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Sitagliptin protects rat kidneys from acute ischemia-
reperfusion injury via upregulation of GLP-1 and 
GLP-1 receptors
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Aim: Sitagliptin, an oral glucose-lowering agent, has been found to produce cardiovascular protection possibly via anti-inflammatory 
and anti-atherosclerotic activities of glucagon-like peptide-1 receptor (GLP-1). The aim of this study was to investigate whether 
sitagliptin protected the kidney function from acute ischemia-reperfusion (IR) injury in rats.
Methods: Adult male SD rats were categorized into 4 groups: sham control, IR injury, IR+sitagliptin (300 mg/kg) and IR+sitagliptin (600 
mg/kg). Acute renal IR injury of both kidneys was induced by clamping the renal pedicles for 1 h. The drug was orally administered 
at 1, 24 and 48 h after acute IR. Blood samples and 24-h urine were collected before and at 72 h after acute IR. Then the rats were 
sacrificed, and the kidneys were harvested for biochemical and immunohistochemical studies.
Results: Acute IR procedure markedly increased serum levels of creatinine and BUN and the ratio of urine protein to creatinine. The 
kidney injury score, inflammatory biomarkers (MMP-9, TNF-α and NF-κB) levels and CD68+ cells in IR kidneys were considerably 
increased. The expression of oxidized protein, reactive oxygen species (NOX-1, NOX-2) and apoptosis proteins (Bax, caspase-3, PARP) 
in IR kidneys was also significantly upregulated. All these pathological changes were suppressed by sitagliptin in a dose-dependent 
manner. Furthermore, the serum GLP-1 level, and the expression of GLP-1 receptor, anti-oxidant biomarkers (HO-1 and NQO-1 cells, 
as well as SOD-1, NQO-1 and HO-1 proteins), and angiogenesis markers (SDF-1α+ and CXCR4+ cells) in IR kidneys were significantly 
increased, and further upregulated by sitagliptin.
Conclusion: Sitagliptin dose-dependently protects rat kidneys from acute IR injury via upregulation of serum GLP-1 and GLP-1 receptor 
expression in kidneys.
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Introduction
End-stage renal disease (ESRD) is one of the most common 
life-threatening diseases.  Despite the availability of state-of-
the-art treatment, the incidence of ESRD is still growing world-
wide every year[1–3].  ESRD increases economic burden[4, 5] 
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and is a leading cause of morbidity and mortality worldwide 
even with the availability of renal replacement therapy[6, 7].  
It is well known that chronic kidney disease (CKD) is the 
major cause of ESRD[8].  CKD is caused by divergent dis-
ease entities.  Acute kidney injury (AKI) which is evident in 
around 20% of patients who die in hospitals and up to 50% 
of patients in intensive care units[9, 10], is one of the most com-
mon contributors to CKD.  Among the various etiologies of 
hospital-acquired AKI, ischemia-reperfusion (IR) injury is the 
leading cause of AKI[11–13] and is associated with high mortal-
ity[14, 15].  Surprisingly, although the epidemiology, etiologies, 



120

www.nature.com/aps
Cheng MW et al

Acta Pharmacologica Sinica

npg

mechanisms, classification, and prognostic outcomes of acute 
IR kidney injury have been widely investigated for several 
decades[16-18], there are still no effective therapeutic strategies 
for this condition other than supportive treatment.  Accord-
ingly, the development of new treatment modalities for acute 
IR kidney injury is needed[19].

Prior to designing a safe and effective treatment, it is 
important to understand the underlying mechanisms that 
are involved in acute IR injury.  Many previous studies have 
reported that the mechanisms underlying IR injuries in solid 
organs are multifaceted and involve the generation of reactive 
oxygen species (ROS)[20–22], oxidative stress[20–22], mitochondrial 
damage[20–22], apoptosis[19, 22], and a cascade of inflammatory 
processes[22, 23].

Interestingly, sitagliptin, an oral glucose-lowering agent 
currently used for treating type 2 diabetes, has been found to 
enhance circulating glucagon-like peptide-1 (GLP-1) levels 
through inhibition of dipeptidyl peptidase IV (DPP-IV) activ-
ity[24, 25] which, in turn, provides cardiovascular protection 
probably through the anti-inflammatory and anti-atheroscle-
rotic activities of GLP-1[26].  Additionally, our study recently 
demonstrated that sitagliptin therapy enhances stromal 
cell-derived factor (SDF)-1α level, numbers of endothelial pro-
genitor cells (EPCs) in circulation, and angiogenesis through 
inhibition of DDP-IV in CD26 cells[27].  Thus, it may be hypoth-
esized that the inflammatory reaction and oxidative stress 
resulting from acute renal IR injury might be alleviated by 
sitagliptin treatment.  This study further tested whether sita-
gliptin therapy augmented the expression of EPCs and angio-
genesis factors in kidney parenchyma in the setting of acute IR 
injury.

Materials and methods
Ethics
All animal experimental procedures were approved by the 
Institute of Animal Care and Use Committee at Chang Gung 
Memorial Hospital, Kaohsiung Medical Center, Taiwan, China 
(Affidavit of Approval of Animal Use Protocol No 2008121108) 
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 grouping and induction of acute kidney ischemia-reperfu
sion injury
Pathogen-free, adult male Sprague-Dawley (SD) rats (n=32) 
weighing about 350 g (Charles River Technology, BioLASCO, 
Taiwan, China) were equally categorized into group 1 (sham 
controls, n=8), group 2 (acute kidney IR injury only, n=8), sita-
gliptin (300 mg/kg at post-IR 1, 24 and 48 h, orally, n=8), and 
group 4 (IR+600 mg/kg at post-IR 1, 24 and 48 h, orally, n=8).  
The rats were sacrificed at post-IR 72 h to determine the thera-
peutic effects of sitagliptin.

 All animals were anesthetized by inhalation of 2.0% isoflu-
rane, placed in a supine position on a warming pad at 37 °C for 
midline laparotomies.  Sham-operated rats (group 1) received 

laparotomy only, while acute IR injury of both kidneys was 
induced in all animals in groups 2 to 4 by clamping the renal 
pedicles for 1 h using non-traumatic vascular clips.  The rats 
were sacrificed at 72 h after IR procedure, and kidneys were 
harvested for individual study.

Safety and rationale for drug dosage 
To assess the safety of low- and high-dose sitagliptin in the 
experimental animals, we regularly monitored the blood glu-
cose level for 5 d in 6 additional animals (ie, 3 for low-dose and 
3 for high-dose sitagliptin).  Serum blood glucose level of each 
animal was examined twice a day (ie, between 8:00–9:00 AM 
and 4 h after sitagliptin administration, respectively) using 
a blood glucose monitor (ACCU-CHEK-Active; Roche).  The 
results showed that blood glucose level did not differ between 
the baseline (ie, prior to sitagliptin therapy) and at d 5 after 
sitagliptin therapy (Baseline: 8:00–9:00 AM, 85±4.6 mg/dL; 4 h 
after sitagliptin administration, 88±4.8 mg/dL.  Low-dose sita-
gliptin at d 5: 8:00–9:00 AM, 84±5.9 mg/dL; 4 h after sitagliptin 
administration, 86±4.3 mg/dL.  High-dose sitagliptin at d 5: 
8:00–9:00 AM, 88±4.9 mg/dL; 4 h after sitagliptin administra-
tion, 83±5.8 mg/dL, P>0.05).  

 To elucidate the relatively suitable drug dosages for the 
present study, four additional rats in acute kidney IR injury 
were treated with either a low- (n=2) or a high- (n=2) dose sita-
gliptin (ie, 300 or 600 mg·kg-1·d-1 three times after the IR pro-
cedure, respectively).  Immunohistochemical (IHC) staining 
for the protein expression of glucagon-like peptide-1 receptor 
(GLP-1R) in kidney parenchyma showed notably elevated 
expression of GLP-1R in the rats treated with high-dose sita-
gliptin compared with those receiving low dosage.  Thus, 300 
mg·kg-1·d-1 and 600 mg·kg-1·d-1 were defined as low- and high-
dose sitagliptin, respectively, and administered to experimen-
tal animals for three consecutive days in the current study.  

Assessment of renal function before and after IR procedure
Serum GLP-1, creatinine, blood urea nitrogen (BUN), urine 
protein, and urine creatinine levels were determined in all 
animals before and after (at 72 h) the IR procedure prior to 
sacrifice.  Quantification of GLP-1 level, BUN, serum and 
urine creatinine, and urine protein levels was performed using 
standard methods according to manufacturers’ instructions.

Collection of 24-h urine prior to and at 72 h after IR procedure
For the collection of 24-h urine for individual study, each ani-
mal was put into an animal metabolic cage (DXL-D, space: 190 
mm×290 mm×550 mm, Suzhou Fengshi Laboratory Animal 
Equipment Co Ltd, Suzhou, China) for 24 h with food and 
water supply.  Urine was collected from all animals for 24 h 
prior to the IR procedure and at 72 h after reperfusion prior to 
sacrifice to determine the daily urine volume and the ratio of 
urine protein to urine creatinine.

Histopathology scoring and immunofluorescent staining at 72 h 
after IR
Histopathology scoring was determined in a blinded fashion 
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as previously reported[22].  Briefly, the kidney specimens from 
all animals were fixed in 10% buffered formalin, embedded 
in paraffin, sectioned at 5 μm and stained (hematoxylin and 
eosin, H&E) for light microscopy.  The scoring system reflect-
ing the grading of tubular necrosis, loss of brush border, cast 
formation, and tubular dilatation in 10 randomly chosen, non-
overlapping fields (200×) was as follows: 0 (none), 1 (≤10%), 2 
(11%–25%), 3 (26%–45%), 4 (46%–75%), and 5 (≥76%)[27].

The immunohistochemical (IHC) and immunofluorescent 
(IF) staining methods used in this study have been described 
in details elsewhere[22].  For IHC staining, rehydrated paraffin 
sections were first treated with 3% H2O2 for 30 min and incu-
bated with Immuno-Block reagent (BioSB) for 30 min at room 
temperature.  Sections were then incubated with primary 
antibody specifically against NAD(P)H quinone oxidoreduc-
tase 1 (NQO 1) (Abcam) at 4 oC overnight.  IF staining was 
performed using respective primary antibody against CD68 
(Abcam), HO-1 (Abcam), CXCR4 (Santa Cruz), SDF-1α (Santa 
Cruz) at 4 oC overnight with irrelevant antibodies being used 
as controls.  For quantification, three randomly selected HPFs 
(×200 for IHC and IF studies) were analyzed in each section.  
The mean number per HPF for each animal was then deter-
mined by summation of all numbers divided by 9.  

Western blot analysis of kidney specimens
Equal amounts (10–30 μg) of protein extracts from ischemic 
kidneys of the animals (n=8 for each group) were loaded 
and separated by SDS-PAGE using 7% or 12% acrylamide 
gradients.  The membranes were incubated with monoclonal 
antibodies against GLP-1R (1:1000, Abcam), matrix metallo-
proteinase-9 (MMP-9) (Millipore), NQO 1 (Abcam), heme oxy-
genase-1 (HO-1) (Abcam), polyclonal antibodies against tumor 
necrosis factor-alpha (TNF-α) (Cell Signaling), nuclear factor-
kappa B (NF-κB) (Abcam), NADPH oxidases NOX-1 (Sigma) 
and NOX-2 (Sigma), Bax (Abcam), caspase 3 (Cell Signaling), 
poly(ADP-ribose) polymerase (PARP) (Cell Signaling), and 
superoxide dismutase 1 (SOD-1) (Abcam) were used.  Signals 
were detected with horseradish peroxidase (HRP)-conjugated 
goat anti-mouse, goat anti-rat, or goat anti-rabbit IgG.

The Oxyblot Oxidized Protein Detection Kit was purchased 
from Chemicon (S7150).  The procedure of 2,4-dinitrophenyl-
hydrazine (DNPH) derivatization was carried out on 6 μg of 
protein for 15 min according to the manufacturer’s instruc-
tions.  One-dimensional electrophoresis was carried out on 
12% SDS/polyacrylamide gel after DNPH derivatization.  
Proteins were transferred to nitrocellulose membranes which 
were then incubated in the primary antibody solution (anti-
DNP 1:150) for 2 h, followed by incubation with the second 
antibody solution (1:300) for 1 h at room temperature.  The 
washing procedure was repeated eight times within 40 min.  

Immunoreactive bands were visualized by enhanced chemi-
luminescence (ECL; Amersham Biosciences), which was then 
exposed to Biomax L film (Kodak).  For quantification, ECL 
signals were digitized using Labwork software (UVP).  For 
oxyblot protein analysis, a standard control was loaded on 
each gel.

Statistical analysis
Quantitative data are expressed as mean±SD.  Statistical analy-
ses were performed using SAS statistical software for Win-
dows version 8.2 (SAS Institute, Cary, NC, USA) to conduct 
ANOVA followed by Bonferroni multiple-comparison post hoc 
test.  P values of less than 0.05 were considered statistically 
significant.

Results
Circulating level of GLP-1 and expression of GLP-1R in kidney at 
72 h after IR procedure
At baseline, the circulating level of GLP-1 did not differ among 
the four groups.  However, by 72 h after the IR procedure, the 
circulating level of GLP-1 was lowest in group 1 (sham con-
trol), highest in group 4 (IR+600 mg·kg-1·d-1), and significantly 
higher in group 3 than in group 2 (Figure 1A, 1B).  Addition-
ally, when the 4 animals used in the pilot study were included, 
Western blot (Figure 1C) and IHC (Figure 1D) showed that 
expression of GLP-1R in kidney was markedly increased in 
group 4 in comparison with other groups, increased in group 
3 in comparison with groups 1 and 2, and more increased in 
group 2 than in group 1.  

Circulating level of BUN and creatinine, and the ratio of urine 
protein to creatinine prior to and at 72 h after acute IR injury
Prior to the IR induction, the serum levels of BUN (Figure 
2A) and creatinine (Figure 2C) were similar among the four 
groups.  However, at 72 h after IR procedure, the serum levels 
of BUN (Figure 2B) and creatinine (Figure 2D) were highest in 
group 2 and lowest in group 1, significantly higher in group 3 
than in group 4.

The daily urine amount prior to the IR procedure did not 
differ among the four groups (Figure 2E).  However, the daily 
urine amount was significantly less in group 2 than the other 
groups, significantly less in group 1 than in groups 3 and 4, 
and significantly less in group 3 as compared to that of the 
group 4 at 72 h after reperfusion (Figure 2F).

The ratio of urine protein to urine creatinine prior to the IR 
procedure was similar among the four groups (Figure 2G).  
However, by 72 h after the IR procedure, the ratio of urine 
protein to urine creatinine was highest in group 2, lowest in 
group 1, and significantly higher in group 3 than in group 4 
(Figure 2H).  

Histopathological scores and renal infiltration of CD68+ cells at 
72 h after IR injury
To determine the therapeutic effect of a lower versus a higher 
dosage of sitagliptin in protecting IR-induced acute kidney 
injury, histological scoring was adopted based on the typical 
microscopic features of acute tubular damage, including exten-
sive tubular necrosis and dilatation, as well as cast formation 
and loss of brush border.  The injury scoring was significantly 
higher in group 2 than in the other groups, significantly higher 
in groups 3 and 4 than in group 1, and significantly higher 
in group 3 than in group 4 at 72 h after IR procedure (Figure 
3A–3E).  
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IF staining demonstrated that the number of CD68+ cells (ie, 
macrophages), an index of inflammation, was highest in group 
2 and lowest in group 1, and significantly higher in group 3 
than that in group 4 at 72 h after reperfusion (Figure 3F–3J).

Expression of glucagon-like peptide-1 receptor in kidney at 72 h 
after reperfusion
IHC showed that renal GLP-1R expression was highest in 
group 4 and lowest in group 1, and significantly higher in 
group 3 than in group 2 at 72 h after the IR procedure (Figure 
4A–4E).  Interestingly, the expression of this biomarker was 
found to be most frequent in the glomeruli, followed by in 
the renal tubular epithelium and least in the renal intersti-
tial region.  Additionally, the protein expression of GLP-1R 
in the renal parenchyma showed an identical pattern to the 
IHC findings (Figure 4F).  These findings suggest that GLP-
1R expression was auto-regulated after acute kidney IR injury 
and there was an inverse correlation between the severity of 
renal IR injury and GLP-1R expression in renal parenchyma.  
Additionally, sitagliptin therapy augmented the expression of 
GLP-1R in renal parenchyma, and the expression was particu-
larly prominent in the glomeruli (Figure 4A–4D).

Protein expressions of inflammatory and apoptotic biomarkers 
at 72 h after IR injury
The protein expressions of TNF-α (Figure 5A), NF-κB (Figure 

5B), and MMP-9 (Figure 5C), three indicators of inflammation, 
were significantly higher in group 2 than in the other groups, 
significantly higher in groups 3 and 4 than that in group 1, and 
significantly higher in group 3 than in group 4 at 72 h after 
the IR procedure.  These findings suggest that a higher dos-
age of sitagliptin has higher anti-inflammatory capacity.  In 
addition, the protein expression of mitochondrial Bax (Figure 
5D), cleaved (ie, active form) caspase 3 (Figure 5E) and cleaved 
PARP (Figure 5F), three indices of apoptosis, exhibited a pat-
tern similar to that of inflammatory biomarkers.  

Protein expression of oxidative-stress, reactive oxygen species 
(ROS) and anti-oxidant biomarkers at 72 h after IR injury
The protein expression of NOX-1 (Figure 6A) and NOX-2 (Fig-
ure 6B), two indices of ROS, were highest in group 2 and low-
est in group 1, and significantly higher in group 3 than group 
4.  Additionally, the expression of oxidized protein, an index 
of oxidative stress, displayed a pattern similar to that of ROS 
among the four groups (Figure 6C).  

The protein expression of SOD-1 (Figure 6D), a scavenger of 
superoxide, was lowest in group 1 and highest in group 4, and 
significantly lower in group 2 than that in group 3 at 72 h after 
IR procedure.  Additionally, the protein expressions of HO-1 
(Figure 6E) and NQO-1 (Figure 6F), two indicators of anti-
oxidative activities, exhibited an identical pattern to SOD-1 
expression among the four groups at 72 h after IR induction.  

Figure 1.  Circulating level of glucagon-like peptide-1 (GLP-1) and expression of GLP-1R in kidney at 72 h after IR procedure (n=8 for each group).   (A) 
Circulating GLP-1 level at baseline, P>0.05.  (B) Circulating GLP-1 level at 72 h after acute kidney ischemia-reperfusion (IR) procedure: cP<0.01 vs sham 
control, bP=0.05 vs other groups.  All statistical analyses using one-way ANOVA, followed by Bonferroni multiple comparison post hoc test.  (C) Protein 
expression of GLP-1R in kidney at 72 h after acute IR procedure showing notably highest in kidney IR (KIR)+sitagliptin (Sita) 600 mg, lowest in sham 
control (SC), and notably higher in KIR+Sita 300 mg than in KIR only (n=2 in each group).  (D) Microscopic (200×) findings of immunohistochemical 
(IHC) staining demonstrated that the GLP-1 receptor (GLP-1R) (brown color) in kidney at 72 h after acute IR procedure was notably highest in kidney IR 
(KIR)+sitagliptin (Sita) 600 mg, lowest in sham control (SC), and notably higher in KIR+Sita 300 mg than in KIR only.  Scale bars in right lower corner 
represent 50 µm.
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IHC and IF microscopic findings of anti-oxidant cellular expres
sions
The cellular expression of HO-1 (Figure 7A–7E) as assessed by 
IF staining and NQO 1 (Figure 7F–7J) as assessed by IHC, was 
lowest in group 1 and highest in group 4, and significantly 
lower in group 2 than that in group 3 at 72 h after IR proce-
dure.  

Cellular expression of angiogenesis at 72 h after IR injury
The IF microscopic findings of kidney parenchyma showed 
that CXCR4+ (Figure 8A–8E) and SDF-1α+ cells (Figure 8F–8J), 
two markers of angiogenesis cells were lowest in group 1, 
highest in group 4, and significantly higher in group 3 than in 
group 2.  

Discussion
This study investigated the impact of sitagliptin therapy on 

reducing acute IR kidney injury.  Several observations were 
made.  First, acute IR kidney injury elicited a rigorous inflam-
matory reaction, oxidative stress and generation of ROS.  Sec-
ond, a higher dosage of sitagliptin (600 mg·kg-1·d-1) was more 
effective than a low dosage of sitagliptin (300 mg·kg-1·d-1) in 
reducing kidney damage scoring, proteinuria and preserv-
ing renal function.  Third, a higher dosage of sitagliptin was 
more effective than a low dosage of sitagliptin at ameliorating 
inflammation, apoptosis, and generation of oxidative stress 
and ROS.  Fourth, importantly, no harmful/toxic effects were 
found with either dosage of sitagliptin in the setting of acute 
IR kidney with impaired renal function.  

The most important finding in the present study was that 
kidney injury scoring was markedly increased in acute IR 
animals and this increase was significantly reversed by a 
lower dosage of sitagliptin therapy and further significantly 
reversed by higher dosage of sitagliptin treatment.  Addition-

Figure 2.  BUN and creatinine levels, and the ratio of urine protein to creatinine prior to and at 72 h after acute kidney IR injury (n=8 for each group).  (A) 
Serum blood urea nitrogen (BUN) level prior to IR procedure (ie, at baseline), P>0.05.  (B) Serum BUN level at 72 h after IR procedure, cP<0.01 vs other 
groups with different symbols.  (C) Serum creatinine level prior to IR procedure, P>0.05.  (D) Serum creatinine level at 72 h after IR procedure, cP<0.01 
vs other groups with different symbols.  (E) Urine amount prior to IR procedure, P>0.05.  (F) Urine amount at 72 h after the procedure, cP<0.01 vs other 
groups with different symbols.  (G) The ratio of urine protein to creatinine prior to IR procedure, P>0.05.  (H) The ratio of urine protein to creatinine at 
72 h after IR procedure, cP<0.01 vs other groups with different symbols.  All statistical analyses using one-way ANOVA, followed by Bonferroni multiple 
comparison post hoc test.  SC, sham control; KIR, kidney ischemia reperfusion; Sita, sitagliptin.
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ally, circulating levels of BUN and creatinine were substan-
tially elevated in acute IR animals and were reduced by lower 
dosage of sitagliptin treatment and more further reduced by 
higher dosage of sitagliptin treatment.  Furthermore, the ratio 
of urine protein to creatinine was markedly increased in acute 
IR animals and was markedly reduced after administration of 
a lower dosage of sitagliptin and further reduced by a higher 
dosage of sitagliptin.  These findings suggest that sitagliptin 
therapy can protect the kidney from acute IR injury.  Addition-
ally, these findings suggest the possible usefulness of clinical 
application of sitagliptin in the setting of acute kidney injury, 
especially in those patients with a medical history of diabetes 
mellitus.

Compared to sham controls, the level of inflammatory 
mediators in kidney parenchyma was markedly augmented 
in acute IR animals.  Previous studies have shown that acute 
IR always initiates a cascade of inflammatory processes[22, 23].  
Additionally, our recent study also found that acute IR kid-
ney injury elicited a tremendous inflammatory reaction[28].  
The result of present study is consistent with the previous 
findings[22, 23, 28].  Expression of these inflammatory media-
tors were notably suppressed by a low dosage of sitagliptin 

and further significantly suppressed by higher dosage of this 
drug.  The generation of oxidative stress and ROS was mark-
edly enhanced in acute kidney IR animals in comparison to 
the sham controls.  The results of previous studies[22, 23, 28] also 
revealed similar findings in similar setting of acute IR organ 
injury.  The generations of the oxidative stress and ROS were 
ameliorated by a low dosage of sitagliptin treatment and fur-
ther ameliorated by a higher dosage of sitagliptin.  Hence, our 
findings not only strengthen the findings of the studies[22, 23, 28] 
but also demonstrate that sitagliptin has the capacity to sup-
press the inflammatory reaction and generation of oxida-
tive stress and ROS.  Our findings therefore, at least in part, 
explain why sitagliptin therapy attenuates the kidney injury 
and preserve the renal function after acute IR injury at the cel-
lular and molecular level.

Mitochondrial damage[20–22] and cellular apoptosis[19, 21, 28] 
have also been reported to be frequent findings after IR 
injuries in solid organs.  In the present study, we found that 
compared with the sham control, the protein expression of 
apoptotic biomarkers (ie, mitochondrial Bax, cleaved caspase 
3 and PARP) were markedly enhanced in the acute IR kidney.  
Our findings, therefore, corroborated the findings from previ-

Figure 3.  Histopathological scores and inflammatory cell infiltration in kidney at 72 h after IR injury (n=8 for each group).  (A–D) H&E  stain (200×) 
showing significantly higher degree of loss of brush border in renal tubules (green asterisk), cast formation (blue asterisk), tubular dilatation (yellow 
asterisk), tubular necrosis (yellow arrows), and dilatation of Bowman’s capsule (blue arrows) in KIR only group than in other groups at 72 h (A–D) after 
IR procedure.  (E) The analytical results of kidney injury score at 72 h after IR procedure: cP<0.01 vs sham control, bP=0.05 vs other groups.  (F–I) IF 
microscopic findings (200×) showing the percentage of CD68+ cell infiltration (green signals) in kidney parenchyma among four groups at 72 h (F–I) 
after IR procedure.  (J) The analytical results of CD68+ cells in kidney parenchyma at 72 h after IR procedure: cP<0.01 vs sham control, bP=0.05 vs 
other groups.  All statistical analyses using one-way ANOVA, followed by Bonferroni multiple comparison post hoc test.  Scale bars in right lower corner 
represent 50 µm.  SC, sham control; KIR, kidney ischemia reperfusion; Sita, sitagliptin.
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ous studies[19–23, 28].  The protein expression of these apoptotic 
parameters was down-regulated after administration of a 
low dose of sitagliptin and they were further down-regulated 

after higher dose of sitagliptin treatment.  Additionally, the 
protein expression of antioxidant biomarkers (SOD, HO-1, 
NQO 1, GR, GPx) were blunted in acute IR animals and up-
regulated in animals receiving a low dosage of sitagliptin and 
further up-regulated in animals receiving a higher dosage of 
sitagliptin.  These findings, highlight that sitagliptin inhibits 
cellular apoptosis and augments anti-oxidant effects.  

Interestingly, having the close interrelationship between 
inflammation, oxidative stress, cellular apoptosis and organ 
damage in various settings of ischemia, ischemia/reperfusion 
injury have been well established[20–22, 27, 28].  Actually, these 
parameters have always been found to be closely and mutu-
ally affect each other[27, 28].  In the present study, we not only 
found that all of these biomarkers were upregulated together 
but also found that the perturbations of these parameters 
were remarkably reduced along with enhancement of GLP-
1R expression and anti-oxidants in kidney parenchyma after 
the sitagliptin treatment under IR injury.  These findings indi-
rectly reflect an intimate axis of GLP-1R/GLP-1 for the aug-
mentation of anti-inflammation, anti-oxidative stress and anti 
ROS after sitagliptin therapy.

Recently, we have shown that sitagliptin therapy enhances 
numbers of circulating endothelial progenitor cells (EPC), 
angiogenesis, and blood flow in the rat critical limb ischemia 
area[27].  Interestingly, another experimental study has revealed 
that sitagliptin therapy enhanced neovascularization through 
increasing circulating number of EPCs[29].  Additionally, a clini-
cal observational study has also shown that sitagliptin therapy 
increases the circulating level of EPCs in patients with type 
II diabetes mellitus[29, 30].  Furthermore, other recent studies 
have also shown that sitagliptin therapy prevented the propa-
gation of carotid intima-media thickening[31] and protected 
against ischemia-related left ventricular dysfunction[32].  In 
this study, in acute kidney IR animals, the expression of EPCs 
(ie, CXCR4+, SDF-1α+) was higher with sitagliptin treatment 
than without.  Additionally, as compared to a lower dosage of 
sitagliptin, the higher dosage of sitagliptin was more effective 
in up-regulating the EPC expression in the renal parenchyma.  
In this way, our study is consistent with the results of recent 
studies[27, 29–32].  Our finding of enhanced EPC expression in 
acute IR kidney injury supports the essential role of EPCs in 
repairing injured endothelial cells and participation in angio-
genesis in response to ischemic insult from acute IR injury.

One intriguing finding in the present study is the signifi-
cantly higher circulating GLP-1 level in IR animals without 
sitagliptin treatment than that in the sham controls, together 
with the highest level in IR animals receiving sitagliptin treat-
ment.  This finding may be due to stress stimulation from IR 
injury that enhanced the generation of GLP-1 from the diges-
tive system.

This study has several limitations.  First, although myriads 
of works had been in the current study, results of the study 
did not provide the exact mechanisms by which sitagliptin 
inhibits inflammation, oxidative stress and ROS, to protect 
kidney function after acute IR injury.  The schematic in Figure 
9 shows our proposed mechanisms of the therapeutic effect of 

Figure 4.  IHC findings and protein expression of glycogen-like peptide-1 
receptor (GLP-1R) in kidney at 72 h after IR injury (n=8 for each group).  
(A–D) The IHC stain (200×) identifying the GLP-1R (brown color) in kidney 
parenchyma among four groups at 72 h (A–D) after IR procedure.  (E) 
cP<0.01 vs sham control, bP=0.05 vs other groups.  Scale bars in right 
lower corner represent 50 µm.  (F) The protein expression of GLP-1R 
in kidney parenchyma among four group at 72 h after acute IR injury, 
cP<0.01 vs sham control, bP=0.05 vs other groups.  All statistical analyses 
using one-way ANOVA, followed by Bonferroni multiple comparison post 
hoc test.  SC, sham control; KIR, kidney ischemia reperfusion; Sita, 
sitagliptin.
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sitagliptin on protecting kidney injury based on our findings.
Second, without stepwise-increases in the concentrations 

of sitagliptin in the acute IR kidney injury animal model, this 
study could not ascertain the optimal therapeutic dosage of 
sitagliptin for acute renal IR.  

Here, we concluded a higher dosage of sitagliptin is supe-
rior to a low dosage of sitagliptin for inhibition of inflamma-
tory reaction and generation of oxidative stress and ROS, and 
therefore preservation of kidney function in the acute IR kid-
ney injury setting.  
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Figure 9.  Proposed mechanisms underlying the positive therapeutic effects of sitagliptin and exendin-4 on kidney ischemia-reperfusion (IR) injury.  
GLP-1R, glycogen-like peptide-1 receptor; TNF, tumor necrotic factor; MMP, matrix metalloproteinase; NF, nuclear factor; HO, heme oxygenase; NQO, 
NAD(P)H quinone oxidoreductase; GR, glutathione reductase; GPx, glutathione peroxidase; NOX, ADPH oxidase; SOD, superoxide dismutase; PARP, 
poly(ADP-ribose) polymerase; BUN, blood urine nitrogen.




