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Abstract: This study tested the hypothesis that exendin-4 (Ex4) protects kidneys against ischemia-reperfusion (IR)
injury mainly through upregulation of nuclear-factor erythroid 2-related factor 2 (Nrf2) signaling and downregula-
tion of oxidative stress. Male-adult Sprague-Dawley rats (n=24) were equally divided into group 1 (sham-operated
control), group 2 [IR only, ischemia (1 h)/reperfusion (72 h)] and group 3 (IR-Ex4, 10 pg/kg at 30 min, 24 h, 48 h
after IR procedure). The in vitro study demonstrated that the protein expressions of phosphorylated (p)-Akt and Nrf2
were significantly progressively increased at time points of 0/0.5/1/3 h and 0/0.5/1/3/6/12/24 h, respectively
in NRK-52E cells co-cultured with Ex4 (20 nM) (all P<0.0001). Additionally, the protein expressions of NOX-1/NOX2
were significantly increased, whereas p-Akt was significantly decreased in NRK-52E cells co-cultured with P-cresol
(200 pM) that were significantly reversed after Ex4 treatment (all P<0.0001). As compared with baseline, the cre-
atinine level, left/right kidney weight and MCP-1-positively stained area in the kidney parenchyma were significantly
increased at 24 h after the IR procedure and significantly progressively decreased after that (all P<0.0001). By 27 h
after IR, creatinine level/MCP-1 + area was significantly higher in group 2 than in groups 1 and 3, and significantly
higher in group 3 than in group 1 (all P<0.0001). The numbers of Nrf2 +/NQO-1 + cells/SOD activity in kidney
parenchyma were significantly lower in group 2 than in groups 1 and 3, and significantly lower in group 1 than in
group 3 (all P<0.0001). In conclusion, Ex4 protected kidney from IR injury through upregulating antioxidants and
downregulating inflammation/oxidative stress.
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Introduction

The kidney is a vital organ for clearance of toxic
substances from the blood and maintains elec-
trolyte/PH balance in the body [1-3]. On the
other hand, the kidney and its vital functions
are vulnerable to damage [i.e., resulting in acu-
te kidney injury (AKI)] by many disease process-
es given its frequent exposure to reactive oxy-
gen species (ROS)/oxidative stress and toxic
organic/uremic substances and its sensitivity
to hemodynamic instability such as after hypo-
tensive shock [4-9]. In fact, AKI, which frequent-

ly occurs in hospitalized patients, includes a
group of clinical syndromes that primarily mani-
fest as a rapid decline in renal function in asso-
ciation with the accumulation of metabolic
waste [10, 11]/uremic toxic substances such
as p-Cresol, p-Cresyl sulfate and indoxyl sulfate
[12, 13].

It is well recognized that acute ischemia-reper-
fusion (IR) injury of the kidney, in particular, is
not only one of the most common factors to
cause AKI, but it also constitutes a major health
care problem with a high rate of in-hospital
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mortality [14-17] and increased risk of long-
term mortality [15, 18-21] despite current
advances in medical treatment. This situation,
therefore, warrants the development of new
treatment modalities for improving kidney func-
tion after IR injury/AKI [8, 22, 23]. However,
clarification of the underlying mechanism of
acute kidney IR injury is pivotal for determining
efficacious management for acute kidney IR
injury.

Many studies have previously established that
the underlying mechanism of acute organ IR
injury, including acute kidney injury mainly in-
volves a burst of reactive oxygen species (ROS)/
oxidative stress from ischemic organ/tissue
during reperfusion of ischemic tissues that can
trigger the opening of the mitochondrial perme-
ability transition pore, mitochondrial depolar-
ization, decreased ATP synthesis and further
increase the generation of ROS/oxidative stress
[24-27]. These processes create a mediators,
inflammatory cytokines, further oxidative stress
and exacerbation of inflammation [24-27].

Exendin-4 (Ex4), a glucagon-like peptide-1 (GLP-
1) analogue, was originally identified as a thera-
peutic agent for type 2 diabetes mellitus. Intri-
guingly, abundant data have demonstrated that
Ex4 therapy has additional beneficial effects in
the protection of tissues and organs from isch-
emic damage other than lowering the blood
sugar [28, 29]. These effects are [2, 3] mainly
through the anti-oxidative and anti-inflammato-
ry properties of Ex4 [28-32]. Accordingly, this
study, by utilizing in vitro and in vivo models of
acute kidney IR injury tested whether Ex4 pro-
tected kidney against IR injury mainly through
upregulation of nuclear-factor erythroid 2-relat-
ed factor 2 (Nrf2) signaling and downregulation
of the oxidative stress/inflammatory reaction.

Materials and methods
Ethics

All animal experimental protocols and proce-
dures were approved by the Institute of Animal
Care and Use Committee at Kaohsiung Chang
Gung Memorial Hospital (Affidavit of Approval
of Animal Use Protocol No. 2015091401) and
performed 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
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Animal Care International (AAALAC)-approved
animal facility in our hospital (IACUC protocol
no. 101008) with controlled temperature and
light cycles (24°C and 12/12 light cycles).

Acute kidney ischemia-reperfusion protocol

The acute kidney ischemia-reperfusion (IR) was
performed according to a previously published
protocol [33]. Briefly, animals were anesthetiz-
ed with 2% 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 by clamping the renal pedicles of the
rats with non-traumatic vascular clips for 60
minutes (i.e., ischemia was settled for 1 h) fol-
lowed by reperfusion time points at 6 h, 24 h,
72 h and 168 h for blood sampling (i.e., a blood
sample was drawn at these time intervals for
examining the creatinine level). The animals
were then euthanized by day 7 after IR proce-
dure and the kidneys were harvested for fur-
ther experiments.

Animal grouping

The rats were categorized into three groups
(n=8 group): (1) group 1 (sham control), group 2
(IR) and group 3 [IR + Ex4 (10 yg/kg at 30 min,
24 h, 48 h after IR procedure)]. The dosage of
Ex4 was based on our previous reports [28, 29,
31-33].

Renal histochemical analysis

Kidneys were fixed in an aqueous formaldehy-
de solution (37% w/w) containing sodium phos-
phates to provide buffering to an approximately
isotonic solution with pH 7.2-7.6. After formal-
dehyde fixation, the kidneys were processed
and embedded in paraffin. The paraffin kidney
tissue block was cut into slices 4 pm thick wi-
th a RM2255 microtome (Leica Microsystems
GmbH, Wetzlar, Germany). The paraffin sec-
tions were stained with haematoxylin and eosin
(H&E) or Masson’s trichrome. Additionally, the
paraffin kidney tissue block was sliced at 4 um
and immunohistochemically stained with the
following antibody: monocyte chemoattractant
protein-1 (MCP-1) (Cell Signaling). The speci-
mens were treated with commercially available
peroxidase IHC kits (Thermo Scientific Pierce,
Rockford, USA) and developed with dimaino-
benzidine (DAB) in staining buffer (Thermo Sci-
entific Pierce). After staining, the slides were
scanned with a Panoramic MIDI digital scanner
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(3DHISTECH, Budapest, Hungary). Selection of
the desired areas and adjustments were per-
formed with the Panoramic Viewer 1.15 (3DH-
ISTECH, Budapest, Hungary). Brightness and
contrast were adjusted by using Photoshop
CS4 (Adobe Systems, San Jose, USA).

Cell culture and treatment

In our in vitro study, the NRK-52E cells (a com-
mercialized arat renal proximal tubular cell line
from Sigma) were grown in Dulbecco’s modified
Eagle’s medium with 4.5 g of glucose/l (DMEM)
supplemented with 4% (w/v) glutamine, 100 p/
mL penicilliuym/streptomycin and 10% (v/v) fe-
tal bovine serum, designated as normal DMEM,
in a 100 ym polystyrene petri dish in an atmo-
sphere of 5% CO,/95% air at 37°C. For p-Cresol
administration, the cells were seeded on a 100
pum petri dish and grown in normal DMEM for
24 hours, and then the cells were grown in
p-cresol containing DMEM for another 24
hours. For exendin-4 stimulation, the cells were
seeded in normal DMEM for 24 hours, and then
20 nM exendin-4 was added to stimulate cells
for various durations.

Immunoblot

Cells were trypsinzed and 107 cells were resus-
pended in 1 ml hypotonic buffers (10 mM He-
pes pH 7.9, 1.5 mM MgCIz, 10 mM KCI, 0.5 mM
DTT, protein inhibitor, phosphatase inhibitor)
for 1 h. The cells were then homogenized with
Dounce homogenizer with 120 strokes. The cell
lysate was centrifuged at 250 x g at 4°C for 5
minutes. The cytoplasmic fraction was collect-
ed as the supernatant and the pellet, as the
nuclear fraction, was resuspended in 1 ml Ripa
buffer (Sigma).

Protein concentration was determined using
Bradford protein assay kit (BioRad). Then 30 ug
of proteins from the total cell lysate, nuclear
fraction, or cytoplasmic fraction were resolved
on 8 or 10% SDS-poly-acrylamide gel. After pro-
tein migration, the proteins were blotted on
PVDF membrane (Immobilon 0.45 m, Millipore).
The membranes were blocked in 5% silk milk
for 2 h in TBST buffer (20 mM Tris-Cl, 150 mM
NaCl, 0.1% Tween 20, pH 7.4). After blocking,
membranes were incubated with first antibod-
ies [total Akt (1:1000, Cell Signaling), phospho-
rylated (p)-Akt (1:1000, Cell Signaling), NOX-1
(1:1500, Sigma), NOX-2 (1:750, Sigma), Nrf2
(1:200; Santa Cruz Biotechnology) and NQO1
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(1:200; Santa Cruz Biotechnology) for 2 h. Sub-
sequently, the membranes were incubated with
the desired secondary antibody for another 2 h.
Immuoreactive signals were detected by incu-
bation with horseradish peroxidase conjugat-
ed-secondary followed by enhanced chemilumi-
nescent detection using Pierce ECL Western
Blotting Substrate (Thermo Scientific). Immuno-
blot imaging was captured by using a BioSpec-
trum AC Imaging System (Ultra-Violet Products).
The protein bands were quantified using Image-
Quant software (GE-Healthcare) and digitally
converted for statistical analysis.

Immunofluorescence staining and immuno-
fluorescence microscopy findings

An Olympus BX-51 epifluorescence microscope
(Olympus, Kyoto, Japan) equipped with X-Cite
XCT10A (Lumen Dynamics, Wiesbaden, Germa-
ny) light source, filters and 10x, 20x, 40x, 60x,
and 100x was used to observe the cells. The
cells were seeded on 12 mm coverslip in a
24-well culture plate. Cells were harvested and
fixed in 4% paraformylaldehyde in CSK buffer
(10 mM Pipes, 100 mM NaCl, 3 mM MgCl,, 1
mM EGTA, 300 mM sucrose, pH 6.8) for 10 min-
utes, and permeabilized in 0.5 % Triton in CSK
buffer for 5 minutes. After fixation, the cells
were subjected to antibody staining. The anti-
bodies used were as follows: NQO1 (1:500,
Santa Cruz Biotechnology) and Nrf2 (1:300,
Cell Signaling). Additional reagents used were
TRITC/FITC phalloidin (1:1000; Sigma-Aldrich),
and DAPI (1:500, Sigma-Aldrich). Cell nuclei
were stained with 0.2 pug/mL 4’,6-diamidino-
2-phenylindole (DAPI; Sigma).

Superoxide dismutase assay and determina-
tion of serum creatinine concentration

Kidney tissue (0.2 g) was minced and homoge-
nized in lysis buffer (0.5% Triton X-100, 5 mM
B-mercaptoenthanol, 0.1 mg/mL PMSF) for
superoxide dismutase (SOD) assay. Additionally,
serum creatinine level was determined using a
modified Jaffe’s reaction.

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 SAS statistical soft-
ware for Windows version 8.2 (SAS institute,
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Figure 1. P-cresol enhanced oxidative stress and suppressed the phosphorylation of Akt in culturing NRK-52E cells.
A. lllustrating the protein expressions of total Akt and phosphorylated (p)-Akt undergoing the stepwise-increased
p-cresol (0, 20, 200 pM) treatment with and without insulin in the culture medium (0.1 uM). B. Analytical result of
ration of p-Akt/Akt, * vs. other groups with different symbols (1, 1, §, ], #), p<0.0001. C. lllustrating the protein ex-
pressions NOX-1 and NOX-2 undergoing the stepwise-increased p-cresol (0, 2, 20, 200 uM) treatment. D. Analytical
result of protein expression of NOX-1, * vs. other groups with different symbols (1, f), p<0.0001. E. Analytical result
of protein expression of NOX-2, * 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 (n=6 for each group).
Symbols (*, 1, 1, §, ], #) indicate significance at the 0.05 level. PC = p-cresol.

Cary, NC). A probability value of less than 0.05
was considered statistically significant.

Results

p-Cresol enhanced oxidative stress and sup-
pressed the phosphorylation of Akt (Figure 1)

To elucidate the impact of P-cresol (i.e., a ure-
mic toxic substance) on augmenting the oxida-
tive stress and suppressing the phosphoryla-
tion (p) of Akt, in vitro study was conducted by
using NRK-52E cells. The Western blot result
showed that the ratio of p-Akt/Akt was signifi-
cantly progressively suppressed by a stepwise
increase in P-cresol (i.e., from 0O, 20, 200 uM).
However, this ratio was significantly reversed
after administration of insulin in the culture
medium (0.1 yM) (i.e., insulin can upregulate
serine/threonine protein kinase Akt/PI3K), sug-
gesting that P-cresol is harmful for cell survival,
growth and proliferation.
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As expected, the protein expressions of NADPH
oxidase (NOX)-1 and NOX-2, two indicators of
oxidative stress, were also significantly pro-
gressively enhanced by a stepwise increase of
P-cresol (i.e., from 0, 2, 20, 200 uM).

Ex4 treatment upregulated the protein ex-
pressions of p-Akt and Nrf2 in NRK-52E cells
(Figure 2)

Under Ex4 (20 nM) stimulation, the protein ex-
pression of p-Akt in NRK-52E cells was signifi-
cantly progressively increased at four time
points of O, 0.5, 1 and 3 h, followed by signifi-
cantly decreased at time intervals of 6, 12 and
24 h. On the other hand, the protein expression
of Nrf2 was significantly progressively increased
across these 7 time intervals.

To determine whether Ex4 independently-Akt
regulated Nrf2 to attenuate oxidative stress,
the compound LY294002, a strong inhibitor of

Am J Transl Res 2017;9(11):4756-4771
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Figure 2. Exendin4 (Ex4) treatment upregulated the protein expressions of p-Akt and Nrf2 in NRK-52E cells. A. lllustrating the time courses of protein expressions of
phosphorylated (p)-Akt and Nrf2 undergoing the Ex (20 nM) stimulation. B. Analytical result of ratio of p-Akt/Akt, * vs. other groups with different symbols (1, 1, §, T,
#), p<0.0001. C. Analytical result of protein expression of Nrf2, * vs. other groups with different symbols (1, , §), p<0.0001. D. lllustrating the protein expressions of
p-Akt and Nrf2 in NRK-52E cells in the present and absent conditions of LY294002 and Ex4 treatment, respectively. E. Analytical result of ratio of p-Akt/Akt protein
expression, * vs. other groups with different symbols (1, 1), p<0.0001. F. Analytical result of protein expression of Nrf2, * vs. other groups with different symbols (T,
1, §), p<0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n=6 for each group). Symbols
(*, T, £, §, 1|, #) indicate significance at the 0.05 level.
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Figure 3. Immunofluorescent (IF) microscopic finding of NRF2 expression of in NRK-52E cells. The IF microscopic
finding (400x) illustrated the time courses of TNrf2 in the NRK-52E cells undergoing the Ex4 stimulation for various
time points (i.e., 0, 3, 6, 12 and 24 h). As noted in IF imaging (1000x), the Nrf2 appeared punctate in the nuclei of
NRK-52E cells after 3 h Ex4 stimulation, and expressed as nuclear-body like pattern at 24 hours after Ex4 stimula-
tion (refer to right column, i.e., inset). Ex-4 = exendin 4, p-Akt = phosphorylated Akt.

phosphoinositide 3-kinases (PI3Ks), was uti-
lized for co-culture with NRK-52E (i.e., in the
presence and absence of Ex4 treatment, res-
pectively) to inhibit the expression of Nrf2 and
the phosphorylation of Akt [i.e., to test the
specificity of LY294002 for blocking the Akt/
protein kinase B (PKB) signaling pathway]. As
expected, the protein expression of Nrf2 and
p-Akt was significantly increased after Ex4
treatment that was significantly suppressed
after LY294002 treatment, suggesting that
Ex4 independently-Akt activated Nrf2 signal-

ing.

Ex4 stimulated the expression of NRF2 in
NRK-52E cells (Figure 3)

To elucidate the expression of Nrf2 in the NRK-
52E cells, the NRK-52E cells were incubated in
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medium supplemented with Ex4 for various
durations. As noted in immunofluorescence
imaging, the Nrf2 appeared punctate in the
nuclei of NRK-52E cells after Ex4 stimulation
for 3 h, and was expressed as a nuclear-body
like pattern at 24 h after Ex4 stimulation, dem-
onstrating that Ex4 treatment upregulated the
generation/distribution of Nrf2 in nuclei of
NRK-52E cells.

Competitive effects of P-cresol vs. Ex4 in pro-
tein expression of antioxidants and oxidative
stress in NRK-52E cells undergoing 24 h cell
culture (Figure 4)

The protein expression of NOX-1 and NOX-2
in NRK-52E cells, two indicators of oxidative
stress, were significantly upregulated by stimu-
lation with P-cresol (200 uM) for 24 h. However,

Am J Transl Res 2017;9(11):4756-4771
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Figure 4. Competitive effects of p-cresol vs. Ex4 on protein expressions of antioxidants and oxidative stress in NRK-
52E cells undergoing 24 h cell culture. A. lllustrating the protein expressions of Akt and p-Akt in the present and
absent conditions of p-cresol (200 uM) and exendin Ex4 (20 nM) treatment. B. Analytical result of ratio of p-Akt/Akt
protein expression, * vs. other groups with different symbols (f, 1, §), p<0.001. C. lllustrating the protein expres-
sions of NOX-1, NOX-2, NQO1 and Nrf2 in the present and absent conditions of p-cresol (200 yM) and exendin Ex4
(20 nM) treatment. D. Analytical result of protein expression of NOX-1, * vs. other groups with different symbols
(1, ), p<0.0001. E. Analytical result of protein expression of NOX-2, * vs. other groups with different symbols (t,
1), p<0.0001. F. Analytical result of protein expression of NAD(P)H quinone dehydrogenase 1 (NQO1), * vs. other
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groups with different symbols (T, f, §), p<0.0001. G. Analytical result of protein expression of Nrf2, * 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 (n=6 for each group). Symbols (*, 1, %, §) indicate significance at
the 0.05 level.
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Figure 5. Time courses of circulating level of creatinine, grossly anatomical structure and rat kidney weight after
IR procedure. A. Serial changes of circulating level of creatinine in rats after acute kidney injury. Analytical result,
* (sham control) vs. time points (A, B, C, D) of creatinine level in acute IR group with different symbols (1, 1, §, ),
p<0.0001). B. Analytical result of left and kidney weight in sham control and IR group. (1) Right kidney weight, *
vs. other different symbols (1, 1, §, 1)), p<0.0001; (2) Left kidney weight, * vs. other different symbols (7, %, §),
p<0.0001. C. lllustrating the grossly anatomical structure in different time points after acute IR injury. The obser-
vational finding showed that the kidney size in was comparable with the kidney weight in different time intervals
(i.e., 6, 72 and 168 h) after acute IR injury. 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 the

0.05 level. IR = ischemia-reperfusion.

these two parameters were significantly rever-
sed by Ex4 treatment (20 nM) (i.e., NRK-52E
cells co-cultured with P-cresol + Ex4). On the
other hand, Ex4 treatment not only augmented
the protein expressions of NAD(P)H quinone
dehydrogenase (NQO)-1 (i.e., an index of anti-
oxidant), Nrf2 and p-Akt but also reversed the
suppressive effect of P-cresol on these three
parameters.

Time courses of circulating level of creatinine,
gross anatomical structure and left/right kid-

ney weight in Sprague Dawley (SD) rats after

IR procedure (Figure 5)

The circulating level of creatinine was rapidly
and significantly increased after the IR proce-
dure. This parameter was found to be at peak
level at about 24 h after the IR procedure, and
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significantly and progressively decreased after-
wards (i.e., decreased from days 2 to 7). Addi-
tionally, both left and right kidneys were signifi-
cantly progressively increased from 6 to 24 h
and up to maximal level at 72 h, then signifi-
cantly decreased at the end of study period
(i.e., by day 7 after the IR procedure). Interest-
ingly, the gross anatomical structure showed
that both the left and right kidney sizes were
consistent with the alternation of the kidney
weight at these time points.

Serial changes of monocyte chemoattractant
protein-1 (MCP-1) expression under immuno-
histochemical (IHC) microscopic findings in
kidney specimens (Figure 6)

To clarify the time courses of MCP-1 expression
in kidney parenchyma, specimens were perfor-

Am J Transl Res 2017;9(11):4756-4771
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Figure 6. Serial changes of MCP-1 expressions under IHC microscopic findings in kidney specimens. A. lllustrating
the time intervals (i.e., 0, 6, 24 and 168 h) of cross section of IR kidney. B. lllustrating the immunohistochemical
(IHC) stain (100x) for identification of monocyte chemoattractant protein (MCP)-1 expressions (gray color) in three
different anatomical layers, including (1) inner stripe of outer medulla (ISOM), (2) outer stripe of outer medulla
(OSOM) and (3) cortex in different time intervals (i.e., O, 6, 24, 72 and 168 h) after acute kidney IR procedure. C.
Analytical results of MCP-1 positively stained area in rat after acute kidney IR procedure: 1) ISOM layer, baseline
vs. different time points (i.e., A, B, C), p<0.0001; 2) OSOM layer, baseline vs. different time points (i.e., A, B, C),
p<0.0001; 3) renal cortex layer, baseline vs. different time points (i.e., A, B, C), p<0.0001. D. lllustrating the gross
anatomical structure of kidney cross section. All statistical analyses were performed by one-way ANOVA, followed by
Bonferroni multiple comparison post hoc test (n=6 for each group).

MCP-1 positively stained area was significantly
increased up to the peak level at 24 h (i.e., at
the early phase of acute IR procedure) in these
three layers, followed by rapidly and significant-

med at time points of baseline and 6, 24, 72
and 168 h after the IR procedure. The MCP-1
expression was analyzed in three different ana-
tomical layers, including (1) inner stripe of outer

medulla (ISOM), (2) the outer stripe of outer
medulla (OSOM) and (3) the cortex. The results
of IHC microscopic findings showed that the

4764

ly decreasing afterwards. Additionally, this para-
meter was significantly higher in OSOM than in
the cortex and ISOM, and significantly higher in
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Figure 7. Time courses of circulating level of creati-
nine after IR procedure in three groups of animals.
A. lllustrating the time courses of circulating level of
creatinine at the different time intervals after acute
IR procedure among the sham control, IR and IR +
Ex4. (1) At baseline, sham control vs. IR and IR + Ex4,
p = 1.0. (2) At 6 h, sham control vs. IR and IR + Ex4,
p<0.001. (3) At 24 h, * vs. different symbols (T, ),
p<0.0001. Symbols (*, 1, ) indicate significance at
the 0.05 level. (4) At 72 h, * vs. different symbols (8§,
1), p<0.001. Symbols (*, §, {|) indicate significance
at the 0.05 level. (4) By day 7, * vs. #, p<0.0001.
B. lllustrating the grossly anatomical feature of the
kidney at three groups by day 7 after acute IR injury.
All statistical analyses were performed by one-way
ANOVA, followed by Bonferroni multiple comparison
post hoc test (n=6 for each group). IR = ischemia-
reperfusion; Ex4 = exendin 4.

the cortex than in the ISOM at the time inter-
vals of 6, 24 and 72 h.

Time courses of circulating level of creatinine
after IR procedure in three groups of animals
(Figure 7)

By day O, the circulating level of creatinine did
not differ among the group 1 (sham control),
group 2 (IR) and group 3 (IR + Ex4). However, by
day 1 after the IR procedure, this parameter in
circulation was significantly higher in group 2
than in groups 1 and 3, and significantly higher
in group 3 than in group 1. Additionally, by the
time point of day 1, this parameter increased
upon the peak level not only in group 2 but also
in the group 3, but it did not change in the group
1. This parameter was significantly decreased
afterwards among the animals of groups 2 and
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3, but it was still significantly higher in group 2
than in group 3. By day 7 after the IR proce-
dure, the circulating level of creatinine was low-
est in groups 2 and 3, and did not differ bet-
ween these two groups, but it was still signifi-
cantly higher in groups 2 and 3 than in group 1.

MCP-1 expression by day 7 after IR procedure
in kidney cortex and medulla (Figure 8)

The IHC microscopic findings showed that the
MCP-1 positive staining was significantly higher
in group 2 than in groups 1 and 3, and signifi-
cantly higher in group 3 than in group 1 not only
in the ISOM and OSOM layers but also in the
renal cortex layer.

Immunofluorescence (IF) microscopic finding
for identifications of Nrf2 + cells and NQO1 +
cells in kidney parenchyma by day 7 after the
IR procedure (Figure 9)

The IF microscopic finding showed that the
number of Nrf2 + cells in the renal cortex and
medullar layer were significantly higher in group
3 than in groups 1 and 2, and significantly high-
er in group 1 than in group 2, suggesting that
upregulation of Nrf2 + cells was an intrinsic res-
ponse to IR stimulation that was further upreg-
ulated by Ex4 treatment. Additionally, the num-
ber of NQO1 + cells expressed an identical pat-
tern of Nrf2 + cells in these two layers.

Time courses of superoxide dismutase enzyme
activity (U/mg) in kidney biopsy specimen after
IR procedure (Figure 10)

By day 1 after IR procedure, the superoxide dis-
mutase (SOD) activity in the kidney parenchy-
ma was significantly higher in IR + Ex4 than in
other groups, and significantly higher in the
sham control (SC) + Ex4 and IR only than in SC,
but it showed no difference between SC + Ex4
and IR only. By day 3 after IR procedure, this
parameter was highestin IR + Ex4, lowest in IR,
and significantly higher in SC + Ex4 than in SC.
These results persisted until day 7 after IR pro-
cedure.

By day 1 after the IR procedure, the thickness
of cortex + OSOM was significantly higher in IR
and IR + Ex4 groups than in SC group, but it
showed no difference between the former two
groups. By days 2 and 7 after the IR procedure,
this parameter was significantly higher in IR
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Figure 8. MCP-1 expressions by day 7 after IR procedure in kidney Cortex and
Medulla. A. Showing the grossly anatomical feature of cross section of kidney
among the three groups. B. Exhibiting the immunohistochemical (IHC) micro-
scopic finding (100x) exhibited that the MCP-1 positively stained area (gray
color). C. MCP-1-positively stain area in renal cortex level, * vs. other different
symbols (1, F), p<0.0001. MCP-1-positively stain area in outer stripe of outer
medulla (OSOM) level, * vs. other different symbols (1, f), p<0.0001. MCP-
1-positively stain area in inner stripe of outer medulla (ISOM) level, * vs. other
different symbols (1, 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, 1) indicate significance at the 0.05 level. IR =
ischemia-reperfusion; Ex4 = exendin 4; MCP-1 = monocyte chemoattractant
protein 1.

and IR + Ex4 groups than in SC group, and sig-
nificantly higher in IR group than in IR + Ex4
groups.
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Discussion

This preclinical study, con-
ducted both in vitro and
through experimental stu-
dy, investigated the impact
of Ex4 on protecting rat kid-
ney from acute IR injury.
The findings have several
implications. First, P-cresol,
a uremic toxic compound,
was identified to signifi-
cantly upregulate oxidative
stress (i.e., NOX-1, NOX-2)
and downregulate an anti-
oxidant (i.e., Nrf2) and the
cell survival and growth sig-
naling (i.e., Akt/PKB) in cul-
tured NRK-52E cells (i.e., a
rat renal proximal tubular
cells). On the other hand,
Ex4 reversed the effect of
P-cresol through enhancing
the production of antioxi-
dants (i.e., Nrf2, NQO1).
Second, an experimental
model of acute kidney IR
was successfully created.
An important finding was
that the time courses of
creatinine level, kidney wei-
ght and inflammatory res-
ponse were precisely iden-
tified in the acute kidney IR
setting. Third, the protec-
tive effects of Ex4 on kid-
ney function and architec-
ture were found to be main-
ly through augmenting the
generation of antioxidants
and suppressing the ex-
pression of oxidative stress
and inflammation.

Previous studies have cle-
arly shown that p-Cresol,
one of the most important
uremic toxins, increases
oxidative stress and inacti-
vates Akt activity in cells
and rodents [34-36]. One
important finding in our in

vitro study was that the protein expression of
anti-oxidants and cell survival signaling were
remarkably downregulated and the protein

Am J Transl Res 2017;9(11):4756-4771



A (Glomerulus)
NRF2

Control

IR

IIR + Ex-4

O

NQO-1

-IH ...

Ratio of nuclear NRF-2/
cells in glomeruli

0 T T

Control IR

T

I/R+Ex-4

Ratio of nuclear NRF-2/

Extendin-4 against IR renal injury through NRF2 signaling

cells in medulla

%

@
=]

N
[=)

n
[=]

B (Medulla)

+ DAPI NRF2 NQO-1
TE---
z
o
o
E---
v
X
w
+*

3
%Ngz.s 1 %‘N; 2.
s 3, g 3
E o< §§ 1.5
£ 345 s ®
9 Q &
2 £ * g £ 1
p = = 8 = A
$&" ¥ g
= o —T :E 0.5
S g 05 S35
23 28
e 2 o0 T T T e % oo r

Control

IIR

/R+Ex-4

Control

IR

I/R+Ex-4

+ DAPI

Control

IR

I/R+Ex-4

Figure 9. Cellular expressions of Nrf2 + cells and NQO1 + cells in kidney parenchyma by day 7 after IR procedure. A. lllustrating the IF microscopic finding (200x)
for identification of Nrf2 + cells (green color) and NQO1 + cells (red color) in glomeruli among the three groups. B. Illustrating the IF microscopic finding (200x) for
identification of Nrf2 + cells (green color) and NQO1 + cells (red color) in medulla among the three groups. C. Analytic results of number of Nrf2 + cells in glomeruli,
* vs. other groups with different symbols (1, 1), p<0.001. D. Analytic results of number of NQO1 + cells in glomeruli, * vs. other groups with different symbols (1, 1),
p<0.001. E. Analytic results of number of Nrf2 + cells in glomeruli, * vs. other groups with different symbols (1, 1), p<0.001. F. Analytic results of number of NQO1 +
cells in medulla, * vs. other groups with different symbols (1, F), p<0.001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple
comparison post hoc test (n=6 for each group). Symbols (*, T, f) indicate significance at the 0.05 level. IR = ischemia-reperfusion; Ex4 = exendin 4.
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Figure 10. Time courses of superoxide dismutase (SOD) enzyme activity (U/mg) in kidney parenchyma and thick-
ness of renal cortex + outer stripe of outer medulla (OSOM) after IR procedure. A. Time courses of SOD activity in
kidney parenchyma among three groups of animals. Analytical results: (1) By day 1, a vs. different letters (b, c) in
different groups, p<0.0001, letters (a, b, ¢) indicate significance at the 0.05 level; (2) By day 3, d vs. different letters
(e, f, g) in different groups, p<0.0001, letters (d, e, f, g) indicate significance at the 0.05 level; (3) By day 7, h vs.
different letters (i, j, k) in different groups, p<0.0001, letters (h, i, j, k) indicate significance at the 0.05 level. B. Time
courses of thickness of cortex + OSOM. Analytical results: (1) by day 1, * vs. T, p<0.0001; (2) by day 2, T vs. different
groups with different symbols (§, Y[), p<0.0001, symbols (*, T, ) indicate significance at the 0.05 level; (3) by day
7, d vs. different groups with different symbols (#, «), p<0.0001, symbols ((#, &, d) indicate significance at the 0.05
level. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post
hoc test (n=6 for each group). IR = ischemia-reperfusion; Ex4 = exendin 4. C. lllustrating the time courses of protein
expressions of Nrf2 undergoing exendin-4 (20 nM) stimulation. D. Proposed mechanisms underlying the positive
therapeutic effects of exendin-4 on enhancing the generation of antioxidants for protecting the kidney from acute
ischemia-reperfusion (IR) injury. Ex-4 = exendin 4; GLP-1R = glucagon-like peptide 1 receptor.

expression of oxidative stress and inflamma-
tion were markedly upregulated in NRK-52E
cells co-cultured with P-cresol compound. Our
findings were consistent with the findings of
previous studies [34-36]. Of importance, these
parameters (i.e., oxidative stress/anti-oxidants
/cell-survival signaling) were notably revised
after Ex4 treatment. Intriguingly, Nrf2 activated
the expressions of antioxidants and phase 2
enzymes to protect the cells/organs against
oxidative stress-induced damage [37-40]. GLP-
1/GLP-1R signaling regulates the enzymatic
system of anti-oxidation in acute kidney injury,
diabetic nephropathy, and other renal damage
[28, 33, 41-44]. The results of our in vitro stud-
ies in addition to being consistent with the find-
ings of previous studies [28, 33, 37-44],
explained that Ex4 had a cellular (NRK-52E
cells) protective effect mainly through down-
regulation of oxidative stress and upregulation
of antioxidants.
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Rapidly increasing circulating creatinine has
been well recognized in our previous experi-
mental studies [28, 45-47]. Interestingly, the
times courses of circulating level of creatinine
have been infrequently assessed. A principal
finding in the present study was that not only
the time courses of the circulating level was
accurately measured but also the peak level of
circulating creatinine was clearly identified. In
addition, the serial changes of left and right kid-
ney weight and also an increase in peak value
of kidney weight (i.e., an indicator of kidney
swelling/edema with fluid accumulation) was
established in rats after acute kidney IR injury.
These preclinical findings may provide impor-
tant clinical information for our daily clinical
practice in management of those patients with
AKI along with the most suitable time for phar-
macological intervention.

There is an association between acute kidney
IR injury and enhancement of the inflammatory
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reaction which in turn further damages the kid-
ney function and anatomical structure [28, 32,
33, 45-47]. Additionally, some studies have fur-
ther demonstrated that Ex4 therapy significant-
ly suppressed the inflammatory reaction and
upregulation of anti-oxidants at the molecular
and cellular levels [28, 32, 33, 45-47]. An es-
sential finding of the present study was that the
IHC microscopic finding demonstrated that as
compared with SC, the expression of MCP-1
(i.e., an indicator of inflammation) in IR animals
was significantly increased kidney parenchyma,
including in the renal cortex and medulla. Our
finding was consistent with the findings of pre-
vious studies [28, 32, 33, 45-47]. The most
important finding in the present study was that
Ex4 therapy significantly suppressed the ex-
pression of MCP-1 and upregulations of NQO1,
Nrf2 and SOD in rat kidney after the acute IR
procedure. In this way, our findings in addition
to reinforcing the findings of previous studies,
explained why the thickness of the renal cortex-
OSOM (an indicator of damaged the integrity of
Kidney architecture) was remarkably reduced in
IR + Ex4 animals in comparison to in those of
IR-only animals.

Study limitations

This study has limitations. First, the study pe-
riod was only 7 days; therefore, the long-term
effect of Ex4 therapy on protecting the kidney
remains uncertain. Second, although plentiful
data support the effect of Ex4 therapy on pro-
tecting the renal function and kidney architec-
ture, the exact underlying mechanisms of this
therapy is still not completely clear in the pres-
ent study. The proposed mechanisms underly-
ing the observed protection of Ex4 treatment
against acute kidney IR injury based on our
findings have been summarized in Figure 10C.

In conclusion, Ex4 therapy protected kidney
architecture and function through Akt/PKB-
Nrf2-independent signaling to upregulate anti-
oxidants to counteract the oxidative-stress
effect.
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