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Abstract. Saxagliptin (SAX) can protect against tissue 
damage caused by diabetic nephropathy. However, whether 
this compound can restore kidney function, and its specific 
mechanism of action remain unclear. The present study 
explored the therapeutic effects and mechanisms of SAX. 
Male Wistar rats (8  weeks old) were randomly divided 
into the following groups: A control group (n=10); a group 
with streptozocin‑induced diabetes mellitus (DM) treated 
with saline (n=20); and a group with streptozocin‑induced 
DM treated with SAX (n=20). Following 20  weeks of 
treatment, renal function and the extent of renal damage 
were assessed based on histological staining using hema‑
toxylin and eosin, periodic acid‑Schiff and Masson's 
trichrome staining. The experimental results indicated 
that Streptozocin induction of DM led to thicker basement 
membranes in mesangial cells and a more abundant extra‑
cellular matrix. These changes were ameliorated following 
treatment with SAX. The data demonstrated that renal 
tissue and renal cell apoptosis were ameliorated signifi‑
cantly following treatment with SAX. Furthermore, the 
expression levels of the apoptotic genes poly (ADP‑ribose) 
polymerase‑1 (PARP‑1) and caspase 3 were significantly 
decreased following treatment with SAX. Therefore, SAX 
may reduce the extent of renal apoptosis and pathological 
outcomes in diabetic nephropathy by downregulating the 
expression of caspase 3 and PARP‑1 in the death receptor 
pathway of apoptosis.

Introduction

Diabetes can cause various complications, including diabetic 
nephropathy (1,2), which can result in end‑stage renal disease, 
and requires kidney dialysis or transplant  (3‑5). Diabetic 
nephropathy is characterized by glomerular basement 
membrane thickening and glomerular or tubulointerstitial 
sclerosis (5). The latter is further characterized by fibrosis in 
its final stage, and its progression is similar to other progres‑
sive kidney diseases (6).

The apoptotic process serves as an important role in the 
progression of diabetic nephropathy due to production of reac‑
tive oxygen species induced by glucose (7‑11). Apoptosis is 
accompanied by the activation of caspase 3 leading to DNA 
fragmentation and cleavage of protein substrates, including 
the DNA repair enzyme poly (ADP‑ribose) polymerase‑1 
(PARP‑1). PARP‑1 serves as an essential role in diabetes 
and diabetic complications (12). PARP‑1 inhibition or defi‑
ciency ameliorates nephropathy in db/db‑/‑ mice with type 2 
diabetes (13) and in streptozocin‑induced diabetic nephrop‑
athy (14). High glucose (HG) levels or hyperglycemia cause 
activation of the Bcl2/caspase/PARP signaling pathway and 
stimulates the induction of apoptosis, primarily in proximal 
tubular cells (15‑17).

Dipeptidyl peptidase‑4 (DPP‑4) is an enzyme that is 
abundantly expressed in the intestines, kidney, brain, heart 
and other tissues, and is further activated in diabetic animal 
models  (6,18). As the kidneys contain the highest levels 
of DPP‑4 within the body, which quickly degrade natural 
glucagon‑like peptide (GLP‑1), DPP‑4 contributes to diabetic 
nephropathy. This aggravates proteinuria, glomerulosclerosis, 
and tubulointerstitial fibrosis as a result (19). DPP‑4 inhibi‑
tors have been shown to improve brain function by reducing 
mitochondrial dysfunction, insulin resistance, inflammation 
and apoptosis (20). Treatment with vildagliptin and metformin 
resulted in the maintenance of the Mini‑Mental State 
Examination score, thus showing a protective role on cogni‑
tive functioning compared with treatment with metformin 
alone (20). DPP‑4 inhibition has extrapancreatic protective 
effects against diet‑induced adipose tissue inflammation and 
hepatic steatosis  (21,22). The DPP‑4 inhibitor linagliptin 
increases GLP‑1 activity and attenuates oxidative stress‑related 
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glomerulopathy (23). Combined treatment with linagliptin and 
inhibitors of the renin‑angiotensin‑aldosterone system reduces 
renal dysfunction in type 2 diabetes (24). Other DPP‑4 inhibi‑
tors have also demonstrated protective effects against diabetic 
nephropathy, including sitagliptin (25) and gemigliptin, which 
exert anti‑apoptotic effects (26).

The DPP‑4 inhibitor saxagliptin (SAX) has been used 
for the treatment of renal, heart, pancreatic and retinal disor‑
ders (27‑29). Therefore, the present study investigated whether 
SAX could exert therapeutic effects on the kidney tissues of a 
rat model of streptozocin‑induced diabetes and whether these 
effects were accompanied by inhibition of apoptosis.

Materials and methods

Animals. All animal protocols were reviewed and approved 
by the Animal Care and Use Committee of Shandong 
University. For the animal experiments, 8‑week old male 
Wistar rats were purchased from the Experimental Animal 
Center of Shandong University and maintained with a 12‑h 
day/night cycle. Following 1 week of acclimatization, the 
animals were randomly alloca ted into a control group (n=10), 
a diabetes mellitus group (DM) (n=20), or a DM + SAX 
group (DM + SAX) (n=20). DM was induced in the latter two 
groups via intraperitoneal injection of 65 mg/kg streptozocin 
(Sigma‑Aldrich; Merck KGaA) solution dissolved in citric acid 
buffer (30). The diagnosis of diabetes was based on a blood 
glucose level measurement >16.7 mmol/l. Following induction 
of diabetes, mice were monitored for 1 week, and subsequently 
the control and DM animals were provided saline, whereas 
the DM + SAX animals were administered SAX (1 mg/kg per 
day) by gavage. Prior to administration, SAX was prepared in a 
mortar and dissolved in saline. Following 20 weeks of feeding, 
the animals were sacrificed using CO2 (the CO2 displace‑
ment rate was 20%), and the kidney and blood samples were 
collected. During the procedures, 2 rats were used to practice 
intraperitoneal injection, and three rats were used to practice 
blood and tissue collection, and these rats were not included in 
the final analysis. The blood glucose levels (after 6 h of fasting) 
were measured three times, prior to injection of STZ, and at 10 
and 20 weeks after STZ injection. Urinary and blood samples 
was collected prior to rats sacrifice.

The determination of urinary albumin excretion was 
performed following urine collection for 16  h from rats 
placed in individual metabolic cages (Nalgene Nunc). 
Urinary albumin was measured using a specific ELISA kit 
(cat. no. CSB‑E12991r; Cusabio Technology LLC). Blood 
urea nitrogen (BUN) levels were determined using an 
ELISA kit (cat. no. FT‑D234159; Shanghai FanTai Jinghua 
Biotechnology Co., Ltd.) and serum creatinine (Scr) levels 
were determined using Creatinine Companion (cat. no. 1012; 
Exocell). Blood glucose was measured following 6  h of 
fasting using a Glucometer Elite device (Roche Diagnostics). 
The animals were sacrificed after 30  weeks old, when 
significant signs of albuminuria and mesangial expansion 
were evident.

Reagents and antibodies. Antibodies against caspase  3 
(cat  no.  9662S), cleaved‑caspase 3 (cat. no.  9664T), 
PARP‑1 (cat. no. 9542), cleaved‑PARP1 (cat. no. 94885S), 

Bcl‑2 (cat.  no.  3498S), Bax (cat. no.  2772T), and β‑actin 
(cat.  no.  4970S) were purchased from Cell Signaling 
Technology, Inc. Horseradish peroxidase‑conjugated goat 
anti‑rabbit IgG (cat. no.  A0208) antibody was purchased 
from Beyotime Institute of Biotechnology and a DAB chro‑
mogenic reagent kit was purchased from EMD Millipore. 
The staining kits for Hematoxylin & Eosin (H&E), Masson's, 
periodic acid‑Schiff (PAS) and Sirus red were purchased from 
Beyotime Institute of Biotechnology.

H&E staining. The tissues were fixed in 10% phos‑
phate‑buffered formalin solution for 24 h at room temperature, 
embedded in paraffin and sectioned at a thickness of 4 µm 
(liver) or 6 µm (kidney). The tissue sections were then deparaf‑
finized for 30 min at room temperature and stained with H&E 
for 5 min at room temperature.

Cell culture. HK2 cells were cultured in RPMI‑1640 (Gibco; 
Thermo Fisher Scientific, Inc.) containing 11.2  mmol/l 
glucose and 2 mmol/l L‑glutamine at 37˚C with 5% CO2. The 
media was supplemented with 10% FBS (Hyclone; Cytiva), 
100 unit/ml penicillin (Gibco; Thermo Fisher Scientific, 
Inc.) and 100 µg/ml streptomycin (Gibco; Thermo Fisher 
Scientific, Inc.). HK2 cells were plated in 6‑well plates 1 day 
before use.

Hochest 33258 staining. HK2 cells were treated with 40 mM 
HG, 40 mM HG and 10 µM SAX (HG + SAX), 40 mM HG and 
1 mM 3‑Aminobenzamide (3‑ABA) (HG + 3‑ABA) or 40 mM 
HG, 1 mM 3‑ABA and 10 µM SAX (HG + 3‑ABA + SAX). 
The cells were fixed with 4% polyoxymethylene at room 
temperature for 30 min, washed twice with PBS, incubated 
with 10 µg/ml Hochest 33258 (Merck & Company, Inc.) for 
5 min at room temperature and washed with PBS three times. 
The cells were observed using a fluorescence microscope 
(magnification, x20).

Masson, PAS and Sirus red staining. The kidney tissues were 
excised, fixed using 4% neutral buffered formalin overnight 
at 4˚C, embedded in paraffin and sectioned at a thickness of 
4 µm. Masson, PAS and Sirus red staining were performed 
according to the manufacturer's protocols, and imaged at 
x20 magnification using a light microscope.

Immunohistochemistry. Tissue sections were blocked using 
5% Donkey serum (cat. no. SL050; Beijing Solarbio Science 
& Technology Co., Ltd.; diluted in PBS) for 30 min at 4˚C, 
and incubated with antibodies against caspase 3 (1:100), 
PARP‑1 (1:100), or β‑actin (1:200) overnight at 4˚C, the 
antibodies were diluted using Primary Antibody Dilution 
Buffer (cat. no. AB64211; Abcam). The slides were washed 
3  times with PBS, and incubated with the corresponding 
secondary antibody (1:500; cat. no. A0208; Beyotime Institute 
of Biotechnology) and treated with a streptavidin derivative 
coupled to alkaline phosphatase (cat. no.  21324; Thermo 
Fisher Scientific, Inc.). The sections were stained with DAB 
chromogen A for 5 min at room temperature (cat. no. P0203; 
Beyotime Institute of Biotechnology). Subsequently, the 
slides were examined at x20 magnification using an Olympus 
BX‑UCB light microscope.
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Flow cytometry. To detect the induction of apoptosis, treated 
HK2 cells were washed twice with cold PBS, incubated with 
10 µg/ml Annexin V‑FITC (BD) for 15 min at room tempera‑
ture, and subsequently propidium iodide (PI; 10 µl) was added 
and incubated for 5 min at room temperature. The samples 
were analyzed using CytoFlex software (version 2.0; Beckman 
Coulter, Inc.).

Western blotting. Tissues and cells were lysed using 
RIPA lysis buffer [150 mM NaCl, 1% NP‑40, 0.1% SDS, 
0.5% deoxycholic sodium salt, 50 mM Tris HCl (pH 7.4), 
2 mM EDTA, 2 mM Na3VO4, 10 mM NaF and one tablet 
of Roche Complete inhibitor cocktail (Roche Diagnostics) 
per 30 ml]. The protein concentration was measured using 
a BCA protein assay kit. Equal amounts of protein (50 µg) 
from each sample were separated on a 10% Nupage gel, 
transferred to the nitrocellulose membranes and immu‑
noblotted with primary antibodies overnight at 4˚C. All 
the primary antibodies were used at a 1:1,000 dilution 
(antibody: Dilution buffer). The membranes were washed 
with Tris‑buffered saline containing Tween‑20 (0.15%, 
TBS‑T), incubated with horseradish peroxidase‑conjugated 
secondary antibody (1:5,000) for 2 h at room temperature, 
and washed 3 times with TBS‑T. The blots were visualized 
using Enhanced Chemiluminescence Plus reagent (EMD 
Millipore) and imaged using a GE gel imaging AI600 
(Amersham Imager 600; GE Healthcare).

Statistical analysis. Experiments were repeated at least three 
times and similar results were obtained. Quantitative results 
are expressed as the mean ± the standard error of the mean. 
The differences between two groups were evaluated using a 
Student's t‑test, and comparisons between multiple groups were 
performed using a one‑way ANOVA followed by Bonferroni's 
correction. P<0.05 was considered to indicate a statistically 
significant difference.

Results

SAX partially reverses DM‑associated weight loss and renal 
hypertrophy. The weights of the mice in each group did not 
differ significantly at the start of the study or when the animals 

were 10 weeks old (data not shown). At the 30‑week old period, 
DM animals exhibited a 43.6% lower weight compared with 
the control animals (P<0.01). This weight loss was reversed 
(by 18.6%) in the DM + SAX group compared with DM 
animals (Fig. 1A).

At the start of the study, all three animal groups exhibited 
similar renal weights and similar values in the renal hyper‑
trophy index (data not shown). At 30 weeks, the DM group 
exhibited a 19.7% increase in renal weight and a 84.6% higher 
renal hypertrophy index compared with those of the control 
group (both P<0.01), and these increases were reversed (by 
5.71 and 20.2% in the DM + SAX group compared with DM 
animals; Fig. 1B and C). These results suggested that SAX 
could protect against DM‑induced weight loss and renal 
hypertrophy.

SAX decreases glucose levels in diabetic rats. At the begin‑
ning of the study, the three animal groups exhibited similar 
blood glucose levels (data not shown). At 30 weeks of age, 
DM animals had significantly higher blood glucose levels 
compared with the control animals (Fig. 2A). DM + SAX 
animals had significantly lower blood glucose levels compared 
with the DM animals (Fig. 2A). These results suggested that 
SAX reduced glucose levels in diabetic animals.

SAX improves kidney function in diabetic rats. Kidney 
function of DM rats in the presence or absence of SAX was 
assessed based on the blood urea nitrogen (BUN) levels, 
serum creatinine (Scr) levels and urinary albumin excretion 
rate. The levels of all three indices were significantly higher 
in the DM group compared with those observed in the control 
group (P<0.05), whereas they were significantly lower in the 
DM + SAX group compared with the DM group (Fig. 2B‑D). 
These results suggest that SAX improves kidney function in 
diabetes.

SAX reduces kidney lesions in diabetic rats. The tubu‑
lointerstitial and glomerular lesions in the three animal 
groups were analyzed using H&E, Masson's trichrome, 
PAS and Sirus red staining. At 30  weeks of age, DM 
rats exhibited mesangial expansion, nodular sclerosis, 
glomerular atrophy and glomerulosclerosis, whereas these 

Figure 1. SAX prevents weight loss and decreases the renal weight and renal hypertrophy index in the diabetic animals. (A) Body weight, (B) kidney 
weight and (C) hypertrophy index of the kidney of the NC, DM and DM + SAX treated rats. *P<0.05. SAX, saxagliptin; DM, diabetes mellitus; NC, 
normal control. 
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pathological conditions were not observed in the control 
animals (Fig. 3A). DM rats exhibited tubular degeneration, 
tubular basement membrane irregularity, interstitial fibrosis 
and tubular atrophy (Figs.  3B‑D and S1A‑C). Treatment 
with SAX was associated with a reduced incidence of severe 
fibrosis and global glomerulosclerosis, a lower number of 
hyaline cylinders and reduced formation of irregular base‑
ment membranes, tubular degeneration, interstitial fibrosis 
and tubular atrophy compared with the corresponding 
indices in the DM group (Figs. 3 and S1A‑C; P<0.05). These 
results suggest that SAX reduces the formation and severity 
of kidney lesions in diabetic animals.

SAX protects against HG‑induced apoptosis. HG levels have 
been reported to increase apoptosis in cultured glomerular 
epithelial cells. Hochest 33258 staining showed that the 

induction of HK2 cell apoptosis was caused by HG levels. 
This effect was reversed with SAX treatment (Fig. 4A and B). 
Furthermore, flow cytometry analysis confirmed that the induc‑
tion of HK2 cell apoptosis (Annexin V and PI double‑positive 
cells) was decreased significantly in the SAX treated cells 
(Fig. 4C and D). These results indicate that SAX ameliorates 
HK2 cell apoptosis induced by HG.

SAX protects against kidney injury from DM‑induced 
apoptosis via the caspase 3/PARP‑1 pathway. Since PARP‑1 
is an important regulator of apoptosis, the expression levels of 
cleaved‑caspase 3, caspase 3, cleaved‑PARP‑1, PARP‑1, Bax 
and Bcl2 were examined. The induction of DM in the animal 
models resulted in upregulation of the expression levels of 
cleaved‑caspase 3, caspase 3, cleaved‑PARP‑1, PARP‑1 and 
the ratio of Bax/Bcl2. In the presence of SAX, this effect 

Figure 2. SAX decreases glucose levels and ameliorates kidney function in the diabetic animals. (A) Plasma glucose, (B) plasma BUN, (C) plasma Scr and 
(D) UAER in the NC, DM and DM + SAX treated rats. *P<0.05, **P<0.01. SAX, saxagliptin; BUN, blood urea nitrogen; Scr, serum creatinine; UAER, urinary 
albumin excretion rates; DM, diabetes mellitus; NC, normal control. 
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Figure 3. SAX ameliorates kidney lesions in the diabetic animals as detected by (A) H&E, (B) PAS, (C) Masson's trichrome and (D) Sirus red staining in the 
NC, DM and DM + SAX treated rats. SAX, saxagliptin; H&E, hematoxylin and eosin; DM, diabetes mellitus; NC, normal control. 

Figure 4. SAX ameliorates apoptosis in HG treated HK2 cells. (A) Induction of apoptosis was detected by Hochest 33258 fluorescent staining in the Con, HG 
and HG + SAX groups and (B) quantification of Hochest 33258 fluorescent staining. The red arrows indicate the apoptotic cells. (C) Apoptosis was detected 
by flow cytometry assays in the Con group, HG group, and the HG + SAX group. (D) Quantification of the Hochest 33258 fluorescent staining of HK2 cells. 
*P<0.05. SAX, Saxagliptin; Con, control; HG, high glucose; HG + SAX, high glucose with SAX.
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Figure 5. SAX protects the diabetic kidney against apoptotic cell death induced by diabetes and HG. (A) Caspase 3 and PARP‑1 protein expression in rats in 
the NC, DM and DM + SAX groups as determined by immunohistochemistry. (B) Quantification of the expression levels of caspase 3 and PARP‑1 protein 
based on the immunohistochemistry analysis. (C) Expression levels of cleaved‑caspase 3, caspase 3, cleaved‑PARP‑1 and PARP‑1 protein detection in the 
NC, DM, and DM + SAX treated groups were determined by western blot analysis, and (D) quantification of the western blot data. (E) Western blot analysis 
of cleaved‑caspase 3, caspase 3, cleaved‑PARP‑1 and PARP‑1 in the control, HG treated and HG + SAX treated HK2 cells. (F) Densitometry analysis of the 
western blot data. *P<0.05, **P<0.01, ***P<0.001. SAX, saxagliptin; HG, high glucose; PARP‑1, poly (ADP‑ribose) polymerase‑1; NC, normal control; DM, 
diabetes mellitus; T2DM, diabetes mellitus type 2; HG + SAX, high glucose with SAX.
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was partially reversed (Figs. 5A‑D and S2A). Moreover, SAX 
partially reversed the upregulation of cleaved caspase 3, 
caspase 3, cleaved‑PARP‑1, PARP‑1 and the ratio of Bax/Bcl2 
induced by HG treatment in the HK2 cells (Figs. 5E and F and 
S2B). 3‑ABA inhibited the induction of apoptosis by HG. SAX 
partially increased the inhibitory effects of 3‑ABA on apop‑
tosis in HK2 cells (Fig. 6A‑D). These results suggested that 
SAX inhibited apoptosis via the caspase 3/PARP‑1 pathway, 
and thereby protected the tissues from the effects of diabetic 
nephropathy.

Discussion

In the present study, SAX was shown to protect against the 
pathological effects associated with diabetic nephropathy. 
In the rat model of streptozocin‑induced DM, SAX reduced 
glycemia, tubulointerstitial and glomerular damage, and 
improved kidney function. These therapeutic changes were 
associated with downregulation of the expression of apop‑
totic genes, such as cleaved‑caspase 3 and cleaved‑PARP‑1. 
Moreover, the present study demonstrated that SAX could 
downregulate the ratio of Bax/Bcl2. The findings suggested 
that long‑term SAX administration could protect against 
diabetic nephropathy and provide an explanation of the 
mechanisms of apoptosis inhibition.

The incidence of diabetic nephropathy is continuously 
increasing (31,32) and is considered to be the primary cause of 
chronic kidney disease and end‑stage renal failure (33). Diabetic 
nephropathy is a chronic, complex disease that gradually leads 
to glomerular hypertrophy, glomerular basement membrane 

thickening, collagen deposition, interstitial fibrosis aggrava‑
tion, renal tubular atrophy and renal function disorder (34,35). 
HG alters the microenvironment of each cell, and in turn leads 
to the activation of the apoptotic pathway (10,36).

By inhibiting DPP‑4 and slowing down GLP‑1 degrada‑
tion, SAX can partially reverse the reduction in the incretin 
effect in the absence of hypoglycemia (37). SAX can correct 
glucose metabolism disorders and prevent kidney injury (38). 
Its cytoprotective effects have been noted on several types of 
cells, including cells in the pancreas, heart and retina (39). The 
present study identified a novel mechanism by which SAX 
could restore existing kidney dysfunction. SAX significantly 
decreased the DM‑induced increase in weight and kidney 
hypertrophy. It also ameliorated DM‑induced structural 
kidney injury and fibrosis, as shown by H&E staining of tissue 
slices, and it reduced DM‑induced glycogen accumulation 
in the kidney. The results provide a plausible explanation by 
which these beneficial alterations are mediated; downregula‑
tion of the expression of the pro‑apoptotic proteins. In the rat 
model used, DM increased the expression of caspase 3, which 
cleaved PARP‑1, causing DNA damage and loss of DNA repair 
ability (40,41); SAX partially reversed these effects. Similarly, 
the DPP‑4 inhibitor linagliptin ameliorated DM‑induced 
kidney damage by inhibiting apoptosis (5).

In conclusion, the results showed that SAX could 
improve kidney function in diabetic rats in part by down‑
regulating caspase 3 expression and thereby inhibiting 
the pro‑apoptotic cleavage of PARP‑1. The results are in 
agreement with those reported in previous studies assessing 
the effects of SAX. This compound may thus serve as a 

Figure 6. SAX ameliorates the induction of apoptosis in HG induced HK2 cells by inhibiting PARP‑1 activity. (A) Induction of apoptosis was detected by 
Hochest 33258 fluorescent staining in the Con, HG, HG + 3‑ABA (PARP‑1 inhibitor) and HG + 3‑ABA + SAX groups and (B) quantification of Hochest 
33258 fluorescent staining. The red arrows indicate the apoptotic cells. (C) Induction of apoptosis was detected by flow cytometry assays in the Con, HG 
and HG + SAX groups and (D) Hochest 33258 fluorescent staining was quantified. *P<0.05. SAX, saxagliptin; HG, high glucose; PARP‑1, poly (ADP‑ribose) 
polymerase‑1; Con, control; ABA, 3‑Aminobenzamide; HG + SAX, high glucose with SAX. 
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promising renoprotective therapy against the development 
and progression of diabetic nephropathy and may serve as a 
novel therapeutic option for the prevention and treatment of 
diabetic nephropathy.
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