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Abstract: This study tested the hypothesis that combined therapy with exendin-4 (Ex4) and autologous adipose-
derived mesenchymal stem cells (ADMSCs) was superior to either alone for protecting renal function against acute
kidney ischemia-reperfusion (IR; 40-min ischemia/27-h reperfusion) injury when complicated by sepsis syndrome
(SS; by cecal-ligation-puncture). Adult-male Sprague-Dawley rats (n=40) were equally divided into group 1 (sham-
control), group 2 (IR-SS), group 3 (IR-SS + Ex4, 10 pg/kg subcutaneously 30 min after reperfusion and daily for 3
days), group 4 [IR-SS + ADMSC (1.2 x 10°)], and group 5 (IR-SS + Ex4 + ADMSC). The circulating levels of BUN and
creatinine and the ratio of urine protein to creatinine were highest in group 2, lowest in group 1, significantly higher in
groups 3 and 4 than group 5, and significantly higher in group 3 than in group 4 (all P<0.0001). Microscopic findings
of kidney injury score, inflammatory cells (CD14+, F4/80+), and expressions of glomerular-damage indicators (FSP-
1+/WT-1+) and renal tubular-damage indicators (KIM-1+/snail+) showed an identical pattern, whereas expressions
of indices of glomerular-integrity (Z0-1+/p-cadherin+/podocin+/synaptopodin+) and angiogenesis (CD31+/vWF+/
number of small vessels) biomarkers demonstrated an opposite pattern, to that of creatinine level (all P<0.001).
Protein expressions of inflammatory (MMP-9/IL-18/TNF-a/TLR-2/TLR-4), apoptotic (cleaved caspase-3/PARP/mi-
tochondrial Bax), and oxidative-stress (NOX-1/NOX-2/oxidized protein) biomarkers exhibited an identical pattern,
whereas anti-inflammatory (IL.-10/1L-4) biomarkers displayed an opposite pattern, to that of creatinine level (all
P<0.001). In conclusion, combined Ex4 and ADMSC therapy significantly protected kidney from acute IR-SS injury.

Keywords: Ischemia-reperfusion injury, sepsis syndrome, exendin-4, adipose derived mesenchymal stem cells,
oxidative stress

Introduction spectrum of risk factors, etiologies and precipi-
tatory acute insults, which occurs in multiple
Acute kidney injury (AKI) is a common, hetero- settings, including acute ischemia-reperfusion

geneous clinical syndrome encompassing a (IR) injury [1-4]. AKI can be classified according
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to the RIFLE (Risk, Injury, Failure, Loss and End-
stage) and/or the Acute Kidney Injury Network
(AKIN) criteria [5, 6]. Acute IR injury is one of
the most common etiologies referred to within
the Injury domain of the RIFLE classification
and AKI is commonly caused by severe septic
shock [6-9]. Previous studies have revealed
that acute kidney IR injury complicated by
severe sepsis is the leading cause of hospital-
ization for AKI and is associated with high mor-
bidity and mortality [6-9], especially in patients
who are immunocompromised, elderly or have
diabetes mellitus (DM). There is currently no
accepted effective treatment for acute kidney
IR injury/AKI complicated by severe sepsis with
septic shock.

Consistent with other causes of sepsis syn-
drome, acute kidney IR injury/AKI complicated
by severe sepsis triggers a variety of inflamma-
tory changes, culminating an overwhelming
host immune response. This enhances the gen-
eration of oxidative stress and reactive oxygen
species (ROS), increases the metabolic and
humoral pathways and leads to remote organ
dysfunction with detrimental effects on both
short and long-term outcomes [9-13].

Exendin-4 (Ex4), a glucagon-like peptide-1
(GLP-1) analogue, was originally used to treat
type 2 DM patients. Copious data have dis-
played that Ex4 therapy has protective effects
against ischemia-induced tissue and organ
damage mainly via its anti-oxidative and anti-
inflammatory properties [14-17]; these are in
addition to its hypoglycemic function [14-19].
Our recent studies have also shown that Ex4
possesses anti-apoptotic, anti-oxidative and
anti-fibrotic capacity in the setting of ischemia-
reperfusion organ injury [15] and ischemia-
related organ dysfunction [14, 16, 17]. Plentiful
investigations have shown that cell-based ther-
apy provides a new therapeutic modality for
ischemia-related organ dysfunction refractory
to conventional therapy. Mesenchymal stem
cells (MSC), particularly adipose-derived MSCs
(ADMSCs), have immunomodulatory capacity
and can suppress inflammation and oxidative
stress [20-24]. We recently reported that
ADMSC therapy effectively reduced acute uro-
genital organ damage and mortality rate in rat
sepsis syndrome [13]. Accordingly, this study,
tested the hypothesis that Ex4-assisted ADMSC
therapy might be superior to either one alone
for preserving kidney function in the setting of
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acute kidney IR injury complicated by sepsis
syndrome (SS).

Materials and methods

Ethics

Both animal experimental protocols and proce-
dures were approved by our Institute of Animal
Care and Use Committee at Kaohsiung Chang
Gung Memorial Hospital (Affidavit of Approval
of Animal Use Protocol No. 2015032502) and
executed in accordance with the Guide for the
Care and Use of Laboratory Animals [The Eighth
Edition of the Guide for the Care and Use of
Laboratory Animals (NRC 2011)].

Animals were housed in an Association for
Assessment and Accreditation of Laboratory
Animal Care International (AAALAC)-approved
animal facility in our hospital with controlled
temperature and light cycles (24°C and 12/12
light cycles).

Procedure and protocol of acute kidney isch-
emia-reperfusion (IR)

Pathogen-free, adult male Sprague-Dawley
(SD) rats (n=40) weighing 320-350 g (Charles
River Technology, BioLASCO Taiwan Co. Ltd.,
Taiwan) were utilized in the present study. The
protocol for the acute kidney IR procedure has
been detailed in our previous reports [15, 17,
23]. Briefly, animals were anesthetized by inha-
lational 2.0% isoflurane and placed supine on a
warming pad at 37°C for midline laparotomies.
The sham control (SC) animals underwent lapa-
rotomy only. Acute IR injury of both kidneys was
induced in all animals in acute kidney IR groups
by clamping the renal pedicles for 40 minutes
using non-traumatic vascular clips.

Procedure for SS induction by cecal ligation
and puncture (CLP)

The procedure and protocol for SS induction,
which was performed immediately after acute
kidney IR procedure, was based on our previ-
ous report [24]. In the experimental CLP groups,
the cecum of each animal was prolene suture-
ligated at its distal portion (i.e. distal ligation),
the cecum distal to the ligature was punctured
twice with an 18G needle, and the distal cecal
contents were manually expressed intraperito-
neally. The abdominal muscle and skin were
sutured and the animal was allowed to recover
from anesthesia.

Am J Transl Res 2017;9(7):3167-3183



Ex4-assisted ADMSC protects rodent kidney injury

The animals in each group were euthanized
and kidney specimens were collected for indi-
vidual study by day 3 after the IR procedure.

Animal grouping and rationale for the thera-
peutic regimen

The animals were equally categorized into five
groups (i.e., n=8/each group): Sham control
(SC; laparotomy plus intra-peritoneal adminis-
tration of 3.0 mL normal saline at 30 minutes
and days 1 to 3 after IR procedure), IR-SS
(receiving the same treatment as SC except for
IR of both kidneys and SS induction), IR-SS +
exendin-4 [(IR-SS + Ex4), subcutaneous admin-
istration of exendin-4 10 pg/kg at 30 minutes
and at days 1 to 3 after IR procedure], IR-SS +
ADMSC (1.2 x 108 cells intravenous administra-
tion at 3 h after IR procedure), and IR-SS + Ex4
+ ADMSC.

The dosages and timings for exendin-4 admin-
istration were based on our recent reports [15-
17]. The dosages and timings for ADMSC
administration were based on our recent
reports [13, 20, 21, 23-25].

Flow cytometric analysis of circulatory inflam-
matory biomarkers day 3 after acute kidney
IR-SS procedure

Whole blood-derived Ly6G (lymphocyte antigen
6 complex locus G6D): Population of Ly6G po-
sitive cells from whole blood was determined
by CytomicsTM FC500 flow cytometer (BD Bio-
sciences, California, USA). Briefly, whole blood
was diluted by PBS and further incubated with
anti-rat Ly6G-FITC antibody for 30 minutes at
room temperature. Incubated cells were
washed with RBC lysis buffer (155 mM NH,CI,
12 mM NaHCO,, 0.1 mM EDTA, in 1 L di-water,
pH7.3) for 5 minutes and re-suspend in PBS
for analysis. The results were recorded and
evaluated by the CXP Analysis software (BD
Biosciences, California, USA).

Peripheral blood mononuclear cell (PBMCs)-
derived CD12/TLR2 CD12/TLR4: Population of
toll-like receptor (TLR)-2, TLR-4, CD12/TLR2
and CD12/TLR4 positive cells were determined
by (BD Biosciences, California, USA). Briefly,
PBMCs were isolated by applying the Ficoll-
Plaque density gradient centrifugation and fur-
ther washed by PBS for 5 minutes twice. PBMCs
were re-suspend in PBS and incubated with
antibodies for 40 minutes at room tempera-
ture, antibodies including anti-rat CD14-FITC
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(Biobyte), anti-rat TLR2-PE (abcam), and anti-
rat TLR4-PE (abcam). Incubated PBMCs were
then washed by PBS for 5 minutes and were
subjected to analyze. The results were record-
ed and evaluated by the CXP Analysis software
(BD Biosciences, California, USA).

Determining serum creatinine and BUN levels,
and collection of 24-hour urine for the ratio of
urine protein to creatinine at baseline and day
3 after acute kidney IR-SS procedure

Blood samples were collected from all animals
in each group to measure changes in serum
creatinine and blood urine nitrogen (BUN) lev-
els prior to and at 72 h after IR procedure.

For the collection of 24-hr urine for individual
study, each animal was placed into a metabolic
cage [DXL-D, space: 190 x 290 x 550, Suzhou
Fengshi Laboratory Animal Equipment Co. Ltd.,
Mainland China] for 24 hrs with free access to
food and water. Urine in 24 hrs was collected in
all animals prior to and at 72 h after the IR pro-
cedure to determine the daily urine volume and
the ratio of urine protein to urine creatinine.

Kidney injury scores at day 3 after acute kid-
ney IR-SS procedure

Histopathology scoring was assessed in a
blinded fashion as we have previously described
[15, 23, 25]. Briefly, the kidney specimens from
all animals were fixed in 10% buffered formalin,
embedded in paraffin, sectioned at 5 ym and
stained with hematoxylin and eosin (H&E) for
light microscopy. The scoring system reflects
the grading of tubular necrosis, loss of brush
border, cast formation, and tubular dilatation in
10 randomly chosen, non-overlapping fields
(200 x) as follows: O (none), 1 (£10%), 2 (11-
25%), 3 (26-45%), 4 (46-75%), and 5 (=76%)
[23].

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

The procedure and protocol for IHC and IF stain-
ing have previously been reported in detail [13-
17, 20, 21, 23-25]. For IHC and IF staining, rehy-
drated paraffin sections were first treated with
3% H,0, for 30 minutes and incubated with
Immuno-Block reagent (BioSB, Santa Barbara,
CA, USA) for 30 minutes at room temperature.
Sections were then incubated with primary
antibodies specifically against zonula occlu-
dens-1 (Z0-1) (1:300, Abcam, Cambridge, MA,
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USA), Wilm’s tumor suppressor gene 1 (WT-1)
(1:1000, Abcam, Cambridge, MA, USA), kidney
injury molecule (KIM)-1 (1:200, R&D system,
Minneapolis, MN, USA), fibroblast specific pro-
tein (FSP)-1 (1:200, Abcam, Cambridge, MA,
), P-cadherin (1:100, Novus, Littleton, CO,
USA), snail (1:300, Abcam, Cambridge, MA,
), podocin (1:100, Sigma, St. Louis, Mo,
), dystrophin (1:100, Abcam, Cambridge,
MA, USA), fibronectin (1:200, Abcam, Cam-
bridge, MA, USA), and synaptopodin (1:100,
Santa Cruz, Santa Cruze, CA, USA) while sec-
tions incubated with irrelevant antibodies
served as controls. Three kidney sections from
each rat were analyzed. For quantification,
three randomly selected HPFs (200 x for IHC;
400 x for IF) were analyzed in each section. The
mean number of positively-stained cells per
HPF for each animal was then determined by
summation of all numbers divided by 9.

An IHC/IF-based scoring system was adopted
for semi-quantitative analyses of KIM-1, ZO-1,
podocin, SFP-1, synaptopodin, snail and WT-1
as percentage of positive cells in a blind fash-
ion [Score of positively-stained cell for podocin
and WT-1: O= no stain %; 1<15%; 2=15~25%;
3=25~50%; 4=50~75%; 5>75%-100%/per
high-power filed (400 x)].

Western blot analysis

The procedure and protocol for Western blot
analysis have been described in our previous
reports [13-17, 20, 21, 23-25]. Briefly, equal
amounts (50 ug) of protein extract were loaded
and separated by SDS-PAGE using acrylamide
gradients. After electrophoresis, the separated
proteins were transferred electrophoretically to
a polyvinylidene difluoride (PVDF) membrane
(Amersham Biosciences, Amersham, UK). Non-
specific sites were blocked by incubation of the
membrane in blocking buffer [5% nonfat dry
milk in T-TBS (TBS containing 0.05% Tween 20)]
overnight. The membranes were incubated
with the indicated primary antibodies [matrix
metalloproteinase (MMP)-9 (1:3000, Abcam,
Cambridge, MA, USA), tumor necrosis factor
(TNF)-a (1:1000, Cell Signaling, Danvers, MA,
USA), nuclear factor (NF)-kB (1:600, Abcam,
Cambridge, MA, USA), NADPH oxidase (NOX)-1
(1:1500, Sigma, St. Louis, Mo, USA), NOX-2
(1:750, Sigma, St. Louis, Mo, USA), and actin (1:
10000, Chemicon, Billerica, MA, USA)] for 1
hour at room temperature. Horseradish peroxi-
dase-conjugated anti-rabbit immunoglobulin
18G (1:2000, Cell Signaling, Danvers, MA, USA)
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was used as a secondary antibody for one-hour
incubation at room temperature. The washing
procedure was repeated eight times within one
hour. Immunoreactive bands were visualized by
enhanced chemiluminescence (ECL; Amersham
Biosciences, Amersham, UK) and exposed to
Biomax L film (Kodak, Rochester, NY, USA). For
quantification, ECL signals were digitized using
Labwork software (UVP, Waltham, MA, USA).

Assessment of oxidative stress

The procedure and protocol for assessing the
protein expression of oxidative stress have
been detailed in our previous reports [13-17,
20, 21, 23-25]. The Oxyblot Oxidized Protein
Detection Kit was purchased from Chemicon,
Billerica, MA, USA (§7150). DNPH derivatization
was carried out on 6 ug of protein for 15 min-
utes according to the manufacturer’s instruc-
tions. One-dimensional electrophoresis was
carried out on 12% SDS/polyacrylamide gel
after DNPH derivatization. Proteins were trans-
ferred to nitrocellulose membranes which were
then incubated in the primary antibody solution
(anti-DNP 1:150) for 2 hours, followed by incu-
bation in secondary antibody solution (1:300)
for 1 hour at room temperature. The washing
procedure was repeated eight times within 40
minutes. Immunoreactive bands were visual-
ized by enhanced chemiluminescence (ECL;
Amersham Biosciences, Amersham, UK) which
was then exposed to Biomax L film (Kodak,
Rochester, NY, USA). For quantification, ECL sig-
nals were digitized using Labwork software
(UVP, Waltham, MA, USA). For Oxyblot protein
analysis, a standard control was loaded on
each gel.

Statistical analysis

Quantitative data are expressed as means *
SD. Statistical analysis was adequately per-
formed by ANOVA followed by Bonferroni multi-
ple-comparison post hoc test. Statistical analy-
sis was performed using SPSS statistical
software for Windows version 13 (SPSS for
Windows, version 13; SPSS, IL, US.A). A P
value of less than 0.05 was considered statisti-
cally significant.

Results

Creatinine and BUN levels, urine amount and
the ratio of urine protein to creatinine at base-
line and day 3 after IR-SS procedure (Figure 1)

Prior to the IR-SS procedure, the circulating lev-
els of creatinine and BUN, urine volume, and
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Figure 1. Circulating levels of creatinine, blood urine nitrogen (BUN), urine amount, and the ratio of urine protein
to creatinine at baseline and day 3 after IR-SS procedure. By day O prior to IR-SS procedure: A. Creatinine level, SC
vs. other groups, P>0.5. B. BUN level, SC vs. other groups, P>0.5. C. Urine amount, SC vs. other groups, P>0.5. D.
Ratio of urine protein to creatinine, SC vs. other groups, P>0.5. By day 3 after IR-SS procedure: E. Creatinine level,
* vs. other groups with different symbols (1, f, §), P<0.0001. F. BUN level, * vs. other groups with different sym-
bols (T, ¥, §), P<0.0001. G. Urine amount, * vs. other groups with different symbols (f, 1, §), P<0.0001. H. Ratio
of urine protein to creatinine, * vs. other groups with different symbols (1, F, §), P<0.0001. All statistical analyses
were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (at least n=7 for each
group). Symbols (*, T, 1, §) indicate significance at the 0.05 level. SC = sham-operative control; IR-SS = ischemia-
reperfusion and sepsis syndrome; Ex4 = exendin-4; ADMSC = adipose-derived mesenchymal stem cell.
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Figure 2. Flow cytometric assessment of circulating inflammatory biomarkers and mortality rate by day 3 after IR-SS
procedure. A. The survival rate of five groups (n=16) by rate Pairwise comparisons (without Bonferroni’s correction),
*vs. T, P<0.0005. B. Kaplan Meier survival cure. By log Rank test, P=0.004. C. Circulating number of Ly6G+ cells,
* vs. other groups with different symbols (T, 1, §, ¥), P<0.0001. D. Circulating number of tall-like receptor (TLR)-
2+ cells, * vs. other groups with different symbols (t, ¥, §), P<0.001. E. Circulating number of TLR-4+ cells, * vs.
other groups with different symbols (1, F), P<0.001. F. Circulating level of CD14/TLR-2+ cells (i.e., double stain), *
vs. other groups with different symbols (1, F), P<0.001. G. Circulating number of CD14/TLR-4+ cells (double stain)
did not differ among the five groups, P>0.2. All statistical analyses were performed by one-way ANOVA, followed by
Bonferroni multiple comparison post hoc test (at least n=7 for each group). Symbols (*, 1, %, §) indicate significance
at the 0.05 level. SC = sham-operative control; IR-SS = ischemia-reperfusion and sepsis syndrome; Ex4 = exendin-4;
ADMSC = adipose-derived mesenchymal stem cell.
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Figure 3. Histopathological findings of kidney injury score and small vessel density in kidney parenchyma by day 3
after IR-SS procedure. A-E. Light microscopic findings of H&E. stain (400 x) demonstrating significantly higher de-
gree of loss of brush border in renal tubules (yellow arrows), tubular necrosis (green arrows), tubular dilatation (red
asterisk), protein cast formation (black asterisk), and dilatation of Bowman’s capsule (blue arrows) in IR group than
in other groups. F. * vs. other groups with different symbols (T, 1, §, ), P<0.0001. Scale bars in right lower corner
represent 20 um. G-K. Microscopy (100 x) for a-smooth muscle actin staining to identify the number of small vessels
(red color; i.e. diameter <25 uM) in kidney parenchyma. L. Analytical results of number of small vessel, * vs. other
groups with different symbols (1, 1, §, 1)), P<0.0001. Scale bars in right lower corner represent 100 um. All statisti-
cal analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (at least
n=7 for each group). Symbols (*, 1, 1, §, ) indicate significance (at 0.05 level). SC = sham-operative control; IR-SS
= ischemia-reperfusion and sepsis syndrome; Ex4 = exendin-4; ADMSC = adipose-derived mesenchymal stem cell.

the ratio of urine protein to urine creatinine did creatinine and BUN levels, two indicators of
not differ among the five groups (Figure 1A-D). renal dysfunction (Figure 1E, 1F), and the ratio
However, by 72 h after IR-SS procedure, the of urine protein to urine creatinine, an indicator
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Figure 4. Protein expressions of inflammatory and anti-inflammatory biomarkers in kidney parenchyma by day 3
after IR-SS procedure. A. Protein expression of matrix metalloproteinase (MMP)-9, * vs. other groups with different
symbols (1, 1, §, 1), P<0.0001. B. Protein expression of interleukin (IL)-18, * vs. other groups with different sym-
bols (T, 1, §, 1), P<0.0001. C. Protein expression of tumor necrosis factor (TNF)-a, * vs. other groups with different
symbols (1, 1, §, 1), p<0.0001. D. Protein expression of toll-like receptor (TLR)-2, * vs. other groups with different
symbols (T, 1, §, 1), P<0.0001. E. Protein expression of TLR-4, * vs. other groups with different symbols (1, £, §, ),
P<0.0001. F. Protein expression of IL-4, * vs. other groups with different symbols (1, , §, ), P<0.0001. G. Protein
expression of IL-10, * vs. other groups with different symbols (1, 1, §, ¥), P<0.0001. All statistical analyses were
performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (at least n=7 for each
group). Symbols (*, 1, 1, §, 1) indicate significance (at 0.05 level). SC = sham-operative control; IR-SS = ischemia-
reperfusion and sepsis syndrome; Ex4 = exendin-4; ADMSC = adipose-derived mesenchymal stem cell.

of glomerular ultra-structural damage (Figure
1H), were highest in IR-SS and lowest in SC, sig-
nificantly lower in IR-SS + Ex4 + ADMSC than in
IR-SS + Ex4 and IR-SS + ADMSC, but they
showed no difference between the latter two
groups. Urine amount, an index of glomerular-
filtration integrity, was highest in IR-SS + Ex4 +
ADMSC and lowest in IR-SS, but was not differ-
ent among the groups of SC, IR-SS + Ex4 and
IR-SS + ADMSC (Figure 1G).

Flow cytometric analysis of circulating level of
inflammatory cells and mortality rate by day 3
after IR-SS procedure (Figure 2)

The mortality rate from SC to IR-SS + Ex4-
ADMSC was 0% (0/16), 56.25% (9/16), 31.25%

(5/16), 37.5% (6/16)

and 18.75%

(3/16),

respectively (Figure 2A). By Pairwise compari-
sons (without Bonferroni’s correction), the mor-
tality rate between two different groups was (1)
SC vs. IR-SS, P=0.0004, (2) SC vs. IR-SS + Ex4,
P=0.016, (3) SC vs. IR-SS + ADMSC, P=0.007,
(4) SC vs. IR-SS + Ex4 + ADMSC, P=0.074, (5)
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IR-SS vs. IR-SS + Ex4 + ADMSC, P=0.015, (6)
IR-SS vs. IR-SS + Ex4, P=0.156, (7) IR-SS vs.
IR-SS + ADMSC, P=0.212, and (8) IR-SS + Ex4
vs. IR-SS + ADMSC, P=0.816, respectively

(Figure 2B).

The circulating level of level Ly6G+ cells, an
indicator of innate inflammatory reaction, was
highest in in IR-SS and lowest in SC, significant-
ly higher in IR-SS + Ex4 and IR-SS + ADMSC
than that in IR-SS + Ex4 + ADMSC, and signifi-
cantly higher in IR-SS + Ex4 than that in IR-SS +

ADMSC (Figure 2C).

The circulating level of TLR-2 was significantly
higher in IR-SS and lowest in SC and IR-SS +
Ex4-ADMSC, and significantly in IR-SS + Ex4
than in IR-SS + ADMSC, but it showed no differ-
ence between SC and IR-SS + Ex4-ADMSC

(Figure 2D).

The circulating levels of TLR-4 and CD14/TLR-2
were significantly higher in IR-SS than in other

Am J Transl Res 2017;9(7):3167-3183
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Figure 5. Protein expressions of apoptotic, anti-apoptotic and oxidative-stress biomarkers in kidney parenchyma by
day 3 after IR-SS procedure. A. Protein expression of cleaved caspase 3 (c-Casp 3), * vs. other groups with different
symbols (1, 1, §, ¥), P<0.0001. B. Protein expression of cleaved Poly (ADP-ribose) polymerase (c-PARP), * vs. other
groups with different symbols (1, 1, §, ), P<0.0001. C. Protein expression of mitochondrial (mito)-Bax, * vs. other
groups with different symbols (1, 1, §, 1), P<0.0001. D. Protein expression of Bcl-2, * vs. other groups with different
symbols (1, 1, §, Y), P<0.0001. E. Protein expression of NOX-1, * vs. other groups with different symbols (T, 1, §,
1)), P<0.0001. F. Protein expression of NOX-2, * vs. other groups with different symbols (1, £, §, ), P<0.0001. G.
Oxidized protein expression, * vs. other groups with different symbols (1, £, §, ), P<0.0001. (Note: 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 = 1-3 dinitrophenylhydrazone. All statistical analyses were
performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (at least n=7 for each
group). Symbols (*, T, 1, §, ) indicate significance (at 0.05 level). SC = sham-operative control; IR-SS = ischemia-
reperfusion and sepsis syndrome; Ex4 = exendin-4; ADMSC = adipose-derived mesenchymal stem cell.

groups and significantly higher in IR-SS + Ex4 that the number of small vessels (i.e., the diam-
than in SC, IR-SS + ADMSC and IR-SS + Ex4 + eter <25 yM) exhibited an opposite pattern to
ADMSC, but it showed no difference among the Kidney injury score among the five groups
later three groups (Figure 2E, 2F). However, the (Figure 3G-L).
circulating level of CD14/TLR-4 did not differ
among the five groups (Figure 2G). The protein expression of inflammatory and
anti-inflammatory biomarkers in kidney paren-
Light microscopic findings for assessment of chyma by day 3 after IR-SS procedure (Figure
kidney injury score and small vessel density in 4)
kidney parenchyma by day 3 after IR-SS proce-
dure (Figure 3) The protein expressions of MMP-9, IL-1f3, TNF-
o, TLR-2 and TLR-4, five indicators of inflamma-
Light microscopy of H&E-stained kidney sec- tion, were highest in IR-SS, lowest in SC, and
tions revealed that kidney injury score was significantly higher in IR-SS + Ex4 than in IR-SS
highest in IR-SS and lowest in SC, significantly + ADMSC and IR-SS + Ex4 + ADMSC (Figure
higher in IR-SS + Ex4 and IR-SS + ADMSC than 4A-E). However, protein expressions of IL-4 and
that in IR-SS + Ex4 + ADMSC, and significantly IL-10, two indices of anti-inflammation, showed
higher in IR-SS + Ex4 than that in IR-SS + progressive increases from SC to IR-SS + Ex4 +
ADMSC (Figure 3A-F). On the other hand, ADMSC, suggesting a phenomenon of intrinsic
a-smooth muscle actin staining for identifying response to inflammatory stimulation (Figure
vessel density in kidney parenchyma exhibited 4F, 4G).
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Figure 6. Kidney injury marker and inflammatory cells in kidney parenchyma by day 3 after IR-SS procedure. (A-E)
Immunofluorescent (IF) microscopy (400 x) of kidney injury molecule (KIM)-1+ cells (green color). (F) Analytical re-
sult of number of KIM-1+ cells, * vs. other groups with different symbols (t, 1, §, ), P<0.0001. (G-K) IF microscopy
(400 x) of CD68+ cells (green color). (L) Analytical result of number of CD68+ cells, * vs. other groups with different
symbols (t, 1, §, ), P<0.0001. The blue color in the illustrating pictures indicated the DAPI stain for identification
of nuclei. The red color with Dil stained nucleus (yellow arrows) in (D, E, J and K) indicated the dye-labeling ADMSCs.
Scale bars in right lower corner represent 20 um. All statistical analyses were performed by one-way ANOVA, fol-
lowed by Bonferroni multiple comparison post hoc test (at least n=7 for each group). Symbols (*, 1, 1, §, ) indicate
significance (at 0.05 level). SC = sham-operative control; IR-SS = ischemia-reperfusion and sepsis syndrome; Ex4 =

exendin-4; ADMSC = adipose-derived mesenchymal stem cell.

The protein expressions of apoptotic, anti-
apoptotic and oxidative-stress biomarkers in
kidney parenchyma by day 3 after IR-SS proce-
dure (Figure 5)

The protein expression of cleaved caspase 3,
cleaved PARP and mitochondrial Bax, three

3175

indicators of apoptosis, were highest in IR-SS,
lowest in SC, significantly higher in IR-SS + Ex4
and IR-SS + ADMSC than in IR-SS + Ex4 +
ADMSC, and significantly higher in IR-SS + Ex4
than in IR-SS + ADMSC (Figure 5A-C). Conver-
sely, the protein expression of Blc-2, an indica-
tor of anti-apoptosis, showed an opposite pat-
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Figure 7. Cell angiogenesis in kidney parenchyma by day 3 after IR-SS procedure. (A-E) Immunofluorescent (IF)
microscopy (400 x) for von Willebrand factor (vWF)+ cells in kidney parenchyma. (F) Analytical result of number
of VWF+ cells, * vs. other groups with different symbols (t, 1, §, ), P<0.0001. (G-K) The IF microscopy (100 x) of
CXCR4+ cells in kidney parenchyma. (L) Analytical result of number of CXCR4+ cells, * vs. other groups with differ-
ent symbols (1, £, §), P<0.0001. The blue color in the illustrating pictures indicated the DAPI stain for identification
of nuclei. The red color with Dil stained nucleus (yellow arrows) in (D, E, J and K) indicated the dye-labeling ADMSCs.
Scale bars in right lower corner represent 20 uym. All statistical analyses were performed by one-way ANOVA, fol-
lowed by Bonferroni multiple comparison post hoc test (at least n=7 for each group). Symbols (*, t, 1, §, 1) indicate
significance (at 0.05 level). SC = sham-operative control; IR-SS = ischemia-reperfusion and sepsis syndrome; Ex4 =

exendin-4; ADMSC = adipose-derived mesenchymal stem cell.

tern to the apoptotic biomarkers among the five
groups (Figure 5D).

The protein expressions of NOX-1, NOX-2 and
oxidized protein, three indicators of oxidative
stress, exhibited an identical pattern to apopto-
sis among the five groups (Figure 5E-G).
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Inflammatory cell infiltration and angiogenesis
expressions in kidney parenchyma by day 3
after IR-SS procedure (Figures 6, 7)

IF microscopic finding showed that the KIM-1, a
kidney injury biomarker predominant expres-
sion in renal tubules, was highest in IR-SS, low-
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Figure 8. Assessment of ZO-1+ and podocin+ cells in kidney parenchyma by day 3 after IR-SS procedure. (A-E)
Immunofluorescent microscopy (400 x) for ZO-1+ cells (green color) in kidney parenchyma. (F) Analytical result of
number of ZO-1+ cells, * vs. other groups with different symbols (1, £, §, ), P<0.0001. The red color with Dil stained
nucleus (yellow arrows) in (D) and (E) indicated the dye-labeling ADMSCs. (G-K) Immunohistochemical microscopy
(400 x) for podocin+ cells (gray color) in kidney parenchyma. (L) Analytical result of number of podocin+ cells, *
vs. other groups with different symbols (t, 1, §, ), P<0.0001. Scale bars in right lower corner represent 20 um. All
statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (at
least n=7 for each group). Symbols (*, T, 1, §, ) indicate significance (at 0.05 level). SC = sham-operative control;
IR-SS = ischemia-reperfusion and sepsis syndrome; Ex4 = exendin-4; ADMSC = adipose-derived mesenchymal stem
cell.

estin SC, significantly higher in IR-SS + Ex4 and tion, displayed an identical pattern of KIM-1

IR-SS + ADMSC than in IR-SS + Ex4-ADMSC,
and significantly higher in IR-SS + Ex4 than in
IR-SS + ADMSC. (Figure 6A-F). Additionally, the
IF microscopy demonstrated that the cellular
expressions of CD68, an indicator of inflamma-
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among the five groups (Figure 6G-L).
IF microscopy also showed that the cellular

expression of VWF (Figure 7A-F), an indicator of
endothelial function, exhibited an opposite pat-
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Figure 9. Assessment of FSP-1+ and synaptopodin+ cells in kidney parenchyma by day 3 after IR-SS procedure.
(A-E) Immunofluorescent (IHC) microscopy (400 x) of fibroblast specific protein (FSP)-1+ cells (gray color) in kidney
parenchyma. (F) Analytic result of number of FSP-1+ cells, * vs. other groups with different symbols (1, t, §, ),
P<0.0001. (G-K) Immunofluorescent microscopy (400 x) for synaptopodin+ cells (green color) in kidney paren-
chyma. (L) Analytical result of number of synaptopodin+ cells, * vs. other groups with different symbols (1, 1, §, 1),
P<0.0001. The red color with Dil stained nucleus (yellow arrows) in (J) and (K) indicated the dye-labeling ADMSCs.
Scale bars in right lower corner represent 20 um. All statistical analyses were performed by one-way ANOVA, fol-
lowed by Bonferroni multiple comparison post hoc test (at least n=7 for each group). Symbols (*, t, 1, §, ) indicate
significance (at 0.05 level). SC = sham-operative control; IR-SS = ischemia-reperfusion and sepsis syndrome; Ex4 =
exendin-4; ADMSC = adipose-derived mesenchymal stem cell.

tern to inflammatory cells among the five an indicator of endothelial progenitor cell/ang-
groups. On the other hand, the IF microscopy iogenesis, significantly progressively increased
identified that the cellular expression of CXCR4, from SC to IR-SS + Ex4-ADMSC (Figure 7G-L).
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Figure 10. Identification of snail+ and WT-1+ cells in kidney parenchyma by day 3 after IR-SS procedure. (A-E) IHC
immunohistochemical (IHC) microscopy (400 x) for snail+ cells (gray color) in kidney parenchyma. (F) Analytic result
of number of snail-1+ cells, * vs. other groups with different symbols (T, %, §, ), P<0.0001. (G-K) IHC microscopy
(400 x) for Wilm’s tumor suppressor gene (WT)-1+ cells (gray color) in kidney parenchyma. (L) Analytic result of
number of snail-1+ cells, * vs. other groups with different symbols (T, 1, §, ), P<0.0001. Scale bars in right lower
corner represent 20 um. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni mul-
tiple comparison post hoc test (at least n=7 for each group). Symbols (*, t, 1, §, ¥) indicate significance (at 0.05
level). SC = sham-operative control; IR-SS = ischemia-reperfusion and sepsis syndrome; Ex4 = exendin-4; ADMSC =
adipose-derived mesenchymal stem cell.

Microscopic findings of podocyte components offers a link between the integral membrane
and renal tubules at day 3 after IR-SS proce- proteins and the filamentous cytoskeleton in
dure (Figures 8-10) podocytes, was highest in SC, lowest in IR-SS,

significantly higher in IR-SS + Ex4-ADMSC than
IF analysis displayed that the expression of in IR-SS + Ex4 and IR-SS + ADMSC, and signifi-
Z0-1, a tight junction-associated protein that cantly higher in IR-SS + ADMSC than in IR-SS +
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Ex4 (Figure 8A-F). Consistently, IHC staining
showed that the expression of podocin, a com-
ponent of podocyte foot process revealed an
identical pattern to ZO-1 among the five groups
(Figure 8G-L).

Additionally, IHC staining showed that changes
in the expression of fibroblast specific protein 1
(FSP-1), which is mainly situated in kidney inter-
stitials, showed an opposite pattern compared
with ZO-1 among the five groups (Figure 9A-F).
On the other hand, IF demonstrated that the
synaptopodin, a podocyte foot process compo-
nent, displayed an identical pattern to ZO-1
among the five groups (Figure 9G-L).
Furthermore, IHC staining revealed that snail,
predominantly accumulated in the tubular
nuclei (Figure 10A-F), and WT-1, predominantly
in podocytes (Figure 10G-L), showed an oppo-
site pattern to ZO-1 among the five groups.

Discussion

This study investigated the therapeutic effect
of Ex4-ADMS in a preclinical setting of IR-SS
and yielded several striking implications. First,
the present study successfully created an
experimental model that mimicked the clinical
setting of AKI complicated by SS, which is an
extremely common scenario in daily clinical
practice. Additionally, based on this experimen-
tal model, we delineated that IR-SS damaged
the kidney through highly complex pathomech-
anisms. Second, the histopathological findings
(i.e., destructive glomerular and renal tubular
architectures were identified by kidney injury
score) explained why remarkably high urine pro-
tein to creatinine ratio and circulating levels of
BUN and creatinine were found in animals with
acute renal IR-SS compared to SC animals.
Third, the results of the present study highlight-
ed that Ex4-ADMSC therapy contributed a
marked additive therapeutic effect for protect-
ing kidney architecture (i.e., glomeruli and renal
tubules) against IR-SS injury, inviting prospec-
tive clinical trials to evaluate the potential
impact of this combined regimen in patients
with AKI complicated by SS, especially DM
patients.

An essential finding in the present study is that
the circulating levels of BUN and creatinine, two
important indices of AKl/renal dysfunction,
were notably increased in animals with IR-SS at
day 3 compared with sham-operated controls.
Additionally, the ratio of urine protein to creati-
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nine, another renal functional indicator, was
comparable to that of creatinine level, whereas,
the urine amount revealed an opposite pattern
to creatinine level among the five groups; this
indicates the fragility of kidney to damage in
various disease entities, including IR-SS.

It is well recognized that AKl/acute kidney IR
injury and IR-SS occur commonly in the clinical
setting. Most previous studies [23, 25-28] uti-
lized the experimental model of AKl/acute kid-
ney IR injury rather than the experimental
model of IR-SS to investigate the outcomes or
effects of different management strategies. To
the best of our knowledge, this is the first
experimental model that mimicked the clinical
setting of AKl/acute kidney IR injury complicat-
ed by SS. Importantly, the results of the present
study demonstrated that combined treatment
with Ex4 and ADMSC was superior to either
alone for protecting kidney against IR-SS.

The inflammatory reaction and overwhelming
immune response associated with generation
of ROS/oxidative stress have been identified as
the two processes with crucial roles for organ
damage leading to inevitable functional deteri-
oration and poor acute outcomes [9-13, 29].
Another essential finding in the present study
was that the cellular and protein levels of
inflammatory reactions were markedly upregu-
lated in IR-SS animals compared to SC. In addi-
tion, the generation of ROS/oxidative stress
was markedly augmented in an identical way
between the two groups. These findings could
partially explain why the renal function (i.e.,
increased circulating levels of creatinine and
BUN) was remarkably impaired and the kidney
architecture affected detrimentally (i.e., an
increase in kidney injury score) in IR-SS ani-
mals. Importantly, these parameters in IR-SS
animals were significantly reversed by Ex4 and
ADMSC treatment and further significantly re-
versed after receiving Ex4-ADMSC treatment.

Previous [30-32] and our recent [15] studies
have shown that the presence of intact podo-
cytes and functional integrity between podo-
cytes and their components (i.e., primary pro-
cesses, secondary processes and foot pro-
cesses) play major roles in establishing a size-
selective barrier to protein loss. An important
finding in the present study was that, when we
looked at the cellular level of microscopic find-
ings, the integrity [i.e., Figures 8-10] of ultra-
structural components of podocytes was sub-
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stantially devastated in IR-SS animals as com-
pared with SC. Additionally, apoptotic biomark-
ers in kidney parenchyma were also substan-
tially higher in IR-SS animals than in the SC.
These molecular-cellular perturbations could
explain why the ratio of urine protein to creati-
nine was remarkably increased in IR-SS ani-
mals compared to SC. As expected, these
molecular-cellular perturbations in IR-SS ani-
mals were notably suppressed by Ex4 or
ADMSC treatment and further suppressed by
Ex4-ADMSC treatment.

Abundant data have shown that angiogenesis
plays a crucial role in the restoration of blood
flow to ischemic regions, to improve IR-caused/
ischemia-related organ dysfunction [20, 21,
23-25, 33]. Stem cell therapy enhances angio-
genesis, as has been clearly identified by copi-
ous previous studies [20, 21, 23-25, 33].
Furthermore, Ex4 has anti-oxidative stress
effects as well as angiogenesis capacity
through upregulating the circulating levels of
endothelial progenitor cells, angiogenesis fac-
tors and vascular density in ischemic regions
[14, 17]. A principal finding in the present study,
at cellular and tissue levels, was that angiogen-
esis biomarkers as well as vessel density were
significantly higher in IR-SS + Ex4 and in IR-SS
+ ADMSC animals, and even more significantly
higher in IR-SS + Ex4 + ADMSC animals as com-
pared to IR-SS animals. These findings rein-
force previous studies [14, 17, 20, 21, 23-25,
33] and help explain why renal function and
renal parenchyma were notably preserved in
the former three groups of animals than in the
latter group of animals.

Study limitation

This study has limitations. First, the purpose of
the study was designed to investigate the acute
phase of IR-SS that mimicked daily clinical
practice. Long-term outcomes from IR-SS were
therefore out with the scope of this present
study. Second, despite the extensive investiga-
tions in the present study, the precise mecha-
nism of Ex4-ADMSC therapy that improves out-
comes in rodents after IR-SS is still not entirely
clear.

Conclusion

In conclusion, the results of the present study
demonstrated that Ex4-ADMSC therapy effec-
tively protected the integrity of kidney paren-
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chyma and renal function in the setting of IR-SS
in rodents.
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