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Type 2 diabetes is considered a pivotal risk factor for Alzheimer’s disease (AD).
Aluminium chloride induces hippocampal structural & functional abnormality and causes
neurodegeneration. Our study evaluated the effects of vildagliptin on spatial memory, cholinergic
activity, and neuronal survival in cornu ammonis 3 (CA3) region of hippocampus in an
aluminium chloride-induced AD in male Wistar rats. Male Wistar rats were randomly divided
into five groups. All animals except normal control were exposed to aluminium chloride (17
mg/kg/day) and group 3, 4 and 5 were simultaneously received rivastigmine (6 mg/kg/day),
vildagliptin (5 mg/kg/day and 10 mg/kg/day) treatment respectively for 30 days. Assessment
of spatial memory was followed by estimation of acetylcholinesterase (AChE) activity and
quantification of neuronal cell count in CA3 region of hippocampus. Vildagliptin improved
spatial memory, decreased acetylcholinesterase levels, and improved neuronal count in CA3
region of hippocampus through multimodal approach. Vildagliptin treatment significantly
attenuated aluminium chloride-induced cognitive deficits. It may serve as a promising candidate
in the management of concomitant AD and type 2 diabetes mellitus (T2DM).
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Alzheimer’s disease (AD) is a slowly
progressing brain disorder with deleterious
effects on memory, cognition, and behavior.
Neuropathological hallmarks of AD include senile
plaques'?, neurofibrillary tangles'?, brain atrophy,
cholinergic dysfunction'?, and neurodegeneration'.
AD is the most common form of dementia® in the
older population and poses a significant economical
and social burden to society. The predominance of
AD doubles every 5 years*, after the age of 65*. By
the year 2050, the number of people aged 65 and

above with Alzheimer’s dementia, is projected to
reach 12.7 million®.

Current drug therapy for AD improves
cognitive impairment, only through symptomatic
relief. Hence, there has been a constant need for
drugs, that will delay, prevent and/or reverse
cognitive and behavioral changes seen in AD.

Evidence suggests that AD is multifactorial
in origin. Over the years, T2DM has been
considered an important risk factor for AD. Insulin
in the brain is essential for the regulation of
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memory and cognitive functions. Commonalities
shared by T2DM and AD are as follows: insulin
resistance, neuronal and synaptic damage, amyloid
B (AB) deposition, tau hyperphosphorylation, brain
atrophy, oxidative stress, apoptosis, inflammation,
ApoE4, cardiovascular disease, and higher
cholesterol levels®®. Chronic hyperglycemia also
induces similar neurodegenerative changes. The
bidirectional link between the two diseases and
the lack of disease-modifying drugs for AD makes
it imperative to find new drugs that will target
comorbidities and improve cognitive impairment
at a cellular level.

Dipeptidyl peptidase-4 (DPP-4) inhibitors
have dramatically changed the treatment aspect
of diabetes mellitus '. Vildagliptin, a dipeptidyl
peptidase-4 inhibitor affords benefit in diabetic
patients by increasing insulin secretion through
GLP-1 mediated mechanism. GLP-1 in the
brain acts via GLP-1 R (receptors) located in
the cortex'!, hippocampus'!, and cerebellum '
As reported, GLP-1 can cross the blood-brain
barrier'?, and prevent neuronal damage through
central anti-inflammatory and antiapoptotic
effects”. It decreases amyloid protein precursors
(APP), AP levels, hyperphosphorylated tau protein
levels, brain inflammation and ameliorates brain
mitochondrial dysfunction'',

Aluminium chloride on administration,
crosses BBB, accumulates in the hippocampus,
frontal cortex and induces neurodegenerative
changes (AD). It can induce oxidative stress,
neuroinflammation, insulin resistance, synaptic
& neuronal damage, cholinergic dysfunction,
protein self-aggregation, misfolding, forming
senile plaques, neurofibrillary tangles, which are
classical hallmarks of Alzheimer’s disease (AD)'>
28 With this background, our study was planned
to explore the effects of vildagliptin in attenuating
neurodegenerative changes in AD alone and with
concomitant T2DM on an experimental model of
aluminium chloride-induced AD.

MATERIALS AND METHODS

Animals

Three months aged, male Wistar rats,
weighing 140-200 g, were procured from Central
Animal Research Facility (CARF) of Manipal
University, Manipal. Animals were maintained
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under 23 + 2°C and 50 £ 65% humidity. A 12
h light/dark cycle was maintained. Rats were
maintained on normal food and water ad libitum.
The experimental protocol was approved by the
Institutional Animal Ethics Committee, Kasturba
Medical College, Manipal, and was completed as
per the guidelines stated by the Committee for the
Purpose of Control and Supervision of Experiments
on Animals (CPCSEA), Government of India.
Drugs and chemicals

Drugs used were obtained as follows:
Aluminium chloride (AICI,) from Merck life
sciences private limited, metformin from Franco-
Indian Pharmaceuticals Pvt Ltd., rivastigmine
from Sun Pharmaceutical Industries Ltd., and
vildagliptin from Novartis Healthcare Pvt Ltd.
Analytical grade chemicals and reagents were used
for the study.

Experimental design

Thirty animals were divided into 5 groups
with 6 animals each. They were subjected to drug
administration as mentioned in Table 1.
Aluminium chloride model of Alzheimer’s
disease

Induction of disease was done through
oral administration of aluminium chloride (17 mg/
kg), once daily for 30 days °.

Spatial memory assessment through Morris
water maze (MWM)

Spatial learning and memory were
assessed using water maze. The apparatus consisted
of a round tank of 1.8 m in diameter placed in a
room illuminated by poorly lit white fluorescent
lamps with distant visual stimulus. The tank was
half-filled with water and made cloudy by adding
milk. Four points were assigned N, E, S, W along
the circumference of the pool dividing the tank into
4 equal quadrants. A plexiglass escape platform
was immersed 2 cm underneath the water surface
and paced at mid-point of any one quadrant. The
positioning of the escape platform was maintained
through the acquisition trials. Experiment was
conducted for 5 days, with 4 days of acquisition
trials followed by retention test (probe trial) on 5"
day of the test. All animals underwent 1 session
of 4 trials/day for 4 consecutive days®'. Starting
points for all trials were randomized. Animals
incapable of discovering the platform within 60 s
were directed to locate it by us. Animals remained
on it for 30 s. The interval between trials was 60
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s. On the 5™ day, the platform was taken out of the
tank, and each animal was allowed to swim for a
60 s*'22. Data were expressed as escape latencies
and time spent in the target quadrant.
Sampling and Preparation of Brain Tissue

After MWM was conducted, animals
were sacrificed by cervical decapitation. The brain
was dissected and washed with ice-cold phosphate
buffer (PBS- pH 7.4) thoroughly. Hippocampus
was identified and homogenized in PBS (10% w/v,
pH 7.4). Centrifugation of the homogenate was
done at 4°C for 10 min. at 3000 rpm. Supernatant
was carefully separated and was utilized for
estimating the levels of acetylcholinesterase.
Acetylcholinesterase assay

Acetylcholinesterase activity was
determined as per Ellman et al. ** method with
necessary modifications. Enzyme activity was read
spectrophotometrically at 420 nm and calculated
based on the changes in absorbance/min’%.
Histopathological study

Brain extraction was done after perfusion
with ice-cold phosphate-buffered saline and stored
in 10% formalin. Brain tissue was dehydrated

in varying grades of alcohol and xylene. Tissue
was embedded with paraffin wax and coronal
sections of 5 pm thickness were sliced from dorsal
hippocampus with a rotatory micrometer (Leica
RM2245, Leica microsystems, Germany). Each
section was mounted on air-dried gelatinized
slides®*. Every 20" section was selected and 25-30
sections from each slide were stained and mounted
on air-dried gelatinized slides. Cresyl violet stain
was prepared using a standard protocol**. Each
slide was stained with cresyl violet (0.1%) and
observed under a light microscope (10X and 40X
magnification).
Neuronal quantification in CA3 region of
hippocampus

Quantification of healthy neurons in
CA3 region of hippocampus was done in a light
microscope under 10X magnification (Olympus
BX43 microscope with attached DP21 digital
camera, Germany). Counting was done by using
Image] software v1.53.0 (National Institute of
Health, available free online). Six sections from
each rat were used for the counting. The cell counts
were expressed as the number of cells per unit

Table 1. Study design.

Groups

Drugs, dose, and route of administration (for 30 days)

1. Control
2. Disease model
3. Disease model treated with rivastigmine

4. Disease model treated with vildagliptin (Dose 1)

5. Disease model treated with vildagliptin (Dose 2)

Distilled water orally

Aluminium chloride (17 mg/kg) orally
Aluminium chloride (17 mg/kg) + rivastigmine
(6 mg/ kg) orally

Aluminium chloride (17 mg/kg) + vildagliptin
(5 mg/ kg) orally

Aluminium chloride (17 mg/kg) + vildagliptin
(10 mg/ kg) orally

Table II. Reversal of AlCl,-induced elevation of
acetylcholinesterase activity by vildagliptin

Groups Acetylcholinesterase
activity(imol/mg/min)
Control 0.03078 £ 0.0021"
Disease model (DM) 0.08091 + 0.0140*
DM + Rivastigmine 0.03568 £ 0.0015"
DM + Vildagliptin dose 1 0.05120 + 0.0030"
DM + Vildagliptin dose 2 0.03043 £ 0.0013"

One way ANOVA followed by Tukey’s post-hoc test showed
*vs DM (*p<0.05), *vs Control (*p<0.05).; n=6

length of the cell (cells/200 pm) as described by
35, Well-rounded cells with distinct nuclei and no
pyknosis were counted as surviving cells.
Statistical analysis

For analyzing the data, one-way analysis
of variance (ANOVA) followed by Tukey’s post
hoc test. Data analysis was done in SPSS software
(version 22). Results were expressed as mean +
SEM. P-value less than 0.05 was set as the level
of significance.
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RESULTS

Effect of vildagliptin on AICl -induced spatial
memory deficits

Effect of aluminium chloride and drug
treatments on spatial learning memory was
assessed by recording escape latencies and time
spent in target quadrant through water maze test
(figure I and II).

During acquisition trial, control groups
and drug treated groups showed improvement
in escape latencies. On day 4 of acquisition,
control groups and drugs treated groups showed a
significant decrease in escape latency to locate the
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platform in the target quadrant in comparison with
aluminium chloride group (p<0.05).

Probe trial demonstrated aluminium
chloride group exhibited an escape latency of 45.3
seconds in comparison with control group 2.35
seconds indicative of reduced retention of spatial
memory(p<0.05). Rivastigmine treated group
showed improved escape latency at 1.49 seconds
(in comparison with aluminium chloride group
on day 5; however, the spatial memory was better
restored in vildagliptin dose 2 treated groups with
an escape latency of 1.47 seconds (p<0.05).

Throughout the acquisition trials, a
significant increase in time spent in the target

Escape latencies in MWM
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Fig. 1. Effect of drugs on escape latencies of rats in MWM
One way ANOVA followed by Tukey's post-hoc test showed *vs DM (*p<0.05), #vs Control (#p<0.05), n=6
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Fig. II. Effect of drugs on time spent in the target quadrant in MWM
One way ANOVA followed by Tukey's post-hoc test showed *vs DM (*p<0.05), #vs Control (#p<0.05), n=6
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quadrant was observed in control and drug
treatment groups on day 4 in comparison with
aluminium chloride group (p<0.05). A significant
decline in time spent in the target quadrant was
observed in aluminium chloride group throughout
the acquisition trials (p<0.05).

Time spent by aluminium chloride
group in target quadrant on the retention trial day
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was 0.82 seconds indicative of severe decline in
spatial learning and memory retention (p<0.05)
Rivastigmine with 48.2 seconds, vildagliptin
treated groups dose 1 with 43.8 seconds, and dose
2 with 48.7 seconds showed a significant increase
in time spent in the target quadrant compared to
aluminium chloride group indicating better spatial
learning and memory retention (p<0.05).

Neuronal count: CA3 region of hippocampus
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Fig. I11. Change in the number of CA3 hippocampal neurons in male Wistar rats post aluminium chloride,

rivastigmine, and vildagliptin administration
One way ANOVA followed by Tukey's post-hoc test showed *vs DM (*p<0.05), #vs Control (#p<0.05), Vil2 vs Vill (o p value

< 0.05) respectively; n=6
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Fig. IV. Histopathological changes of CA3 region of hippocampus. Cresyl-violet-stained slides were observed
under light microscope in 10x/40x magnification and representative pictures were depicted above A-10x, B-40x.
Red arrow-healthy neurons, Blank arrow-degenerated neurons
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Reversal of AICl -induced elevation of
acetylcholinesterase activity by vildagliptin

Four weeks of aluminium chloride
administration significantly increased AChE
activity in comparison with control (p<0.001).
Rivastigmine and vildagliptin reduced the AChE
activity in comparison with aluminium chloride
group (p<0.05) as shown in Table 2.
Effect of vildagliptin on histopathological
changes and neuronal cell count in CA3 region
of the hippocampus

Photomicrographs of CA3 region
observed in different groups under light microscope
at 10x and 40x magnification are depicted in
figure IV. Pyramidal cells in control group of
animals presented with well-rounded cells with
clear cytoplasm and distinct nucleus. However,
aluminium chloride group of animals presented
with irregularly shaped hyper-dense stained
cells, pyknotic nucleus, lack of well-defined
boundary between cytoplasm and nucleus, cellular
dispersions with formation of pockets in between
cells representing necrotic cells (dead cells).
Pyramidal cell count showed a significant decrease
compared to control group (p<0.05). Rivastigmine
and vildagliptin treated groups, showed a significant
improvement in cellular morphology with visibility
of clear cytoplasm and distinct nucleus. Drug
treatments increased healthy cell count compared
to aluminium chloride group (p<0.05). Vildagliptin
dose 2 showed a significant increase in healthy cell
count compared to vildagliptin dose 1 (p<0.05) as
shown in figure III.

DISCUSSION

Alzheimer’s disease is multifactorial in
origin and current drugs focus on restoring the
cholinergic dysfunction. T2DM is a risk factor
for AD and both chronic conditions share a
bidirectional link between their pathophysiology.
Few studies have labelled AD as type 3 diabetes/
brain diabetes?®?’. We hypothesized that
antihyperglycemic drug like DPP-4 inhibitors can
have a role in amelioration of the neurodegenerative
changes seen in AD.

The cholinergic neurons from the
nucleus basalis of Meynert undergo degeneration
in Alzheimer’s disease and contribute to the
memory loss **3°. Hence, AChE activity is a key
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determinant of AD. Our study showed an increase
in acetylcholinesterase activity in aluminium
chloride group in comparison with control
(p<0.001). Vildagliptin and rivastigmine groups
showed a significant decline in acetylcholinesterase
activity in comparison with aluminium chloride
group suggesting that there is an improvement in
cognition. Rivastigmine interacts with the esteratic
site of brain AChE and increases the availability of
brain acetylcholine thereby restoring cholinergic
dysfunction *. It also inhibits AChE in plaques and
tangles with the same potency as those in neurons
and axons and thus compensates the cholinergic
deficit caused by aluminium “"*. In a transgenic
mice model of AD, rivastigmine has modified the
levels of several shedding proteins and directed
APP processing towards the o-secretase pathway
4. Overall, through these actions, rivastigmine
enhances cholinergic functions in the brain and
restores functions of neural cells thereby mitigating
cognitive deficits. GLP-1 reduces AChE activity,
possibly through activation of its central receptor*.
Combination of vildagliptin and galantamine has
shown a marked decrease in AChE activity*.
Although, there is limited evidence to point a finger
at the exact mechanism behind decrease in AChE
activity with vildagliptin in our study.
Hippocampal degeneration, impaired
neuronal network, reduced neurogenesis*®, and
cognitive*® deficits are seen in AD. CA3 is the
largest area in the hippocampus which regulates
major cognitive functions and is more prone to
oxidative stress and injury. Further, oxidative stress
can initiate neuroendocrine alterations within the
amygdala, including amygdalar hyperactivity
and dendritic shrinking 7. Histopathological
examination of cresyl violet-stained hippocampal
slices of aluminium chloride group in present study
have shown presence of pyknotic cells, densely
stained pyramidal cells with irregular morphology
with cellular dispersions and loss of cell bodies
with their Nissl’s substance connoting neuronal
degeneration. Earlier studies have reported similar
morphological irregularities in pyramidal cells with
aluminium chloride exposure®*##°. A significant
decline in pyramidal cell count in CA3 region of
the hippocampus has been observed in aluminium
chloride group in this study. The extent of neuronal
degeneration seen in CA3 region is high compared
to other areas of hippocampus. Aluminium chloride
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induced hippocampal damage has been reported in
other studies as well *.

Vildagliptin and rivastigmine treatment
dramatically mitigated cellular death and damage
and improved pyramidal cell count in CA3
region. Treatment with vildagliptin dose 1
and dose 2 effectively caused a significant
increase in neuronal cell count and ameliorated
neurodegenerative changes seen in AD. Dose 2
proved to be more effective against AD compared
to dose 1. Pyramidal neurons in CA3 region of the
hippocampus express GLP-1R *'. GLP-1 influences
brain metabolism*>? and stimulates neuritic growth
in CNS neurons®?. GLP-1 exerts a protective effect
against excitotoxic cell death and toxic AR, **
i.v. administration of GLP-1 has reduced nerve
cell damage and improved learning and memory
in a mice model *. Several studies support our
findings that vildagliptin improves pyramidal cell
count and reverses cognitive deficits induced by
aluminium chloride through its neuroprotective
effect and probably this also compliments its
antiapoptotic effect. Decreased levels of AChE as
reported in our study has a potential to improve
cholinergic function and ameliorate neuronal death
in CA3 of the hippocampus. A study on total and
phosphorylated tau in a combined model of AD
and T2DM also supports our findings*>.

Aluminium chloride group has shown
a significant increase in escape latency and a
significant decrease in the time spent in the
target quadrant. Research findings in MWM
are suggestive of impairment of hippocampal
functioning and cognition due to aluminium
chloride exposure. Vildagliptin and rivastigmine
treatment have improved hippocampal functions
as evident through decreased escape latency and
significantly more time spent by these animals in
the target quadrant.

Chronic aluminium chloride exposure
interferes with insulin signaling and induces
brain insulin resistance. Studies mention that
insulin can alter AChE activity and influence
cholinergic functions *°. Brain insulin regulates
cellular apoptosis, neuronal proliferation, glial
cell activity, amyloid-beta protein clearance, tau
protein phosphorylation, synaptic plasticity, and
memory formation. Impairment in signaling will
interfere with these metabolic processes and induce
the formation of senile plaque, neurofibrillary
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tangles, atrophic changes, neuronal damage, and
death in the brain leading to irreversible memory
and cognitive damage. These neuropathological
features represent classical hallmarks of AD and are
shared by T2DM *. Mitochondrial dysfunction also
contributes to insulin resistance and is shared by
both diseases *. Mitochondrial dysfunction induces
energy deficiency®® and interferes with metabolic
processes in the body®.

Studies have reported that GLP-1 has
direct central actions on the brain, and possesses
neurotrophic effects 366>, DPP-4 inhibition
improves glucose metabolism® through the
upregulation of insulin secretion®® and the
suppression of glucagon release . Vildagliptin
enhances glucose-dependent insulin secretion®” and
lowers blood glucose®” in T2DM through GLP-1¢7.
Vildagliptin has prevented high-fat diet induced
brain and hippocampal dysfunction in insulin-
resistant rats®'. Our research findings and available
evidence points toward a multimodal approach
of vildagliptin in attenuating neurodegenerative
changes seen in Alzheimer’s disease. Treating
AD with an antidiabetic drug may decrease the
economic burden, and slow disease progression.
It may improve the quality of life of patients as
well as caregivers. However, studies are required
to deduce the exact role vildagliptin plays in
Alzheimer’s disease.

CONCLUSION

This study demonstrated that vildagliptin:
1) improved spatial learning and memory retention
il) increased availability of acetylcholine and iii)
increased pyramidal cell count in CA3 regions of
the hippocampus, iv) attenuated neurodegeneration
induced by aluminium chloride in Wistar rats.
Based on our findings we conclude that vildagliptin
may serve as a potential drug for attenuating
neuropathological changes in AD.
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