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A B S T R A C T   

Growing evidences suggest the presence of several similarities in the molecular mechanisms underlying the 
neurodegenerative diseases and metabolic abnormalities. Adults who develop Metabolic Syndrome (MS) are at a 
higher risk of developing Alzheimer’s disease (AD). Pharmacological agents, like dipeptidyl peptidase-4 (DPP-4) 
inhibitors that increase the levels of glucagon like peptide 1 (GLP-1) and ameliorate symptoms of MS, have 
become an auspicious candidate as disease modifying agents in the treatment of AD. The present study in-
vestigates the beneficial effects of Vildagliptin, a DPP-4 inhibitor in counteracting cognitive decline in different 
models of dementia targeting the AKT, JAK/STAT signaling pathways and hippocampal Klotho expression, to 
judge the neuroprotective, anti-apoptotic and anti-inflammatory effects of the drug. Cognitive decline was 
induced by either administration of high fat high sugar (HFHS) diet for 45 days alone, or with oral administration 
of AlCl3 (100 mg/kg/day) for 60 days. Rats were orally administered Vildagliptin (10 mg/kg) for 60 days along 
with AlCl3 administration. Vildagliptin treatment improved spatial memory and activities in morris water maze 
(MWM) test and open field test respectively. Results revealed an increase of both hippocampal klotho and Bcl-2 
expressions along with an increase in both AKT and ERK1/2 phosphorylation. In contrast, Vildagliptin treatment 
decreased hippocampal contents of inflammatory, apoptotic and oxidative stress biomarkers as TNF-α, caspase-3 
and FOXO1 along with restoring metabolic abnormalities. A significant decrease in BAX expressions with JAK2/ 
STAT3 inhibition was observed. These findings demonstrate that the neuroprotective role of vildagliptin is 
possibly via modulating Klotho protein together with AKT pathway.   

1. Introduction 

Alzheimer’s disease (AD) is a progressive disorder affecting memory 
and cognition through amyloid beta (Aβ) plaques and neurofibrillary 
tangles (NFT) deposits, and neuronal loss (Rohn et al., 2001). In addi-
tion, inflammation and insulin resistance were observed in AD brain 
(Heneka et al., 2010; Rubio-Perez and Morillas-Ruiz, 2012). 

Metabolic Syndrome (MS) is a consequence of dietary imbalance 
including obesity, insulin resistance, hypertension, hyperglycemia and 
dyslipidemia (Simmons et al., 2010). Studies showed that high fat high 
carbohydrate diet exert detrimental effects on learning and memory 
(Gault et al., 2010; Luo et al., 2011). Whilst precise underlying mech-
anisms connecting MS and AD are still unknown, emerging evidence 

points towards insulin resistance, oxidative stress and inflammation as 
being key links in both disorders (De Felice and Ferreira, 2014). 

Klotho, an anti-aging protein, expressed by hippocampal neurons 
(Kuro-o et al., 1997), plays a neuroprotective (Shiozaki et al., 2008) and 
memory enhancing role (Nagai et al., 2003). This action could be via the 
protein kinase B/extracellular signal-regulated kinase (AKT/ERK) 
pathway activation (Chen et al., 2015; Hensel et al., 2016) and janus 
kinase/signal transducer and activator of transcription (JAK/STAT) 
signaling modulating (Abraham et al., 2016). 

Vildagliptin, a selective inhibitor of dipeptidyl peptidase-4 (DPP-4) 
(Röhnert et al., 2012) is relatively more potent than other DPP-4 in-
hibitors in increasing glucagon-like peptide (GLP)-1 concentration. 
(GLP)-1 exerts central anti-inflammatory and anti-apoptotic effects 
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(Merchenthaler et al., 1999). Vildagliptin was reported to improve 
memory and cognition via modulating brain inflammation, (Kosaraju 
et al., 2013b), and oxidant status (Pipatpiboon et al., 2013). 

We investigate the effect of vildagliptin on combined cognitive and 
metabolic disorders in rats, assessing the possible role of Klotho, AKT, 
and JAK/STAT pathways in modulating inflammatory-apoptotic- 
oxidative stress mediators. 

2. Materials and methods 

2.1. Animals 

Adult male Wistar rats, weighing 150–250 g, were obtained from the 
animal facility of Faculty of Pharmacy, Cairo University, Egypt. Animals 
were kept under controlled environmental conditions: constant tem-
perature (25 ◦C ± 2 ◦C), humidity (60% ± 10%) and a 12/12 h light/ 
dark cycle. Standard chow diet and water were allowed. The investi-
gation was approved by the Ethics Research. 

Committee of Faculty of Pharmacy, Cairo University (Approval 
number: PT-1946), and complied with the Guide for the Care and Use of 
Laboratory Animals published by the US National Institutes of Health 
(NIH Publication No 85–23, revised 1996). 

2.2. Chemicals 

Aluminium chloride (AlCl3) was purchased from Sigma-Aldrich 
Chemicals (St Louis, MO, USA). Vildagliptin was a gift from EVA 
PHARMA (Cairo, Egypt). Fructose was purchased from UniPHARMA 
(Cairo, Egypt). All other chemicals were of pure analytical grade. 

2.3. Induction of metabolic syndrome and Alzheimer’s disease 

Metabolic syndrome (MS) was induced by administration of high fat 
high sugar (HFHS) diet. High fat diet was prepared by mixing pure 
natural cow fat 99.8 with standard rat chow in the ratio of 1:2 w/w. It 
was given to the rats ad libitum. High sugar diet consisted of 15% 
fructose in drinking water. Accompanying, Alzheimer’s disease (AD) 
was induced by daily oral administration of AlCl3 in a dose of 100 mg/ 
kg/day for 60 consecutive days. 

2.4. Experimental design 

2.4.1. One hundred and eight rats were randomly allocated by a technical 
assistant 

Not involved in the analysis to ensure blindness into six groups (n =
18) based on a power analysis (power = 0.8, α = 0.05) using effect sizes 

previously determined by Thenmozhi et al. (2015) and Munshi et al. 
(2014) and adjusted for expected 40% attrition that was calculated from 
a previously conducted pilot study using a method mentioned by Charan 
and Kantharia (2013), the 1st three groups were as follows: 
normal-control (CTRL), MS control group (MS) in which animals were 
administered HFHS diet from day 1 till day 105 (Munshi et al., 2014), 
AD and MS control group (ADMS) where Animals were administered 
HFHS diet from day 1 till day 105, and oral AlCl3 was given from day 46 
for 2 months, in a dose of 100 mg/kg/day (Abdel-Aal et al., 2011). The 
remaining three groups were treated daily with vildagliptin (10 mg/kg, 
oral gavage) (Kosaraju et al., 2013b) from day 46 and continued for 60 
days subjected to the same procedures as the above pre-mentioned 
groups and were classified as follows: normal control groups treated 
with vildagliptin (VCTRL), rats with MS treated with vildagliptin (VMS), 
and finally rats suffering from MS followed by AlCl3 administration 
treated with vildagliptin (VADMS) as shown in Fig. 1. Administration of 
the drugs was performed by an assistant blinded to the experimental 
model. Respectively, serum glucose and serum triglycerides levels were 
measured after 45 days to ensure induction of metabolic syndrome (data 
not shown). Rats on HFHS diet were found to have increased serum 
glucose (11.4 ± 0.46 vs 6.5 ± 0.44 mmol/l; P < 0.05) and increased 
serum triglycerides (105.1 ± 2.92 vs 57.9 ± 6.14 mg/dl; P < 0.05) than 
those on normal diet. All animals were assessed for memory and learning 
using Morris water maze (MWM) test (from day 100 to day 105), and 
also assessed for locomotor and exploratory activity using open field test 
at the last day of the experiment. 

2.5. Behavioral studies 

2.5.1. Open field test 
Locomotion and exploratory activities were measured using open- 

field test. It was carried out using a square wooden box measuring 80 
× 80 × 40 cm with red walls and white smooth polished floor divided by 
black lines into 16 equal squares 4 × 4. Each rat was placed gently in the 
central area of the open-field and allowed to freely explore the area for 5 
min. The floor and walls were cleaned after testing each rat to eliminate 
possible bias because of odours left by previous rats. A video camera was 
fixed on the top of the box to record movement and behaviour of rats for 
later off-line analysis. Behavioral changes namely latency to first four 
paws movement, number of rearing (standing on hind limbs and 
sometimes leaning on the wall with forelegs), grooming (consisting of 
licking the fur, washing face or scratching behaviour), and number of 
crossed squares (ambulation Frequency) were recorded (Van den Buuse 
and de Jong, 1989). 

Fig. 1. A systematic diagram of the experimental design.  
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2.5.2. Morris water maze (MWM) 
Spatial memory and learning were measured by MWM test on the 

day 100. The water maze consisted of a circular water tank (160 cm in 
diameter and 35 cm in height), which was divided by four fixed points 
on its perimeter to four quadrants. It contained an escape platform of 10 
cm in diameter of the same colour as the rest of the basin (to eliminate 
any false-positive results due to vision), placed in a constant quadrant of 
the basin throughout the trials and kept 1.5 cm below the water surface. 
Rats were placed at a start point in the middle of the rim of a quadrant 
not containing the escape area with their face to the wall. Animals had 
three trials per day for 5 successive days, during which the times 
required to find the hidden platform were averaged (Morris, 1984). 

2.6. Tissue and blood collection 

At the end of the experiments, blood samples were withdrawn from 
the retro-orbital plexus vein of each animal under light ether anaes-
thesia. Serum was prepared and stored at − 80οC until use. Rats were 
killed by cervical dislocation, the hippocampi of the brains of 6 rats of 
each group were excised, weighed, homogenized in ice-cold saline to 
prepare 10% homogenates and divided into 2 sets: the first ones were 
used for real time PCR analysis and the second ones for other 
biochemical studies. The investigators were blinded to group allocation 
during sample preparation or sample type. Samples were decoded at the 
end of the analysis. 

2.7. Biochemical measurements 

2.7.1. Serum glucose, insulin, lipids and lipoproteins 
Serum glucose levels were detected by routine laboratory investi-

gation using a commercially available kit. Total cholesterol (TC), tri-
glycerides (TG) and high-density lipoprotein cholesterol (HDL-C) levels 
were measured by quantitative – Enzymatic – Colorimetric determina-
tion of Total and HDL cholesterol method using appropriate kits. Serum 
low-density lipoprotein cholesterol (LDL-C) values were calculated 
using the Friedewald formula as follows: LDL-C = TC-(HDL-C + TG/5). 
Serum insulin levels were measured by rat insulin ELISA kit (Sandwich 
ELISA) (MyBIOSource Inc., San Diego, CA, USA). All procedures were 
done according to the manufacturer’s instructions. 

2.7.2. Hippocampal amyloid beta 1-42 (Aβ1-42) 
Hippocampal Aβ1-42 was estimated using the commercially available 

ELISA kit (MyBIOSource Inc., San Diego, CA, USA). The procedure was 
performed according to the manufacturer’s instructions. 

2.7.3. Hippocampal inflammatory mediators, apoptotic and oxidative stress 
biomarkers 

Hippocampal tumor necrosis factor-alpha (TNF-α) was assayed using 
ELISA assay kit (RayBIOtech INc., Norcross, GA, USA). Similarly, hip-
pocampal caspase-3 activity and forkhead box protein O1 (FOXO1) 
concentration were estimated by ELISA assay kits (MyBIOSource Inc., 
San Diego, CA, USA). All procedures were done according to the man-
ufactures’ instructions. 

2.7.4. Quantitative real time PCR 
Total RNA was extracted from tissue homogenate using Qiagen tissue 

extraction kit (Qiagen, USA) according to manufacturer’s instruction. 
The RNA concentrations and purity were measured using spectropho-
tometry (dual wave length Beckman, Spectrophotometer, USA). The 
cDNA was synthesized from 1 μg RNA using high capacity cDNA reverse 
transcription kit as described in the manufacturer’s protocol (Fermentas, 
Waltham, MA, USA). In brief, 1 μg of total RNA was mixed with 50 μM 
oligo (dT) 20, 50 ng/μl random primers, and 10 mM dNTP mix in a total 
volume of 10 μl. The mixture was incubated at 65 ◦C for 5 min, and then 
placed on ice for 3 min. The reverse transcriptase master mix containing 
2 μl of 10 × RT buffer, 4 μl of 25 mM MgCl2, 2 μl of 0.1 M DTT, and 1 μl 

of SuperScript® III RT (200 U/μl) was added to the mixture and was 
incubated at 25 ◦C for 10 min followed by 50 min at 50 ◦C. Real-time 
PCR amplification and analysis were performed using an Applied Bio-
system with software version 3.1 (StepOne™, USA). The reaction con-
tained SYBR Green Master Mix (Applied Biosystems), gene-specific 
primer pairs of Klotho, BAX, Bcl-2 and beta actin were designed with 
Gene Runner Software (Hasting Software, Inc., Hasting, NY) from RNA 
sequences from the gene bank (Table 1). All primer sets had a calculated 
annealing temperature of 60◦. Quantitative RT-PCR was performed in a 
25-μl reaction volume consisting of 2X SYBR Green PCR Master Mix 
(Applied Biosystems), 900 nM of each primer and 2 μl of cDNA. 
Amplification conditions were: 2 min at 50◦, 10 min at 95◦ and 40 cycles 
of denaturation for 15 s and annealing/extension at 60◦ for 10 min. Data 
from real-time assays were calculated using the v1⋅7 sequence detection 
software from PE Biosystems (Foster City, CA). The relative quantitation 
was calculated according to Applied Bio system software where the 
relative mRNA expression of the target-gene was normalized to beta 
actin endogenous control as Δ Ct using the following equation: (Δ Ct =
Ct gene test – Ct endogenous control). The RQ is the fold change in the 
sample compared to the control (untreated sample) was determined by 
2-ΔΔCt, where RQ (Relative quantification) = 2-ΔΔCt and ΔΔCt = ΔCt 
sample 1 – ΔCt control. 

2.7.5. Western blot analysis 
Briefly, proteins were extracted from tissue homogenates using ice- 

cold radioimmunoprecipitation assay (RIPA) buffer (Marhham Ontario 
L3R 8T4, Canada) supplemented with phosphatase and protease in-
hibitors (50 mmol/L sodium vanadate, 0.5 mM phenylmethylsulphonyl 
fluoride, 2 mg/ml aprotinin, and 0.5 mg/ml leupeptin), then centrifu-
gation at 10,303g for 20 min. The protein concentration for each sample 
was determined using Bradford assay according to manufacture in-
structions. Equal amounts of protein (20–30 μg of total protein) were 
separated by SDS/polyacrylamide gel electrophoresis (10% acrylamide 
gel) using a Bio-Rad Mini-Protein II system. The protein was transferred 
to polyvinylidene difluoride membranes (Pierce, Rockford, IL, USA) 
with a Bio-Rad Trans-Blot system. After transfer, the membranes were 
washed with PBS and were blocked for 1 h at room temperature with 5% 
(w/v) skimmed milk powder in PBS. The manufacturer’s instructions 
were followed for the primary antibodies reactions. Following blocking, 
the blots were developed using Rabbit Monoclonal antibodies for 
phosphorylated AKT (p-AKT; Product # 44-621G; 1:1000), Phosphory-
lated ERK1/ERK2 (p-ERK; Product # MA5-15174; 1:1000), phosphor-
ylated JAK2 (p-JAK2; Product # 701,895; 1–2 μg/ml) and beta actin 
(Product # MA5-33078; 1:1000) supplied by (Thermoscientific, Rock-
ford, Illinois, USA) incubated overnight at pH 7.6 at 4 ◦C with gentle 
shaking. After washing, peroxidase-labeled secondary antibodies were 
added, and the membranes were incubated at 37 ◦C for 1 h. Band in-
tensity was analyzed by ChemiDocTM imaging system with Image 
LabTM software version 5.1 (Bio-Rad Laboratories Inc., Hercules, CA, 
USA). The results were expressed as arbitrary units after normalization 
for β-actin protein expression. 

Table 1 
Primer RNA sequences used for PCR analysis.  

Klotho Forward: CGTGAATGAGGCTCTGAAAGC 
Reverse: GAGCGGTCACTAAGCGAATACG 

BAX Forward: CCCTGTGCACTAAAGTGCCCC 
Reverse: GTCAGATGGACACATGGTG 

Bcl-2 Forward: CTACGAGTGGGATGCTGGAG 
Reverse: TTCTTCACGATGGTGAGCG 

STAT3 Forward: TAACGAGGAGCTGGTGGAGT 
Reverse: GCTTGCGTGTCAGAAAAGTT 

Beta actin Forward: GGTCGGTGTGAACGGATTTGG 
Reverse: ATGTAGGCCATGAGGTCCACC  
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2.8. Histopathological examination 

Autopsy samples were taken from the brain of 4 rats from each 
group, and fixed in 10% formol saline for 24 h. Washing was done in tap 
water then serial dilutions of alcohol (methyl, ethyl and absolute ethyl) 
were used for dehydration. Specimens were cleared in xylene and 
embedded in paraffin at 56◦ in hot air oven for 24 h. Paraffin bees wax 
tissue blocks were prepared for sectioning at 4 μm thickness by slidge 
microtome. The obtained tissue sections were collected on glass slides, 

deparaffinised, and stained by hematoxylin & eosin stain for examina-
tion through the light electric microscope (Banchroft et al., 1996). 

2.9. Statistical analysis 

Data were expressed as means ± S.E.M. and statistical comparisons 
were carried out using one-way analysis of variances (ANOVA) followed 
by Tukey–Kramer multiple comparisons test. Statistical analysis was 
performed using GraphPad Prism 5 (GraphPad Software, San Diego, CA, 
USA). The minimal level of significance was identified at P < 0.05. 

3. Results 

3.1. Effect of vildagliptin on HFHS diet alone or HFHS diet with AlCl3 
induced alteration in locomotor activity and spatial memory and learning 
in rats 

In the present study, we use the open field test to determine the effect 
of vildagliptin on the spontaneous motor activity in rats with different 
models of dementia and cognitive impairment. MS and ADMS groups 
showed a significant decrease in number of lines crossed (21.67 ± 1.2, 
21.33 ± 1.2), rearing (6 ± 0.58, 5.3 ± 0.56) and grooming (0.67 ± 0.33, 
0.16 ± 0.17) activities compared to control (CTRL & VCTRL) groups 

Fig. 2. Locomotion and activities in terms of number of lines crossed, rearing 
and grooming were significantly decreased in MS and ADMS groups. Vilda-
gliptin treatment significantly increased the locomotion and activities in open 
field test. Values are expressed as means ± S.E.M., n = 6. *P < 0.05 and **P <
0.05 relative to CTRL group; #P < 0.05 and ##P < 0.05 relative to VCTRL 
group; ^P < 0.05 relative to MS group; +P < 0.05 and ++P < 0.05 relative to 
ADMS group. F = 6.5, 6.6, 7.1 respectively; DF = (5, 30). 

Fig. 3. Effect of HFHS diet alone or with combined treatment by AlCl3 on time 
required to reach the plat form and time spent in the target quadrant in Morris 
water maze test. Vildagliptin significantly decrease time to reach the platform 
and increase time spent in the target quadrant in all treatment groups. Values 
are expressed as means ± S.E.M., n = 6. *P < 0.05, **P < 0.05 and ***P < 0.05 
relative to CTRL group; #P < 0.05, ##P < 0.05 and ###P < 0.05 relative to 
VCTRL group; ^P < 0.05 and ^^^P < 0.05 relative to MS group; +P < 0.05, ++P <
0.05 and +++P < 0.05 relative to ADMS group. F = 23.0, DF = (5, 30) for (A); F 
= 40.2, 10.15, DF = (4, 5, 150) for (B). 
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Fig. 4. Effect of Vildagliptin treatment on metabolic abnor-
malities induced by HFHS diet alone or with combined treat-
ment by AlCl3 in MS and ADMS groups. Values are expressed as 
means ± S.E.M., n = 6. *P < 0.0001, **P < 0.0001 and ***P <
0.0001 relative to CTRL group; #P < 0.0001, ##P < 0.0001 and 
###P < 0.0001 relative to VCTRL group; ^P < 0.0001, ^^P <
0.0001 and ^^^P < 0.0001 relative to MS group; +P < 0.0001, 
and +++P < 0.0001 relative to ADMS group. F = 105.8, 111.4, 
99.5, 42.8, 303.6, 62.2 respectively; DF = (5, 30).   
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(36.5 ± 1.8; 10.5 ± 1; 2.67 ± 0.5). Restoration of motor activity was 
achieved upon oral vildagliptin administration in the corresponding 
treatment groups (Fig. 2; P < 0.05). MS and ADMS groups showed 
impairment of spatial memory and learning in the MWM, as indicated by 
significant decrease in learning task (time to reach the platform) on days 
3, 4 and 5 and memory task (time to spent in the target quadrant) on day 
6 compared to control groups. Our study showed significant improve-
ment in both learning and memory tasks in all groups treated with oral 
vildagliptin (Fig. 3; P < 0.05). 

3.2. Effect of vildagliptin on HFHS diet alone or HFHS diet with AlCl3 
induced alteration in metabolic parameters in rats 

As shown in Fig. 4, rats in MS and ADMS groups had serum glucose 
levels increased significantly compared to control groups (12.9 ± 0.53, 
17.1 ± 0.78 versus 6.1 ± 0.10, 5.7 ± 0.15). In addition, serum insulin 
levels were increased significantly in rats with MS in the two groups 
compared to control groups (14.3 ± 0.49, 19.9 ± 0.39 versus 7.8 ± 0.32, 
7.1 ± 0.19) indicating development of insulin resistance. Also tri-
glycerides and cholesterols levels (except HDL) increased significantly in 
MS and ADMS groups compared to control groups (P < 0.0001). Serum 
HDL levels in MS groups were significantly low compared to control 
groups (28.4 ± 0.75, 20.5 ± 0.77 versus 58.5 ± 0.66, 58.2 ± 1.23; P <
0.0001). After vildagliptin treatment, these abnormalities were 
reversed, but values were not returned to those of control groups. 

3.3. Effect of vildagliptin on HFHS diet alone or HFHS diet with AlCl3 
induced alteration in amyloid beta 1-42 (Aβ1-42) in rats 

Hippocampal Aβ1-42 content was also measured as an important in-
dicator of AD severity and its pathological alteration. Significant in-
creases in Aβ1-42 contents were observed in MS and ADMS rats by 3.9 
and 4.2 respectively compared to control rats (P < 0.0001) as shown in 
Fig. 5. Treatment with vildagliptin significantly reduced such in-
crements in the treatment groups by 56% compared to their corre-
sponding diseased groups. 

Fig. 5. Effect of vildagliptin treatment on alterations in hippocampal concen-
trations of Aβ1-42 induced by HFHS diet alone or combined with AlCl3 admin-
istration. Values are expressed as means ± S.E.M., n = 6. ***P < 0.0001 relative 
to CTRL group; ###P < 0.0001 relative to VCTRL group; ^^^P < 0.0001 relative 
to MS group; +++P < 0.0001 relative to ADMS group. F = 341.9; DF = (5, 30). 

Fig. 6. Effect of vildagliptin treatment on alterations in hippocampal mRNA 
expression of Bcl-2 and BAX (A and B) and caspase-3 concentration (C) induced 
by HFHS diet alone or combined with AlCl3 administration. Values are 
expressed as means ± S.E.M., n = 6. ***P < 0.0001 relative to CTRL group; 
###P < 0.0001 relative to VCTRL group; ^^^P < 0.0001 relative to MS group; 
+++P < 0.0001 relative to ADMS group. F = 286.1, 288.5, 307.3 respectively; 
DF = (5, 30). 
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3.4. Effect of vildagliptin on apoptotic, inflammatory, and oxidative stress 
biomarkers in rats 

Administration of HFHS diet alone or with AlCl3 caused significant 
increment in hippocampal mRNA expression of the proapoptotic protein 
B cell lymphoma 2 associated X protein (BAX) (4.42 ± 0.14, 6.95 ± 0.25) 
and contents of its downstream effector caspase-3 (8.16 ± 0.25, 11.93 ±
0.43) compared to CTRL group (1 ± 0.005, 1.9 ± 0.08), as shown in 
Fig. 6 (P < 0.0001). In contrast, significant decrease in hippocampal 
mRNA expression of the anti-apoptotic protein B cell lymphoma 2 (Bcl- 
2) was shown in these groups (0.38 ± 0.003, 0.17 ± 0.02) compared to 
control groups (1 ± 0.99, P < 0.0001). Hippocampal contents of the 
inflammatory biomarker TNF-α and the oxidative stress biomarker 
FOXO1 were also significantly elevated in MS and ADMS groups (92.5 ±
3.1, 122 ± 1.8; 7.1 ± 0.3, 11.5 ± 0.7) compared to control groups (30.8 
± 0.97, 30.6 ± 1; 2.4 ± 0.1, 2.1 ± 0.01) as shown in Fig. 7 (P < 0.0001). 
Treatment with vildagliptin significantly antagonized the disturbance in 
these inflammatory, apoptotic and oxidative stress biomarkers in the 
corresponding treatment groups. 

3.5. Effect of vildagliptin on HFHS diet alone or HFHS diet with AlCl3 
induced alteration in Klotho, AKT (PKB), ERK1/2, JAK2/STAT3 
signaling pathways in rats 

In order to explore the neuroprotective mechanism of vildagliptin, 
we investigated its effect on Klotho and STAT3 mRNA expression and 
AKT, ERK, and JAK2 phosphorylation (detected by Western blot anal-
ysis) in rats. Our results showed that hippocampal klotho mRNA 
expression and AKT, ERK phosphorylation were significantly decreased 
in MS group by 51%, 54%, and 63% respectively; and in ADMS group by 
84%, 76%, and 84% respectively compared to control groups as shown 
in Fig. 8. In parallel with this, a marked increment in the hippocampal 
STAT3 mRNA expression (8.2-fold and 11.1-fold) and JAK2 phosphor-
ylation (5.8-fold and 7.4-fold) were observed in MS and ADMS groups 
compared to control groups as shown in Fig. 8. These results suggest that 
the cognitive and memory decline related decrease in klotho expression 
were associated with inhibition of AKT and ERK pathways and activa-
tion of JAK/STAT pathway. Vildagliptin treatment reversed the decrease 
in klotho expression (1.5-fold and 4.3-fold) as well as AKT (1.8-fold and 
2.9-fold) and ERK phosphorylation (twofold and 4.4-fold) in VMS and 
VADMS groups respectively. Additionally, vildagliptin decreased the 
elevated STAT3 expression and JAK2 phosphorylation in all treatment 
groups. Results suggest that the neuroprotective effect of vildagliptin 
may be through the increment of klotho expression and activation of 
AKT pathway. 

3.6. Effect of vildagliptin on hippocampal histology of rats administered 
HFHS diet alone or HFHS diet with AlCl3 

As depicted in Fig. 9A, sections of CTRL and VCTRL groups had 
normal histological structure of the neurons in the cerebral cortex and 
the hippocampus with no pathological alterations. Sever nuclear pyk-
nosis and degeneration was observed in neuronal population of fascia 
dentate and hilus hippocampal regions in MS group with a degree scored 
as (+++). The same degree of neuronal degeneration was seen in ADMS 
group, in addition to the presence of sever intracellular oedema in the 
neurons of the same hippocampal regions with a degree scored as (+++) 
as shown in Fig. 9C & D. In rats treated with vildagliptin, a remarkable 
protection was observed, and the morphological features of the hippo-
campus were almost similar to those detected in control groups. The 
nuclear pyknosis and degeneration was disappeared with a degree 
scored as (− ), while the intracellular oedema was improved with a de-
gree scored as (++), as shown in Fig. 9E & F and Table 2. 

4. Discussion 

To the author’s knowledge, the current study is the first to investi-
gate the possible correlation between the neuroprotective effects of 
vildagliptin and the neuroprotective protein, Klotho. It has been sug-
gested that Klotho enhancing agents may advocate future therapeutic 
approaches against neurodegenerative disorders (Abraham et al., 2016; 
King et al., 2012). 

In the present study, we compared between HFHS diet induced 
metabolic syndrome alone or with AlCl3 induced AD in their ability to 
produce hippocampal neurodegeneration, apoptosis and inflammation. 
On the other hand, we assessed the effect of vildagliptin treatment to 
reverse these alterations and the possible mechanisms underlying its 
action. 

In the present study, administration of HFHS diet for 45 days induce 
an elevation of both serum lipids and fasting serum glucose in all MS rats 
indicating impaired metabolic functions. This action was consistent with 
previous studies used HFHS diet model to induce metabolic abnormal-
ities (Munshi et al., 2014; ZHANG et al., 2015). 

Additionally, prolonged administration of HFHS diet alone or with 
AlCl3 during the experiment demonstrated a significant increase in 
serum lipids, such as total, LDL cholesterol, TG, fasting glucose and 

Fig. 7. Effect of vildagliptin treatment on alterations in hippocampal concen-
trations of TNF-α and FOXO1 induced by HFHS diet alone or combined with 
AlCl3 administration. Values are expressed as means ± S.E.M., n = 6. ***P <
0.0001 relative to CTRL group; #P < 0.0001 and ###P < 0.0001 relative to 
VCTRL group; ^^^P < 0.0001 relative to MS group; +++P < 0.0001 relative to 
ADMS group. F = 314.4, 124.7 respectively; DF = (5, 30). 
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Fig. 8. (A & B) Effect of vildagliptin treatment on alterations 
in hippocampal mRNA expression of Klotho (A) and STAT3 (B) 
induced by HFHS diet alone or combined with AlCl3 admin-
istration. (C, D & E) Effect of vildagliptin treatment on alter-
ations in hippocampal AKT, ERK and JAK2 proteins 
phosphorylation induced by HFHS diet alone or combined 
with AlCl3 administration and their respective statistics. (F) 
Western blot analysis of p-AKT, p-ERK and p-JAK2. Values are 
expressed as means ± S.E.M, n = 6. ***P < 0.0001 relative to 
CTRL group; ###P < 0.0001 relative to VCTRL group; ^^^P <
0.0001 relative to MS group; +++P < 0.0001 relative to ADMS 
group. F = 246.2, 210.5, 663.8, 293.4, 178.0 respectively; DF 
= (5, 30).   
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insulin levels, along with a decrease in HDL cholesterol. These results 
were supported by previous studies revealed that chronic exposure to 
AlCl3 induces hyperglycemia, dyslipidemia and metabolic abnormalities 
(Akangbou et al., 2018; Nampoothiri et al., 2017). All these conditions 
represented hyperglycemia, hyperinsulinemia, insulin resistance and 
hyperlipidemia mimicking development of MS. 

Impairment in learning and memory along with reduced activity and 
exploration were also observed in Morris water maze (MWM) and open 
field test respectively. In MWM test, HFHS diet rats with or without 
AlCl3 administration decreased special memory and learning in both 
acquisition and probe trials. In open field test, administration of HFHS 
diet with or without AlCl3 exposure significantly decreased movement 
(Line crossed) and activities (rearing and grooming). These results were 
in agreement with many previous studies (Ismail et al., 2013; Then-
mozhi et al., 2015). These behavioral alterations may be due to the 
hippocampal inflammation and apoptosis as shown by the elevation of 
the pro-inflammatory mediator tumor necrosis factor- α (TNF-α), the 

increased mRNA expression of the proapoptotic protein BAX and the 
increased levels of caspase-3 enzyme. On the contrary, the mRNA 
expression of the anti-apoptotic Bcl-2 was significantly decreased. 
Moreover, administration of HFHS diet with or without AlCl3 exposure 
cause significant elevation of amyloid beta 1-42 (Aβ1-42) associated with 
sever neurodegeneration and nuclear pyknosis. These findings were 
consistent with other studies (Athauda and Foltynie, 2016; Kosaraju 
et al., 2013a; Thenmozhi et al., 2015) and another interesting study of 
Chen and his colleagues (2015) who studied the effect of Geniposide on 
apoptotic biomarkers in a mouse model of Parkinson’s disease. Inter-
estingly, rats administered HFHS diet with AlCl3 showed more neuro-
degeneration and elevated levels of inflammatory and apoptotic 
biomarkers than rats administered HFHS diet alone, thus produced more 
cognitive and learning alteration in the behavioral tests. 

Therefore, the model of combined HFHS diet/AlCl3 induced MS and 
AD is considered a well representative model for studying memory and 
cognitive decline associated with metabolic abnormalities. 

In the present study, vildagliptin treatment efficiently improved 
exploration (number of line crossed), rearing and grooming activities in 
open field test. Also, the drug was shown to improve learning and 
memory alteration induced by HFHS diet alone or with AlCl3 adminis-
tration in MWM test as shown in. These results were consistent with the 
previous studies (Abdelsalam and Safar, 2015; Pipatpiboon et al., 2013). 
Although, a study by El Batsh et al. (2015) demonstrated that vilda-
gliptin did not improve exploration and activities in diabetic rats. In our 
work, the improvement of memory and learning was supported by the 
preservation of hippocampal morphology and the disappearance of the 
neurodegeneration seen in the histopathological examination. In 
agreement with other previous studies (Pipatpiboon et al., 2013; Zhang 
et al., 2018, 2011), vildagliptin significantly increased both AKT and 

Fig. 9. Histology of the hippocampus stained with H and E, at 40x magnification showing effect of vildagliptin treatment on hippocampal neurons of MS and ADMS 
rats. CTRL (A), VCTRL (B), MS (C), ADMS (D), VMS (E), VADMS (F). 

Table 2 
Severity of histopathological alterations in the hippocampal neurons of different 
experimental groups.  

Groups Nuclear Pyknosis and degeneration Neuronal intracellular oedema 

CTRL – – 
VCTRL – – 
MS +++ – 
ADMS +++ +++

VMS – – 
VADMS – ++

Notes: , nil; ++, moderate; +++, severe. 
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ERK1/2 phosphorylation and subsequently, increased the expression of 
the anti-apoptotic protein Bcl-2 resulting in reduced TNF-α and 
caspase-3 levels. This was associated with a decreased BAX expression 
and FOXO1 levels. The reduction in TNF-α and Caspase-3 levels is 
consistent with previous studies of Kosaraju et al. (2013) and Abdelsa-
lam and Safar (2015), while the reduction in FOXO1 levels came in 
agreement with (Cao et al., 2007) and (Neumann et al., 2008). In 
contrast (Kuang et al., 2014), demonstrated that Klotho protein 
up-regulation and AKT activation was associated with FOXO1 activation 
and increased anti-oxidative enzymes activity. This may be due to the 
biphasic response of FOXO1 to oxidative stress, while short-term acti-
vation results in induction of protective anti-oxidative mechanisms. 
However, sustained activation associated with long-term exposure to 
oxidative stress may results in induction of apoptosis. 

The JAK/STAT signaling pathway mediates the functions of multiple 
cytokines. Enhanced expression of JAK1 and JAK2 was shown to induce 
diabetic nephropathy progression, while suppression of their expression 
relieves this condition (Brosius and He, 2015). In the present work, 
vildagliptin reduced JAK2 phosphorylation as well as STAT3 mRNA 
expression and corrected their activation in MS and ADMS rats. A similar 
finding was reported by (Yang et al., 2017) and (Liu et al., 2018)) who 
found that sitagliptin treatment suppresses JAK2/STAT3 pathway in a 
rat model of pentylenetetrazole induced seizures. 

Studies recently demonstrated that GLP-1 and GLP-1R expression 
could be increased in response to stressful stimuli like inflammation 
associated with type 2 Diabetes (Habener and Stanojevic, 2013; Kappe 
et al., 2012). Following activation of GLP-1R, protein kinase A (PKA) 
and phosphoinositide3-kinase (PI3K) are activated, which in turn acti-
vate a variety of downstream signaling pathways. The most important 
pathways are: the mitogen-associated protein kinase/extracellular 
signal-regulated kinase (MAPK/ERK) and PI3K/AKT pathways (Baggio 
and Drucker, 2007). PI3K/AKT pathway regulate over 50 protein 
involved in the process of normal aging, as shown in Fig. 10. Activation 
of such pathway leads to inhibition of nuclear factor kappa B (NFκB) and 
subsequently, all its downstream pro-inflammatory cytokine cascade 
such as TNF-α (Athauda and Foltynie, 2016). Additionally, 
up-regulation of AKT leads to FOXO1 inhibition and elevation of Bcl-2 
expression leading to reducing the activation of caspase-3 (Chen et al., 
2015; Nassar et al., 2015). Additionally, vildagliptin was shown to 

improve learning and memory deficits induced by neuronal insulin 
resistance by restoring insulin-induced long-term depression, IR and 
AKT phosphorylation (Pipatpiboon et al., 2013). 

Additionally, another recent study showed that Klotho neuro-
protective effect may be via inducing phosphorylation of the PI3K/AKT 
pathway with sustained inhibitory phosphorylation of FOXO-3a (Zel-
dich et al., 2014). Our data were in line with these studies where, Klotho 
mRNA expression was reduced in both MS and ADMS groups associating 
the hippocampal neurodegeneration and the increased inflammation 
and apoptosis. Conversely, this reduction was restored in vildagliptin 
treatment groups along with increased AKT/ERK phosphorylation and 
JAK2/STAT3 inhibition. 

In summary, Vildagliptin administration for 60 days to rats on HFHS 
diet alone or with AlCl3 significantly improved learning and memory 
alteration, repaired the hippocampal neurodegeneration and AD asso-
ciated pathology, decreased the inflammatory mediator TNF-α level, 
decreased BAX protein expression and conversely, increased Bcl-2 
expression reducing its down-stream caspase-3 activity. Therefore, this 
neuroprotective, anti-apoptotic, and anti-inflammatory properties of 
vildagliptin may be attributed to increased hippocampal Klotho protein 
expression which is subsequently activate AKT, ERK1/2 and alleviate 
JAK2/STAT3 pathways. 
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Fig. 10. Vildagliptin inhibition of Dipeptidyl peptidase-4 (DPP-4) enzyme increasing Glucagon-like peptide 1 (GLP-1) resulting in GLP-1 receptor activation showing 
the influence of downstream pathways on Alzheimer’s disease and metabolic syndrome pathogenesis. GLP-1 receptor stimulation leads to an increase in intracellular 
cAMP and the neuroprotective protein Klotho, which is then activates protein Kinase A (PKA) and phosphoinositide3-kinase (PI3K), which activates a variety of 
downstream signaling pathways: the mitogen-associated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) and PI3K/protein kinase B (AKT) and 
inhibits the Janus Kinase/signal transducer and activator of transcription (JAK/STAT), which can alleviate metabolic abnormalities and modulate intracellular 
events, such as enhancing protein synthesis and cellular proliferation while inducing inhibition of apoptosis, inflammation and protein aggregates accumulation, 
leading to improved cell survival. Bcl-2 (B cell lymphoma), Bcl-xl (B cell lymphoma 2 extra-large), cAMP (cyclic AMP), FOXO1 (Forkhead box O1), GSK-3B (Glycogen 
synthase kinase 3β), TNF-α (tumor necrosis factor-alpha), BAX (Bcl-2 associated X protein), Aβ (beta amyloid). 
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