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Abstract. Diabetes has been identified to be a risk factor for 
Alzheimer's disease (AD). Vildagliptin, a novel oral hypogly-
cemic agent, has been demonstrated to exert protective effects 
on the pancreas and cardiovascular system. The present study 
examined the potential protective effects of vildagliptin on 
neurons in an AD rat model. Treatment with vildagliptin 
improved memory deficits and decreased neuronal apoptosis in 
the hippocampus. The expression levels of B cell lymphoma 2 
(Bcl‑2) were increased, and the expression levels of caspase‑3, 
Bcl‑2 associated X protein and AD‑associated proteins were 
decreased in the hippocampus following treatment with 
vildagliptin. Additionally, the AD model‑induced decrease 
in phosphorylated (p) protein kinase B (p‑Akt), p‑glycogen 
synthase kinase 3β (p‑GSK3β), post‑synaptic density 95 and 
synaptophysin expression was reversed. These results indicate 
that vildagliptin administration exerts a protective effect 
against cognitive deficits by reducing tau phosphorylation and 
increasing the expression of proteins associated with synaptic 
plasticity in the hippocampus. Targeting of the Akt/GSK3β 
signaling pathway may be a key mechanism in preventing the 
disease progression of AD.

Introduction

Alzheimer's disease (AD) is one of the most severe types 
of neurodegenerative disease, characterized by a decline in 
memory capacity and other cognitive abilities (1). The inci-
dence of AD has grown rapidly in the past few decades. It 
was estimated in 2010 that ~40 million people worldwide were 

living with AD, and this figure is expected to double every 
20 years (2). At present, there are no treatments that are able 
to completely cure AD and only symptomatic therapeutics 
are available (3,4). The brains of patients with AD have a 
number of hallmark features. For instance, twisted strands of 
hyperphosphorylated tau would cause neurodegeneration as 
a consequence of structural incompleteness of microtubules, 
which is indeed observed in the widespread intraneuronal 
fibrillary tangles and intracellular formation of neurofibril-
lary tangles (NFTs) (5). Senile plaques consist of modified 
β amyloid (Aβ) peptides which are able to induce neuronal 
apoptosis. Aβ is rapidly degraded by a number of proteases 
which maintain its concentration in normal neuronal cells (6). 
Impaired balance between Aβ production and clearance 
contribute to the amyloidogenic pathway (6). NFTs primarily 
consist of phosphorylated tau protein (7). Therefore, the 
degree of plaque deposition and synaptic plasticity in the 
hippocampus are critical indices for evaluating the anti‑AD 
efficacy of potential therapeutics.

Type 2 diabetes is a risk factor for AD development and 
may exacerbate the progression of the disease (8). Overlapping 
mechanisms between type 2 diabetes and brain disorders suggest 
that antidiabetic drugs may have beneficial effects on brain‑cell 
metabolism, which may be of clinical importance for the treat-
ment of brain complications in diabetes and AD (9). Dipeptidyl 
peptidase‑IV (DPP4) inhibitors are a class of hypoglycemic 
drugs used in clinical practice that have been demonstrated to 
improve memory in various animal models of neurodegenera-
tion (10-12). The results of the GDMD Study in China confirmed 
a positive association between plasma DPP4 activity and mild 
cognitive impairment in elderly patients with type 2 diabetes. 
DPP4 inhibitors have been demonstrated to ameliorate cogni-
tive impairment through the suppression of inflammation and 
oxidative stress in mouse models (13). Vildagliptin is a DPP4 
inhibitor that effectively inhibits the degradation of glucagon‑like 
peptide‑1 (GLP‑1). Vildagliptin was demonstrated to increase 
the expression and activity of GLP‑1 in the peripheral blood and 
to reduce Aβ, phosphorylated tau and inflammation in an AD 
mouse model (14). Thus, the use of vildagliptin to reduce plaque 
formation and improve synaptic plasticity warrants further 
investigation. In the present study, a rat model of AD was used 
to investigate the effects of vildagliptin on cognitive function 
and to examine its underlying mechanisms. In combination with 
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other evidence (14), the present study indicates that vildagliptin 
may inhibit plaque formation and regulate synaptic plasticity 
in AD, providing novel evidence to suggest the development of 
vildagliptin as a potential therapy for AD.

Materials and methods

Animals. Male Sprague‑Dawley rats (n=40; 210‑230 g) were 
obtained from the Animal Center of Suzhou University 
(Suzhou, China) and maintained in plastic cages (5 rats per 
cage) at 20‑24˚C and 50±10% humidity, in a 12‑h light‑dark 
cycle with free access to food and water. All animal experi-
ments were approved by The Institutional Review Board 
of Soochow University (Suzhou, China) and experimental 
procedures were performed in accordance with guidelines for 
The Care and Use of Laboratory Animals, and The National 
Institutes of Health (NIH) Guide for the Care and Use of 
Laboratory Animals (NIH Publication no. 80‑23, revised 
1996; NIH, Bethesda, MD, USA).

Preparation of animal models. Rats were randomly divided 
into the following four groups: Sham, AD, AD + low‑dose 
vildagliptin (AD + Vilda‑L) and AD + high‑dose vildagliptin 
(AD + Vilda‑H). Rats were anesthetized with 1% pentobar-
bital sodium (40 mg/kg) via intraperitoneal injection and were 
subsequently administered 10 µg/µl Aβ1‑40 via intracerebral 
ventricular injection. The sham group was injected with the 
equivalent volume of saline. All rats were subjected to the 
Morris water maze test to evaluate whether the AD model 
was successfully established from day 11‑15 following the 
induction of AD and their behavioral indexes were recorded 
once daily. There was one mortality incidence in the AD group 
during the model establishment. Rats in the vildagliptin groups 
were treated with 5 (AD + Vilda‑L) or 10 (AD + Vilda‑H) 
mg/kg vildagliptin (Gulvus; Novartis International AG, Basel, 
Switzerland) once a day by oral gavage for 4 consecutive 
weeks. Following vildagliptin treatment, behavioral tests and 
biochemical analysis was performed.

Morris water maze (MWM) test. The spatial learning and 
memory of the rats was tested by MWM assessment following 
treatment with vildagliptin. Rats were placed in a black circular 
water tank (diameter, 150 cm; depth, 60 cm; 25˚C). Reference 
objects were placed around the pool as visual hints and were 
left unaltered throughout the MWM test. During the 4‑day 
training period, rats were randomly placed into the water at 
any point in the four quadrants, with one test performed in 
every quadrant each morning for 1 min at every turn. The rats 
that did not locate the platform were placed on the platform and 
allowed to stand for 15 sec. Rats that successfully located the 
platform were additionally permitted to stand on it for 15 sec. 
On the 5th day, the platform was removed and the rats were 
allowed to swim for 1 min. Maze performance was recorded 
with a video camera located above the pool, interfaced with a 
video tracking system (HVS Image, Buckingham, UK). The 
average escape latency and time spent in each quadrant in a 
total of five trials was recorded.

Histology. Following completion of the MWM test, rats 
were anesthetized with sodium pentobarbital (60 mg/kg) 

and euthanized by transcardial perfusion with cold PBS. The 
hippocampus of brain was rapidly isolated, part of the tissues 
was subsequently fixed with cold 4% paraformaldehyde 
containing 0.2% saturated picric acid for 24 h at 4˚C. The 
remaining samples were stored at ‑80˚C. Paraffin‑embedded 
sections were cut in a coronal plane at a thickness of 5 µm 
with a microtome. Paraffin‑embedded brain sections were 
de‑paraffinized with xylene (3 times x 5 min) and subsequently 
rehydrated prior to Nissl staining with 0.1% (w/v) cresyl violet 
to investigate the degree of neuronal damage in the hippo-
campus. The mean number of morphologically‑intact neurons 
per 100 µm length in the CA1 hippocampal area was calcu-
lated to accurately estimate the extent of neuronal damage in 
comparison to controls.

Western blot analysis. Frozen samples were obtained and 
lysed in Tissue Protein Lysis Solution (Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) containing 5% 
Proteinase Inhibitor Cocktail (Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany). A total of 25 µg extracted protein/lane 
was separated on a 12% SDS‑PAGE gel (Beyotime Institute of 
Biotechnology, Haimen, China) and transferred onto a nitro-
cellulose membrane (Beyotime Institute of Biotechnology) 
using wet transfer. The membranes were blocked in 5% 
non‑fat milk for 2 h at room temperature and washed 
three times in PBS with Tween 20 (PBST). The membrane 
was subsequently incubated with the following primary 
antibodies overnight at 4˚C: Rabbit polyclonal caspase‑3 
(1:1,000; cat. no. AB13847; Abcam, Cambridge, UK), 
rabbit polyclonal B cell lymphoma 2 (Bcl‑2; 1:1,000; cat. 
no. AB59348; Abcam), rabbit monoclonal Bcl‑2 associated X 
protein (Bax; 1:1,000; cat. no. AB32503; Abcam), rabbit poly-
clonal phosphorylated (p) protein kinase B (p‑Akt; 1:1,000; 
cat. no. AB38449; Abcam), rabbit polyclonal Akt (1:1,000; cat. 
no. AB8805; Abcam), rabbit monoclonal glycogen synthase 
kinase 3β (GSK3β; 1:1,000; cat. no. AB32391; Abcam), rabbit 
polyclonal p‑GSK3β (1:1,000; cat. no. AB131356; Abcam), 
rabbit polyclonal postsynaptic density protein 95 (PSD‑95; 
1:1,000; cat. no. AB18258; Abcam), rabbit monoclonal 
synaptophysin (1:1,000; cat. no. AB32127; Abcam), rabbit 
polyclonal p‑tau (1:1,000; cat. no. AB109390; Abcam), rabbit 
monoclonal tau (1:1,000; cat. no. AB32057; Abcam), amyloid 
precursor protein (APP; 1:1,000; cat. no. AB32136; Abcam) 
and rabbit polyclonal β‑actin (1:1,000; cat. no. AB8227; 
Abcam). Following incubation with primary antibodies, 
the membranes were washed with PBST three times for 
10 min each and subsequently incubated with polyclonal 
goat anti‑rabbit secondary antibody (1:1,000; Abcam; cat. 
no. AB205718) for 2 h at room temperature. Protein levels 
were analyzed using Image J software version 1.41 (NIH) 
following exposure to an ECL kit (BOSTER Biological 
Technology, Pleasanton, CA, USA).

Statistical analysis. The data are presented as the 
mean ± standard deviation. Each experiment was repeated a 
minimum of 3 times. The statistical analysis was performed 
using one‑way analysis of variance, followed by the Bonferroni 
post hoc test, with SPSS 21.0 (IBM Corp., Armonk, NY, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.
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Results

Vildagliptin improves spatial learning and memory impair‑
ment in the AD group. The MWM test was used to assess spatial 
learning function. Compared with the Sham group, the escape 
latency in rats were administered 10 µg/µl Aβ1‑40 via intra-
cerebral ventricular injection was significantly longer (P<0.01, 
Fig. 1A) from day 11‑15 following the induction of AD. It 
indicated that the AD model is modeled successfully. After four 
weeks the AD group still exhibited a significant spatial learning 
deficit compared with the sham group, and vildagliptin admin-
istration significantly reduced the escape latency compared 
with the AD group, particularly in the Vilda‑H group (Fig. 1B). 
Following the 4‑day training period, the platform was removed. 
The time spent in the target quadrant was significantly lower 
in the AD group compared with the sham group (Fig. 1C). The 
time spent in the target quadrant by the AD + Vilda‑L group 
was significantly increased compared with the AD group. The 
Vilda‑H group demonstrated the most significant improvement 
in the spatial probe test compared to the AD group (P<0.05).

Treatment with vildagliptin attenuates the expression of 
apoptosis‑associated proteins and prevents neuronal cell 
loss. The Nissl staining method was performed to investigate 
neuronal alterations in the hippocampal CA1 region of rats 
of different groups. Hippocampal neurons in the sham group 
were large and conical with well‑demarcated amphophilic 
cytoplasm and round vesicular nuclei with prominent nucleoli 
(Fig. 2A). Neurons in the AD group were characterized by 
pyknotic pyramidal cells and pronounced neuronal body 
shrinkage with nuclear loss (Fig. 2B). Treatment with vilda-
gliptin reduced the AD model‑induced cell loss and pyknosis, 
although degenerating cells with altered morphology were still 
observed (Fig. 2C and D). Treatment with vildagliptin exerted 
significant protection against AD‑induced neurotoxicity, as 
determined by neuronal density (Fig. 2E).

Hippocampal caspase‑3, Bax and Bcl‑2 expression. The 
expression of caspase‑3 and Bax increased in the AD model 
compared with the sham group (Fig. 3A and B; P<0.01) and 
treatment with vildagliptin downregulated this expression. 
The expression level of Bcl‑2 appeared to decrease in the AD 
model compared with the sham group (Fig. 3B). However, 
vildagliptin‑treated rats exhibited a dose‑dependent increase 
in hippocampal Bcl‑2 expression levels by comparison with 
the AD group (Vilda‑L and Vilda‑H, P<0.05).

Vildagliptin treatment reduces the expression of AD‑associated 
proteins. The expression levels of APP in the hippocampus 
were determined by western blot analysis. The expression of 
APP increased in the AD model group compared with the 
sham group (Fig. 4A; P<0.05) and APP expression was down-
regulated by treatment with vildagliptin (Vilda‑L and Vilda‑H, 
P<0.05). Additionally, p‑tau expression increased in the AD 
group compared with the sham group (Fig. 4B; P<0.05). The 
expression levels of p‑tau were reduced following treatment 
with vildagliptin (Vilda‑L and Vilda‑H, P<0.05).

Treatment with vildagliptin enhances the expression of 
proteins associated with synaptic plasticity. The hippocampal 

expression of the synapse‑associated proteins synaptophysin 
and PSD‑95 was analyzed. Levels of PSD‑95 and synap-
tophysin in the hippocampus were significantly decreased 
(P<0.01) in the AD group compared with the sham group 
(Fig. 5). Treatment with vildagliptin (Vilda‑H) significantly 
enhanced PSD‑95 and synaptophysin expression levels in 
the hippocampus compared with the AD group (P<0.01). 
However, the low dose of vildagliptin did not significantly 
increase synaptophysin expression (Fig. 5B).

Vildagliptin increases Akt/GSK3β pathway activity. The 
total protein levels of Akt and GSK3β did not vary notably 
between groups. However, levels of p‑Akt were significantly 
decreased in the hippocampus of the compared with the sham 
group (P<0.05). Rats in the AD group had increased p‑GSK3β 
levels compared with the rats in sham group (P<0.05). The 
administration of vildagliptin significantly increased p‑Akt 
(Vilda‑L, P<0.05; Vilda‑H, P<0.01) and reduced p‑GSK3β 
levels (Vilda‑L, P<0.05; Vilda‑H, P<0.01), in a dose‑dependent 
manner (Fig. 6).

Discussion

AD is a progressive neurodegenerative disease that leads to 
memory impairment, aphasia, disability, visual impairment, 
administrative dysfunction, and personality and behavioral 
changes. In 1907, Alois Alzheimer's experimental observations 
first identified the pathological modifications of Aβ and tau, 
which are the hallmark features of AD (15). The deposition of 
prefibrillar and fibrillar oligomeric Aβ, tau protein phosphory-
lation, synaptic loss, inflammation and glial cell activation 
contribute to AD pathogenesis (16). Various hypotheses have 
been proposed to explain the different causes of AD, but the 
exact mechanism remains unknown. Currently, FDA approved 
drugs for AD only offer symptomatic relief through the control 
of neurotransmitter levels and the activity of neurotransmit-
ters, including donepezil and memantine, which affect the 
cholinergic and glutamatergic systems, respectively (17,18). 
Thus, the discovery and identification of novel and effective 
treatments is required.

DPP4 inhibitors are a class of oral hypoglycemic agents 
used in monotherapy or in combination with other antidiabetic 
compounds. DPP4 inhibitors bind reversibly and competitively 
to DPP4, which indirectly enhances the levels of incretin 
hormones, particularly GLP‑1 and gastric inhibitory polypep-
tide. Numerous studies have investigated the effect of DPP4 
inhibitors on cognitive function. Treatment with sitagliptin 
was demonstrated to significantly improve the working and 
reference memories of diabetic rats (19); it may additionally 
improve the memory and hippocampal neurogenesis of high 
fat‑fed mice (20). Furthermore, Aβ deposition was delayed in 
an early stage AD transgenic mouse model following treat-
ment with sitagliptin (21).

Vildagliptin has been demonstrated to significantly reduce 
oxidative stress in the brain, restore brain insulin sensitivity and 
mitochondrial function, and improve hippocampal synaptic 
plasticity and cognitive function in an obese rat model (22). In 
a streptozotocin (STZ)‑induced diabetic rat model, treatment 
with vildagliptin significantly improved memory and learning 
impairments (23). Furthermore, treatment with vildagliptin 
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Figure 2. Histological analysis of the effects of vildagliptin on AD‑induced neuronal injury in the hippocampal CA1 region of rats. Nissl staining was 
performed on sections from the hippocampal CA1 region at x20 magnification. (A) Neurons with round vesicular nuclei and prominent nucleoli were observed 
in the sham group, with no signs of degeneration. (B) Altered neurons with pronounced neuronal body shrinkage, nuclear loss and pyknotic pyramidal cells 
were observed in the AD group. (C) Neuronal alteration was reduced in the Vilda‑L treatment group, with few degenerating cells with altered morphology 
observed. (D) Vilda‑H prevented neuronal cell loss. (E) The calculated neuronal density for each group. #P<0.05 vs. sham; *P<0.05 vs. AD; ★P<0.05 vs. Vilda‑L. 
AD, Alzheimer's disease model; Vilda‑L, 5 mg/kg vildagliptin; Vilda‑H, 10 mg/kg vildagliptin.

Figure 1. Results of modeling and effect of vildagliptin on AD‑induced spatial learning and memory deficits measured with the Morris water maze test. 
(A) Results of AD model establishment. (B) Alterations in the daily escape latencies. (C) Time spent in the target quadrant when the platform was removed in 
the 1‑min probe trial. Values are expressed as the mean ± standard deviation #P<0.01 vs. sham; *P<0.05 vs. AD; ★P<0.05 vs. Vilda‑L. AD, Alzheimer's disease 
model; s, sec; Vilda‑L, 5 mg/kg vildagliptin; Vilda‑H, 10 mg/kg vildagliptin.
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ameliorated cognitive deficits in a STZ‑induced rat model of 
AD (14). This evidence demonstrates that vildagliptin may 
effectively improve cognitive function.

The results of the present study demonstrated that the 
established AD rat model exhibited a decline in memory 
performance. Treatment for 1 month with vildagliptin was 
demonstrated to ameliorate cognitive deficits in the AD 
model in a dose‑dependent manner. Bcl‑2 expression was 

increased, and Bax and caspase‑3 expression was decreased 
by treatment with vildagliptin. The mechanism underlying the 
anti‑apoptotic effect of vildagliptin was not determined, but 
may have been mediated by the activation of the Akt/GSK3β 
signaling pathway (24,25), an effect previously reported for 
vildagliptin in vitro (26). Consistent with this finding, vilda-
gliptin administration following AD model‑induced neuronal 
damage inhibited the activation of caspase‑3, decreased Bax 

Figure 3. Effect of vildagliptin on the expression of apoptosis‑associated proteins measured in rat hippocampal tissue by western blot analysis. β‑actin was 
used as an internal control. (A) Caspase‑3 expression, and (B) Bax and Bcl‑2 expression. #P<0.01 vs. sham group; *P<0.05 vs. AD; ★P<0.05 vs. Vilda‑L. Bcl‑2, 
B cell lymphoma 2; Bax, Bcl‑2 associated X protein; AD, Alzheimer's disease model; Vilda‑L, 5 mg/kg vildagliptin; Vilda‑H, 10 mg/kg vildagliptin.

Figure 4. Effect of vildagliptin on the expression of APP and p‑tau measured in rat hippocampal tissue by western blot analysis. β‑actin was used as an 
internal control. (A) APP expression and (B) p‑tau expression. #P<0.05 vs. sham. *P<0.05 vs. AD; ★P<0.05 vs. Vilda‑L. APP, amyloid precursor protein; p‑tau, 
phosphorylated tau; AD, Alzheimer's disease model; Vilda‑L, 5 mg/kg vildagliptin; Vilda‑H, 10 mg/kg vildagliptin.
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and increased Bcl‑2 expression, and therefore may reduce 
apoptosis in the brain.

The AD‑afflicted brain is characterized by the presence of 
senile plaques and NFTs composed of aggregated Aβ peptides 
and p‑tau, respectively (27-29). It has been reported that Aβ 
plaques are present in the brain of approximately one‑third to 
one‑half of individuals aged ≥65, and tau inclusions are present 
almost universally (30). In AD, APP is cleaved by β‑secretase 
and γ‑secretase to produce toxic Aβ protein, which is involved 
in plaque formation (31). In the present study, vildagliptin was 
demonstrated to significantly reduce APP and p‑tau protein 
expression, with this effect being more pronounced at the higher 
10 mg/kg vildagliptin dose. This suggested that vildagliptin was 
able to reduce Aβ aggregation and tau hyperphosphorylation in 

AD. Expression of PSD‑95 in the AD group was significantly 
decreased compared with the sham group, and this expression 
was recovered by treatment with vildagliptin, suggesting that 
vildagliptin may improve synaptic plasticity, which is important 
for improving cognitive function. Synaptophysin expression 
levels were not significantly improved in the AD+Vilda‑L 
group compared with the AD group. However, a significant 
improvement was observed in the AD+Vilda‑H group. In terms 
of adverse effects, a previous study indicated that the most 
common adverse events in vildagliptin‑treated subjects were 
mild or moderate, and suspected to be unrelated to the study 
medication. Nausea occurred in certain vildagliptin‑treated 
subjects, although this was suggested to not be a dose‑limiting 
side effect of DPP‑4 inhibition (32).

Figure 5. Effect of vildagliptin on the expression of the synaptic plasticity‑associated proteins PSD‑95 and synaptophysin measured in rat hippocampal tissue 
by western blot analysis. β‑actin was used as an internal control. (A) PSD‑95 expression and (B) synaptophysin expression. #P<0.01 vs. sham; *P<0.05 vs. AD; 
★P<0.05 vs. Vilda‑L. PSD‑95, post synaptic density 95; AD, Alzheimer's disease model; Vilda‑L, 5 mg/kg vildagliptin; Vilda‑H, 10 mg/kg vildagliptin.

Figure 6. Effect of vildagliptin on the expression of Akt and GSK3β measured in rat hippocampal tissue by western blot analysis. β‑actin was used as an 
internal control. (A) Total Akt and phosphorylated Akt expression levels, and (B) total GSK3β and p‑GSK3β expression levels. #P<0.05 vs. sham; *P<0.05 
vs. AD; ★P<0.05 vs. Vilda‑L. p, phosphorylated; Akt, protein kinase B; GSK3β, glycogen synthase kinase 3 β; AD, Alzheimer's disease model; Vilda‑L, 
5 mg/kg vildagliptin; Vilda‑H, 10 mg/kg vildagliptin.
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In conclusion, the present study demonstrated that vilda-
gliptin improved learning and memory deficits induced in 
an AD rat model, through an increase in the expression of 
proteins associated with synaptic plasticity, and a decrease 
in the expression of apoptosis and AD‑associated proteins. 
Additionally, activation of the Akt and GSK‑3β inhibition may 
have contributed to the improvement in cognitive function 
mediated by vildagliptin. The present study provides evidence 
for the development of vildagliptin as a potential therapeutic 
for AD.
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