were performed with a fluorescence-activated
cell sorter (Beckman Coulter FC500 flow cyto-

Mice in groups CH+CLI, CH+CLI+Ex4, OH+CLI,
and OH+CLI+Ex4 were anesthetized by inhala-
tion of 2.0% isoflurane. The mice were placed in
a supine position on a warming pad at 37°C
with the left hind limbs shaved. Under sterile
conditions, the left femoral artery, small arteri-
oles, circumferential femoral artery and veins
were exposed and ligated proximally and dis-
tally before removal. To avoid the presence of
collateral circulation, branches were removed.
Animals in groups 1-A and 1-B only received
skin excision and closure without ligation of
arteries. After the procedure, the wound was
closed and the animal was allowed to recover
from anesthesia in a portable animal intensive
care unit (ThermoCare®) for 24 hours.

Flow cytometric quantification of endothelial meter).
progenitor cells

Determination of blood flow in limbs with laser
The assessment of circulating numbers of EPCs Doppler
has been detailed previously [19]. Briefly, for
blood sampling at different time points (days 7 This procedure and protocol have previously
and 14 after CLI procedure), cardiac puncture been described [11, 19]. Briefly, mice were

447 Am J Transl Res 2015;7(3):445-459



Exendin-4 protected against critical limb ischemia

A 1.5 B 1.5
° % &
£ §9\31.o- 8 *1.0 —
b ~2 S o
S £ o5 & 80.5
m ¥| . o .

o) n

0.0 0.0
Control Obesity Control Obesity

5 D 3

+ +

s IA
~ 839‘ Q2 2
5 O o Xz ) -
© \,é’ :‘_—n
Q8 g 8 1;

© n

1A 1B 2A 2B 3A 3B 1A 1B 2A 2B 3A 3B

CH=1A CH-CLI=2A [

. OH=1B .OH-CLI=2B

Blue symbols ( * T ) indicate significance among group 1A to 3A
Red symbols ( * 1) indicate significance among group 1B to 3B

CH-CLI-Ex4=3A

. OH-CLI-Ex4=3B

Figure 2. Flow cytometric quantification of circulating level of endothelial progenitor cells (EPCs) at baseline and at
day 7 after critical limb ischemia (CLI) procedure (n = 8). (A, B) Baseline circulating numbers of c-kit+/CD31+ (A) and
Sca-1+/KDR+ (B) did not differ between the CH (control + hypoxia) and OB (obesity + hypoxia) groups, all p value
>0.1. (C) Circulating level of c-kit+/CD31+ cells at day 7 after CLI procedure. (1) o indicated 1A vs. 1B, p<0.05;
indicated 2A vs. 2B, p<0.05; y indicated 3A vs. 3B, P<0.01. (2) * vs. other groups with different blue symbols (*, t,
1), p<0.001. (3) * vs. other groups with different red symbols (*, 1), p<0.01. (D) Circulating level of Sca-1+/KDR+ at
day 7 after CLI procedure. (1) o indicated 2A vs. 2B, p<0.05; f indicated 3A vs. 3B, p<0.05. (2) * vs. other groups
with different blue symbols (*, T, £), p<0.01. (3) * vs. other groups with different red symbols (*, 1), p<0.05. Statisti-
cal analysis in (A to D) using one-way ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols (*,
1, F) indicate significance (at 0.05 level). CH = control, hypoxia; OH = obesity control, Ex4 = exendin 4.

anesthetized by inhalational 2.0% isoflurane
prior to CLI induction and on days 2 and 14
after CLI procedure prior to being sacrificed.
The mice were placed in a supine position on a
warming pad at 37°C and blood flow was
detected in both inguinal areas by a Laser
Doppler scanner (moorLDLS, Moor, Co. UK). All
data were collected for further analysis. The
mice were sacrificed at day 14 after CLI induc-
tion and the quadriceps muscle collected for
individual study. Blood was drawn to measure
EPCs with flow cytometry prior to sacrifice.
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Western blot for protein expression

Equal amounts (10-30 pg) of protein extracts
from ischemic quadriceps from the animals (n
= 8 for each group) were loaded and separated
by SDS-PAGE using 7% or 12% acrylamide gra-
dients. Proteins were transferred to nitrocellu-
lose membranes which were then incubated in
the primary antibodies against vascular cell
adhesion molecule CXCR4 (1:1000, Abcam),
VEGF (1:1000, Abcam), stromal cell-derived
growth factor (SDF)-1a (1:1000, Cell Signaling),

Am J Transl Res 2015;7(3):445-459
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Figure 3. Flow cytometric quantification of circulating level of endothelial progenitor cells (EPCs) at day 14 after criti-
cal limb ischemia (CLI) procedure (n = 8). (A) Circulating level of c-kit+/CD31+ cells at day 14 after CLI procedure.
(1) acindicated 2A vs. 2B, p<0.03; B indicated 3A vs. 3B, p<0.03. (2) * vs. other groups with different blue symbols
(*, 1, $), p<0.001. (3) * vs. other groups with different red symbols (*, t, £), p<0.001. (B) Circulating level of Sca-
1+/KDR+ at day 14 after CLI procedure. (1) o indicated 2A vs. 2B, p<0.05; B indicated 3A vs. 3B, p<0.05. (2) * vs.
other groups with different blue symbols (*, t, F), p<0.01. (3) * vs. other groups with different red symbols (*, t,
F), p<0.05. Statistical analysis in (A and B) using one-way ANOVA, followed by Bonferroni multiple comparison post
hoc test. Symbols (*, T, ) indicate significance (at 0.05 level). CH = control, hypoxia; OH = obesity control, Ex4 =
exendin 4.

angiopoietin (1:12000, Millipore), CD31 (1:1000,
Abcam), endothelial nitric oxide synthase
(eNOS) (1:1000, Abcam), Bax (1:1000, Abcam),
caspase 3 (1:1000, Cell Signaling), PARP
(1:1000, Cell Signaling), cytochrome C [(Cyt C)
1:2000, BD), phosphorylated (p)-Smad3
(1:1000, Cell Signaling), p-Smad1/5 (1:1000,
Cell Signaling), bone morphogenetic protein
(BMP)-2 (1:500, Abcam), transforming growth
factor (TGF)-B (1:500, Abcam) and actin
(1:20000, Chemicon). Signals were detected
with HRP-conjugated goat antimouse or goat
anti-rabbit 1gG (1:2000, Cell Signaling). The
washing procedure was repeated eight times
within 40 minutes. Immunoreactive bands
were visualized by enhanced chemilumines-
cence (ECL; Amersham Biosciences), which
was then exposed to Biomax L film (Kodak). For
quantification, ECL signals were digitized using
Labwork software (UVP).

and SDF-1a+ cells (n = 8 for each group) using
respective primary antibodies based on our
recent study [18, 19]. Irrelevant antibodies
were used as controls in the current study.

Statistical analyses

Quantitative data are expressed as mean * SD.
Statistical analysis was performed by ANOVA
followed by Bonferroni multiple-comparison
post hoc test. All analyses were conducted
using SAS statistical software for Windows ver-
sion 8.2 (SAS institute, Cary, NC). A probability
value <0.05 was considered statistically sig-
nificant.

Results

Serial changes of eight-hour fasting sugar and
body weight in the animals (Figure 1)

Immunofluorescent (IF) stainin
(IF) g The baseline eight-hour fasting blood sugar

IF staining was performed to examine CD31+,
VEGF, smooth muscle actin (SMA)+, CXCR4+,

449

and body weight did not differ among the con-
trol animals or among the obese animals.

Am J Transl Res 2015;7(3):445-459



Exendin-4 protected against critical limb ischemia

Control Obesity G
i _E 2. [Jen=ia Elcncui=2a [ cn-cexe=an
o 3
£ g&810 .0|-|=1a .on-cu:za . OH-CLIEx4=38
= N
g E _go_ Blue symbols ( * T 1 ) indicate significance among group 1A to 3A
m % 3 Red symbols ( * 1 £ ) indicate significance among group 1B to 38
2200
OH-CLI CH-CLI-Ex4 OH-CLI-Ex4 J
h g 1.5
o Ezx
~N D 2840
> 3
od 505
© 3 t 4. t4
20.0
15
< 3
-0Q ¥ 23810
> Sz
[ ] =
= Z05
o & 3
o
30.0

1A 1B

2B 3A 3B

Figure 4. Time courses of laser Doppler analysis of blood flow (n = 8). (A & B) lllustration of laser Doppler of normal
blood flow in both hind limbs in each group of control hypoxia (CH) and obese hypoxia (OH) mice prior to the pro-
cedure. (C) Statistical analysis showing no difference of ratio of left to right hind-limb blood flow in with respective
group (i.e., CH vs. OH, CH-CLI vs. OH-CLI, or CH-CLI-Ex4 vs. OH-CLI-Ex4) among the animals prior to CLI induction, all
p value = 1.0. (D to I) lllustration of laser Doppler of ratio of left to right blood flow among six groups at day 2 after CLI
procedure. (J) Analytic results: * vs. other groups with different red symbols (*, 1), p<0.0001. (K to P) lllustration of
laser Doppler of ratio of left to right blood flow among six groups at day 14 after CLI procedure. (Q) Analytical results:
(1) o indicated 2A vs. 2B, p<0.05; B indicated 3A vs. 3B, p<0.05. (2) * vs. other groups with different blue symbols
(*, 1, $), p<0.0001. (3) * vs. other groups with different red symbols (*, 1, 1), p<0.0001. Statistical analysis in (C,
J & Q) using one-way ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols (*, 1, ) indicate
significance (at 0.05 level). CH = control, hypoxia; OH = obesity control, Ex4 = exendin 4.

These two parameters also did not differ cells were significantly lower in CH (i.e., control
between the control and the obese animals. + hypoxia) group than in CH-CLI and CH-CLI-
Ex4, but were significantly different between

In control animals, by the end of 12 and 14 the latter two groups. Additionally, by day 14
weeks after obesity induction, the fasting blood after CLI, these biomarkers were significantly

sugar and the body weight did not differ among higher in CH-CLI-Ex4 group than in CH and

g‘He ét,regHg(r;OLTpEs f'e' CH (control + hypoxia), CH-CLI groups and significantly higher in CH-CLI
-CLI, CH-CLI-Ex4]. group than in CH group (Figure 3).

In obese animals, by the end of 12 and 14

weeks after obesity induction the fasting blood In obese animals: by days 7 and 14 after CLI
sugar and the body weight were significantly procedure, circulating expressions of these
higher in OH (i.e., obesity + hypoxia) and OH-CLI EPCs (i.e., c-kit/CD31+ and Sca-1/KDR+ cells)
groups than OH-CLI-Ex4 group, but it showed showed an identical pattern as in control ani-
no difference between the former two groups. mals among OH (i.e., obesity + hypoxia), OH-CLI

and OH-CLI-Ex4 groups (Figure 3).
When comparing between control and obese

animals, these two parameters were signifi- Interestingly, when comparing between control
cantly higher in obese mice than in control mice and obese animals, the circulating numbers of
with respective to any group. these EPCs were significantly lower in obese

than in control mice within respective groups
(i.e., OH vs. CH, OH-CLI vs. CH-CLI, and OH-CLI-
Ex4 vs. CH-CLI-Ex4) (Figure 3).

Circulating endothelial progenitor cells at
baseline and by days 7 and 14 after CLI proce-

dure (Figures 2 and 3)

Flow cytometric analyses showed that the cir- Serial changes of laser doppler analysis of

culating levels of EPCs (i.e., c-kit/CD31+ and blood flow (Figure 4)

Sca-1/KDR+ cells) did not differ between con-

trol and obese mice (Figure 2). To determine the effect of exendin-4 therapy on
improving blood flow in the ischemic region, the

In control animals: by day 7 after CLI procedure, ratio of ischemic/normal blood flow (INBF) was

the numbers of c-kit/CD31+ and Sca-1/KDR+ measured in both control and obese animals.

450 Am J Transl Res 2015;7(3):445-459
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Figure 5. Immunofluorescent (IF) staining of CXCR4+ and stromal cell-derived factor (SDF)-1a+ cells in ischemic
quadriceps at day 14 after critical limb ischemia (CLI) procedure (n = 8). (A to F) lllustrating IF microscopic findings
(400x) of CXCR4+ cells (yellow arrows) in ischemic quadriceps of six group animals, respectively. (G) Statistical
analysis of CXCR4+ cells. (1) o indicated 1A vs. 1B, p<0.01; B indicated 2A vs. 2B, p<0.01; y indicated 3A vs. 3B,
P<0.01. (2) * vs. other groups with different blue symbols (*, 1, ¥), p<0.001. (3) * vs. other groups with different
red symbols (*, T, 1), p<0.001. (H to M) lllustrating IF microscopic findings (400x) of SDF-1a+ cells (yellow arrows) in
ischemic quadriceps of six group animals, respectively. (N) Statistical analysis of SDF-1a+ cells (%). (1) o indicated
1A vs. 1B, p<0.01; B indicated 2A vs. 2B, p<0.01; y indicated 3A vs. 3B, P<0.01. (2) * vs. other groups with differ-
ent blue symbols (*, T, ), p<0.001. (3) * vs. other groups with different red symbols (*, T, F), p<0.008. Statistical
analysis in G) and N) using one-way ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols (*, t,
I) indicate significance (at 0.05 level). The scale bars in right lower corner represent 20 um. CH = control, hypoxia;

OH = obesity control, Ex4 = exendin 4.

In control animals: prior to CLI procedure, the
ratio of INBF was similar among the three
groups. However, by days 2 and 14 after CLI pro-
cedure, this parameter was significantly lower
in CH-CLI and CH-CLI-Ex4 groups than in CH
group, but not significantly different between
the former two groups. However, by day 14
after CLI procedure, this parameter was signifi-
cantly increased in CH-CLI-Ex4 compared with
CH-CLL.

In obese animals, this parameter exhibited an
identical pattern to control animals among the
three groups (i.e., OH, OH-CLI, OH-CLI-Ex4) at
the three time intervals.
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Intriguingly, when comparing control and obese
animals, the ratio of INBF was significantly
lower in obese mice than in controls within res-
pective groups (i.e., CH-CLI vs. OH-CLI; CH-CLI-
Ex4 vs. OH-CLI-Ex4).

Immunofluorescent staining for identification
of cellular expressions of angiogenesis fac-
tors in CLI area by day 14 after CLI procedure
(Figures 5-7)

In control animals: the IF microscopic finding
showed that the cellular expressions of CXCR4,
SDF-1a (Figure 5), two indicators of EPCs, and
VEGF (Figure 6), an indicator of endothelial cell

Am J Transl Res 2015;7(3):445-459
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Figure 6. Immunofluorescent (IF) staining of vascular endothelial growth factor (VEGF)+ cells in ischemic quadriceps
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VEGF+ cells (yellow arrows) in ischemic quadriceps of six group animals, respectively. (G) Statistical analysis of
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= control, hypoxia; OH = obesity control, Ex4 = exendin 4.

(EC), were significantly progressively increased
from CH to CH-CLI-Ex4 by day 14 after CLI pro-
cedure. Additionally, IF staining identified that
the cellular expressions of CD31+ cells (i.e., EC)
and a-SMA+ cells (i.e., for identification of small
vessels/capillaries) (Figure 7), two indicators of
angiogenesis, were significantly lower in CH-CLI
than in CH and CH-CLI-Ex4, and significantly
lower in CH-CLI-Ex4 than in CH.

In obese animals, these biomarkers (i.e., CX-
CR4+, SDF-1a+, VEGF+, CD31+, a-SMA+ cells)
displayed an identical pattern to control ani-
mals among the three groups.

When comparing between control and obese
animals, these biomarkers were significantly
lower in obese than in control animals within
respective groups.

Protein expressions of angiogenesis factors in
CLI area by day 14 after CLI procedure (Figure
8)

In control animals, protein expressions of an-
giopoietin, CXCR4, SDF-1a and VEGF, four indi-
cators of angiogenesis factors, significantly and
progressively increased from CH to CLI-Ex4.
Additionally, protein expressions of CD31 and

452

eNOS, two additional angiogenesis factors, we-
re significantly higher in CH than in CH-CLI and
CH-CLI-Ex4, and significantly higher in CH-CLI-
Ex4 than in CH-CLI.

In obese animals, these biomarkers showed an
identical pattern to control animals among the
three groups of obese animals.

When comparing between the control and the
obese animals, these biomarkers were signifi-
cantly lower in obese than in control animals
within the respective groups.

The protein expressions of apoptotic biomark-
ers in CLI Area by Day 14 after CLI procedure
(Figure 9)

In control animals, the protein expressions of
mitochondrial Bax and cleaved (i.e., active
form) caspase 3 and PARP, three indices of
apoptosis, and cytosolic cytochrome C, an indi-
cator of mitochondrial damage, were signifi-
cantly higher in CH-CLI than in CH and CH-CLI-
Ex4, and significantly higher in CH-CLI-Ex4 than
in CH. Conversely, the protein expression of
mitochondrial cytochrome C, an indicator of
mitochondrial preservation, showed an oppo-
site pattern among the three groups.

Am J Transl Res 2015;7(3):445-459
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Figure 7. Immunofluorescent (IF) staining of CD31+ and a-smooth muscle actin (SMA)+ cells in ischemic quadriceps
at day 14 after critical limb ischemia (CLI) procedure (n = 8). (A to F) lllustrating IF microscopic findings (400x) of
CD31+ cells (yellow arrows) in ischemic quadriceps of six group animals, respectively. (G) Statistical analysis of
CD31+ cells. (1) a indicated 1A vs. 1B, p<0.001; B indicated 2A vs. 2B, p<0.01; y indicated 3A vs. 3B, P<0.01. (2)
* vs. other groups with different blue symbols (*, 1, 1), p<0.0001. (3) * vs. other groups with different red symbols
(*, 1, §), p<0.0001. (H to M) lllustrating IF microscopic findings (400x) of a-SMA+ cells (yellow arrows) in ischemic
quadriceps of six group animals, respectively. N) Statistical analysis of a-SMA+ cells (%). (1) a indicated 1A vs. 1B,
p<0.01; B indicated 2A vs. 2B, p<0.001; y indicated 3A vs. 3B, P<0.01. (2) * vs. other groups with different blue
symbols (*, 1, $), p<0.001. (3) * vs. other groups with different red symbols (*, 1, 1), p<0.0001. Statistical analy-
sis in (G and N) using one-way ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols (*, T, F)
indicate significance (at 0.05 level). The scale bars in right lower corner represent 20 yum. CH = control, hypoxia; OH
= obesity control, Ex4 = exendin 4.

Blue symbols ( * T 1) indicate significance among group 1A to 3A
Red symbols ( * 1 1) indicate significance among group 1B to 3B

In obese animals, these biomarkers also sho- Protein expressions of fibrotic and anti-fibrotic

wed an identical pattern to the control animals
among the three groups.

When comparing between the control and
obese animals, these apoptotic biomarkers
(i.e., Bax, cleaved caspase 3 and PARP, cyto-
solic cytochrome C) were significantly higher in
obese than in control animals within the respec-
tive groups. However, mitochondrial cytochr-
ome C showed an opposite pattern to apopto-
sis when comparing obese mice with control
mice within respective groups.
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biomarkers in CLI Area by day 14 after CLI pro-
cedure (Figure 10)

In control animals, protein expressions of
Smad3 and TGF-B, two indicators of fibrosis,
were significantly higher in CH-CLI than in
CH-CLI-Ex4 and CH, and significantly higher in
CH-CLI-Ex4 than in CH. Conversely, protein
expressions of Smadl/3 and BMP-2, two indi-
cators of anti-fibrosis, exhibited an opposite
pattern to fibrotic biomarkers among the three
groups.

Am J Transl Res 2015;7(3):445-459
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Figure 8. Protein expressions of angiogenesis in ischemic quadriceps at day 14 after critical limb ischemia (CLI) pro-
cedure (n = 8). A. Protein expression of angiopoietin (Ang). The statistical results: (1) o indicated 2A vs. 2B, p<0.05;
3 indicated 3A vs. 3B, p<0.03. (2) * vs. other groups with different blue symbols (*, T, 1), p<0.001. (3) * vs. other
groups with different red symbols (*, 1, ), p<0.001. B. Protein expression of CXCR4. The statistical results: (1) «
indicated 2A vs. 2B, p<0.05; B indicated 3A vs. 3B, p<0.05. (2) * vs. other groups with different blue symbols (*, T,
1), p<0.001. (3) * vs. other groups with different red symbols (*, 1, $), p<0.01. C. Protein expression of stromal cell-
derived factor (SDF)-1a. The statistical results: (1) a indicated 1A vs. 1B, p<0.05; B indicated 3A vs. 3B, p<0.05. (2)

* vs. other groups with different blue symbols (*, 1, ), p<0.001. (3) * vs. other groups with different red symbols
(*, 1, §), p<0.01. D. Protein expression of vascular endothelial growth factor (VEGF). The statistical results: (1) o
indicated 3A vs. 3B, p<0.05. (2) * vs. other groups with different blue symbols (*, 1, F), p<0.001. (3) * vs. other
groups with different red symbols (*, 1, f), p<0.01. E. Protein expression of CD31. The statistical results: (1) o indi-
cated 3A vs. 3B, p<0.05. (2) * vs. other groups with different blue symbols (*, 1, 1), p<0.001. (3) * vs. other groups
with different red symbols (*, 1, f), p<0.001. F. Protein expression of endothelial nitric oxide synthase (eNOS). (1)
ocindicated 1A vs. 1B, p<0.01; B indicated 2A vs. 2B, p<0.05; y indicated 3A vs. 3B, P<0.01. (2) * vs. other groups

with different blue symbols (*, 1, f), p<0.0001. (3) *

In obese animals, the fibrotic and anti-fibrotic
biomarkers showed an identical pattern to con-
trol animals among the three groups.

When comparing between control and obese
animals, fibrotic biomarkers were significantly
higher in obese than in control mice within res-
pective groups. However, anti-fibrotic biomark-
ers showed an opposite pattern to fibrotic bio-
markers when comparing obese with control
mice within respective groups.
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vs. other groups with different red symbols (*, t, 1), p<0.001.

Discussion

This study investigated the impact of obesity on
the recovery of blood flow after CLI. The thera-
peutic impact of exendin-4 on improving angio-
genesis and blood flow in the CLI zone yielded
several striking implications. First, circulating
levels of EPCs was remarkably lower in obese
than in control mice in the setting of ischemia.
Second, as compared with control mice, obese
mice had poor recovery of blood flow in the CLI

Am J Transl Res 2015;7(3):445-459



Exendin-4 protected against critical limb ischemia

A B g
mito-Bax e SR EDEDEEER CCaSP3 L wmml e - CPARP L L SRS

(21 kDa)

Actin eeaseseseses  ACln e
(43 kDa)

(17 kDa) {43 kDa)

~ B

S =
Ba" ZE° zg"
20 ) 85
50 g o<
o~ 'u; E © < 0.

1] o

23 a2 || S
® 20. ® ©0.2 s go.
° L o Q o ¢
o E [ ) el

—=0. 0

0 1 =
1A 1B 2A 2B 3A 3B 1A 1B 2A 2B 3A 3B 1A 1B 2A 2B 3A 3B

D E
cyto-Cyt C mito-Cyt C pee——
(15 kDa) - -*. (15 kDa) -apes -

COX IV e s s e s

(43 kDa) (17 kDa)

s

B 1.5 B Ecn-cLi=2a
] © E [o]
g S= €9 OH-CLI=2B

~ 0 -~ =
i 3 =
z23 28 CH-CLI-Ex4=3A
i s, &
[} K 1]
g3 €8 .on-cu-sm:ss

0.0 : £0.0

1A 1B 2A 2B 3A 3B ETA 1B 2a 2B 3A 3B

Blue symbols ( * T 1) indicate significance among group 1A to 3A
Red symbols ( * 1 1 ) indicate significance among group 1B to 3B

Figure 9. Protein expressions of apoptosis in ischemic quadriceps at day 14 after critical limb ischemia (CLI) pro-
cedure (n = 8). A. Protein expression of mitochondrial Bax (mito-BAX). The statistical results: (1) o indicated 1A vs.
1B, p<0.05; B indicated 2A vs. 2B, p<0.01; y indicated 3A vs. 3B, P<0.01. (2) * vs. other groups with different blue
symbols (*, 1, ), p<0.01. (3) * vs. other groups with different red symbols (*, 1, F), p<0.001. B. Protein expression
of cleaved caspase 3 (c-Casp 3). The statistical results: (1) o indicated 1A vs. 1B, p<0.05; B indicated 2A vs. 2B,
p<0.01; v indicated 3A vs. 3B, P<0.05. (2) * vs. other groups with different blue symbols (*, 1, 1), p<0.01. (3) * vs.
other groups with different red symbols (*, 1, F), p<0.001. C. Protein expression of cleaved poly (ADP-ribose) poly-
merase (c-PARP). The statistical results: (1) o indicated 2A vs. 2B, p<0.05; B indicated 3A vs. 3B, p<0.05. (2) * vs.
other groups with different blue symbols (*, 1, 1), p<0.01. (3) * vs. other groups with different red symbols (*, t, 1),
p<0.001. D. Protein expression of cytosolic cytochrome C (Cyto-Cyt C). The statistical results: (1) o indicated 2A vs.
2B, p<0.05; B indicated 3A vs. 3B, p<0.05. (2) * vs. other groups with different blue symbols (*, T, ), p<0.01. (3)
* vs. other groups with different red symbols (*, 1, 1), p<0.001. E. Protein expression of mitochondrial cytochrome
C (mito-Cyt C). The statistical results: (1) o indicated 2A vs. 2B, p<0.05; B indicated 3A vs. 3B, p<0.05. (2) * vs.
other groups with different blue symbols (*, t, F), p<0.01. (3) * vs. other groups with different red symbols (*, {,
1), p<0.001.

obese and control animals. However, in the set-
ting of CLI (i.e. ischemic stress), circulating
numbers of EPCs were remarkably lower in

area. Third, exendin-4 therapy significantly en-
hanced circulating levels of EPCs, and it im-
proved blood flow and angiogenesis in the CLI

area. Finally, control animals had a better
response to Ex-4 treatment than obese mice
for the recovery of blood flow in the setting of
CLI.

It is well recognized that obesity is a risk factor
for endothelial dysfunction, arterial atheroscle-
rosis and cardiovascular disease [1, 8, 9, 21].
One important finding in the present study was
that without ischemic stress (i.e., at baseline)
circulating levels of EPCs did not differ between
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obese than in control animals, whether with or
without exendin-4 treatment. Interestingly, pre-
vious work has also revealed that the circulat-
ing number of EPCs did not differ among con-
trols, obesity and obesity-control animals [11].
Additionally, this study [11] has further identi-
fied that in the setting of CLI, the circulating
numbers of EPCs were notably reduced in
obese animals than in control and obesity-con-
trol animals. Accordingly, our results corrobo-
rate the findings of previous work [11], and

Am J Transl Res 2015;7(3):445-459
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Figure 10. Protein expressions of fibrotic and antifibrotic biomarkers in ischemic quadriceps at day 14 after critical
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Smad1/5. The statistical results: (1) a indicated 2A vs. 2B, p<0.05; B indicated 3A vs. 3B, p<0.05. (2) * vs. other
groups with different blue symbols (*, t, ), p<0.01. (3) * vs. other groups with different red symbols (*, 1, 1),
p<0.001. D. The protein expression of bone morphogenesis protein (BMP)-2. The statistical results: (1) o indicated
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highlight that the intrinsic capacity to respond
to ischemic stress is significantly impaired in
obese compared to control mice.

A principal finding in the present study was that
blood flow in the CLI region that was measured
by laser Doppler was significantly lower in
OH-CLI animals than in CH-CLI animals by day
14 after the CLI procedure. This recovery defect
of blood flow in the ischemic region reflects the
finding of circulating numbers of EPCs among
the obese animals. The most important finding
in the present study was that the circulating
numbers of EPCs and blood flow in the isch-
emic zone was remarkably increased in OH-CLI
and yet further increased in CH-CLI animals
after receiving exendin-4 therapy. This finding
implicates that exendin-4 therapy is effective
for improving angiogenesis and the ischemic
situation. Intriguingly, previous studies [22, 23]
have shown that dipeptidyl peptidase-4 (DDP-
4) inhibitor improves neovascularization by in-
creasing circulating EPCs. The underlying me-
chanism for improving circulating EPCs was dis-
played through increasing plasma glucagon-
like peptide-1 (GLP-1) levels that, in turn,
reduced plasma DPP-4 concentration [22, 23].
The results from these previous studies [22,
23] support our findings that exendin-4, a GLP-1
analogue, augmented blood flow in the setting
of CLI. Accordingly, our findings highlight the
potential use of exendin-4 for obese and dia-
betic patients, particularly those who have
overt endothelial dysfunction/cardiovascular
disease.

That DDP-4 inhibitor therapy augmented the
expression of ischemia-induced increases in
SDF-1a within the ischemic zone has previously
been established [22, 23]. Additionally, an
increased concentration of SDF-1a in the CLI
area is well recognized to cause EPC homing to
the area for angiogenesis/neovascularization
[22, 24]. An essential finding in the present
study was that the protein and cellular expres-
sions of angiogenesis biomarkers were remark-
ably higher in OH-CLI-Ex4 than in OH-CLI ani-
mals and notably higher in CH-CLI-Ex4 than in
CH-CLI animals. These findings offer other rea-
sons that could explain why blood flow was sub-
stantially increased in both OH-CLI and CH-CLI
animals after receiving exendin-4 treatment.
Importantly, even when undergoing exendin-4
therapy, the levels of angiogenesis factors
remained significantly lower in obese than in
control animals. These findings, in addition to
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strengthening the findings of previous studies
[22, 24], imply that more aggressive treatment
should be recommended for those patients
with coexistent obesity and diabetes mellitus.

An association between upregulation of apop-
tosis and fibrosis and CLI has been identified in
our previous experimental studies [11, 18,
23-25]. In the present study, another essential
finding was that apoptotic and fibrotic biomark-
ers were significantly higher, and anti-apoptotic
and anti-fibrotic biomarkers were significantly
lower, in OH-CLI and CH-CLI animals than in
those of both obese and control mice. These
findings reinforce the findings of our previous
studies [11, 18, 23-25]. A particularly impor-
tant finding was that these biomarkers were
markedly reversed in OH-CLI animals and fur-
ther remarkably reversed in CH-CLI animals
after receiving exendin-4 treatment. Interes-
tingly, our previous study has shown that exen-
din-4 therapy protects kidney from ischemia-
reperfusion injury by suppressing oxidative
stress, inflammation, cellular apoptosis and
fibrosis [16]. In this regard, our findings, in addi-
tion to being comparable with the findings of
our previous study [16], could, at least in part,
explain why exendin-4 therapy protected ag-
ainst CLI in both obese and control animals.

Study limitations

This study has limitations. First, this study did
not determine whether the elevated number of
circulating EPCs mobilized from bone marrow
or elsewhere to circulation. Second, although
the number of circulating EPCs was increased
in CLI obese animals after receiving exendin-4
treatment, the function of these EPCs was not
directly assessed in the study.

In conclusion, circulating numbers of EPC and
angiogenesis capacity were remarkably im-
paired in obese mice, but were significantly im-
proved after exendin-4 treatment. The results
of our study encourage the use of exendin-4 for
diabetic patients with obesity and cardiovascu-
lar diseases.
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