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Vitamin D3 Attenuates Type 3 Diabetic-Associated Cognitive
Deficits in Rats through Regulating Neurotrophins and
Enhancing Cholinergic Transmission Pathway
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Objective: To examine the protective effect of Vitamin D3 against Type 3 diabetes-induced cognitive dysfunction in rats. Materials and
Methods: Type 3 diabetes was induced by a high-fat diet plus streptozotocin in rats. Rats were divided into seven groups: negative control, positive
control, Vitamin D3 groups (100, 500 and 1000 IU/kg/day), Vitamin D3 plus rivastigmine, and rivastigmine monotherapy. A radial arm maze
test was used to assess cognitive function. Levels of acetylcholinesterase (AChE), dopamine (DA), nerve growth factor, neurotrophin-3 (NT-3),
and glial cell line-derived neurotrophic factor (GDNF) in the hippocampus were estimated by the enzyme-linked immunosorbent assay Kkits.
Results: Chronic treatment with Vitamin D3 significantly (P < 0.05) and dose dependently alleviated cognitive deficits, with enhancing
cholinergic transmission pathway activity through attenuated hippocampal AChE and increased DA level (P < 0.001). Moreover, Vitamin
D3 significantly increased (P < 0.001) neurotrophin levels as an underlying mechanism for the resulted improvement. Conclusion: Vitamin
D3 plus rivastigmine (combined group) is better than Vitamin D (100 and 500 mg/kg/day) for improvement of AChE, DA, NT-3, and GDNF
levels. Vitamin D (500 and 1000 IU/kg/day) was effective as a combined group in terms of the behavioral test.

Keywords: Acetylcholinesterase, cholecalciferol, cognitive dysfunction, dementia, neurotrophic factors, rivastigmine

INTRODUCTION functions of learning and memory in the hippocampus.!! The
disturbance of cholinergic transmissions in the hippocampus
and cortex has resulted in cerebral hypoperfusion and
accumulation of amyloid-beta, which, in turn, have caused
cognitive impairment.t*!

Alzheimer’s disease (AD) is a noncurable progressive
neurodegenerative disorder that leads to tremendous loss of
neurons, cognitive dysfunction, and gradual deterioration of
memory. The neuropathological features of AD are extracellular
deposition of -amyloid (AP) in the brain’s parenchyma and ~ Neurotrophins are a family of proteins that include nerve
intracellular agglomeration of hyperphosphorylated tau  growth factor (NGF), neurotrophin-3 (NT-3), and glial cell

protein (t).[" line-derived neurotrophic factor (GDNF). Neurotrophins
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are considered survival factors for the several classes of
neurons.!®’! Spatial navigation is compromised with the
decreased synthesis of neurotrophins.’® DM and its associated
changes of neurotrophic factors in the brain as well as their
role in the pathogenesis of diabetes in AD are not manifested.

Vitamin D supplementation in animal studies reduced the
number of amyloid plaques, attenuation of inflammation,
stimulated AP phagocytosis, clearance, and brain to blood
efflux.'" In addition, Serum 1,25 dihydroxy vitamin
D (1,25(0OH)2D3) was suggested to alter cholinergic,
dopaminergic, and noradrenergic neurotransmitter systems
in the central nervous system.['” Vahlsing et al. transplanted
NGF overexpressing cells into the brains of AD patients and
managed to reduce the rate of cognitive decline by 36%.1%
Replacement of neurotrophic factors, such as NGF, GDNF, and
neurotrophins and stem cell-related approaches to the treatment
of AD are still being investigated.!'*! Some studies reported
that the Serum 1,25 dihydroxy vitamin D (1,25(0OH)2D3)
is correlated with neurotrophins regulation.!'™) However, its
relation to memory dysfunction through the regulation of
neurotrophic factors has not been elucidated.

The present study was designed to examine whether
Vitamin D3 has a protective effect against diabetes-induced
cognitive dysfunction in rats through the regulation of
neurotrophic factors and neurotransmitters.

MareriaLs AND METHODS

Animals

Eighty-four healthy male albino rats (6-9-week-old, 175—
220 g) were procured from King Fahd Center for Medical
Research, KAU. All procedures in this study were applied in
compliance with ethical regulations approved by the research
ethics committee of King Abdul-Aziz University (Approval
number 488-17). Rats were housed under standard laboratory
conditions (at an ambient temperature of 24°C-26°C and
relative humidity of 50%—70%) with a 12 h light/dark cycle.
All rats were fed with a regular diet and drinking water ad
libitum.

Chemicals and reagents

Streptozotocin (STZ) and rivastigmine were purchased
from Sigma Aldrich Chemical Company, (CO., Saint Louis,
MO, USA) as a white powder. Cholecalciferol (Vitamin D3
Oral drops 4500 1U/1, Novartis International AG, Basel,
Switzerland) was used in this study. Rat ELISA kits for
measurement of acetylcholinesterase (AChE), DA, NGF, NT-3,
and GDNF were purchased from My Biosource, Inc.(Southern
California, San Diego, USA).

Drugs doses and preparations

Citrate buffer (0.1M) was prepared by diluting 2.1 g citric acid
with 2.94 g sodium citrate in 100 ml sterile water then, NaOH/
HCl was added for adjusting the pH to 4.5, using a calibrated
pH meter."® STZ was freshly prepared immediately before the
use by dissolving in 0. I M sodium citrate buffer, pH 4.5,/ and

intraperitoneally injected at a dose of 40 mg/kg body weight.['”)
Rivastigmine was prepared daily by dissolving in sterile water
and orally administered at a dose of 1 mg/kg/day.l'®!°! Three
graded doses of Vitamin D3 100,500 and 1000 [U/kg/day were
used in this experiment based on previous studies.?**' Vitamin
D3 was administered orally by gavage.

Model induction and experimental design

Rats were divided into the negative control group (n = 12)
was fed with a regular diet, and the high fat diet (HFD)
group (n = 72) was given HFD diet. Four weeks of dietary
manipulation (HFD) resulted in insulin-resistant animals, and
then, rats in the HFD group were intraperitoneally injected with
STZ. Rats having fasting blood glucose >200 mg/dL, 72 h after
T2D induction was considered diabetic rats and selected for
this study.?? After diabetes induction, all 84 rats were grouped
into seven groups: Group I: Negative control rats: Injected
with citrate buffer (pH 4.5) (1 ml/kg, i. p). Diabetic rats were
randomly divided into six groups comprising 12 rats each
per group: Group II — nontreated DM rats — positive control;
Group III — DM rats received oral 100 IU/kg of Vitamin D3
once daily; Group IV — DM rats received oral 500 IU/kg of
Vitamin D3 once daily; Group V — DM rats received oral
1000 IU/kg of Vitamin D3 once daily; Group VI (combined
group) — DM rats received oral 500 IU/kg of Vitamin D3 once
daily plus rivastigmine 1 mg/kg/day; and Group VII — T3D
rats received oral rivastigmine 1 mg/kg/day. The treatment
period lasted for 16 weeks, and rats were kept feeding on
their respective diet until the end of the study. To treat rats
with accurate doses over the entire period of this study, doses
of vitamin D3 and rivastigmine were adjusted every 2 weeks
according to the bodyweight changes.

Assessment of cognitive function by radial arm maze test
The radial arm maze (RAM) in the current study consisted of
eight arms of 75 cm length, 12 cm width, and 14 cm height,
and all arms have a similar radiating angle from the central
platform (32 c¢m in diameter). To decrease the variability of
each test, the maze was located at a fixed position throughout
the whole experiment period. In our study, baited and unbaited
arms were also fixed. The baited arms (with food) were the
1%, 34, 5% and 7™ arms, whereas unbaited arms (without
food) were the 2™, 4% 6™ and 8" arms. All rats were trained
for 5 days before the testing day, one session per day. In
each test session, each rat was placed in the central starting
area of the equipment facing toward the first arm. The baited
arms are expected to visit by food-denied rats, and these rats
subsequently register and retain the memory of each visited
arm where food was present. Each rat was allowed to freely
explore and consume food rewards for 5 min or until all food
rewards of the four baited arms were eaten, whichever came
first. The maze was then cleaned entirely with 70% alcohol
before the next test session to avoid odors guidance of food
from previous tests. On the testing day (6" day), latency to
complete the whole task, reference memory error (RME), and
working memory error (WME), were recorded. The RME was
recorded when rat first entry or reentry into the never-baited
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arms, while a WME was recorded when rat reentry into
arms where the food reward had already been eaten arm is
considered reference-WMEs.!>*!

Hippocampus preparation and biochemical analyses
One day after the completion of the behavioral
experiment, rats were decapitated and hippocampi were
immediately dissected, placed on ice, washed in cold
0.9% normal saline, and weighed. Rats hippocampi
were subsequently homogenized in sodium phosphate
buffer (pH 6.9) with a glass homogenizer on the ice
and the homogenate was centrifuged at 5000 g. The
clear supernatants obtained were used to estimate the
hippocampal levels of AChE, DA, NGF, NT-3, and
GDNF by quantification ELISA kits following the
company’s recommended protocol.?#

Statistical analysis
Statistical analysis was accomplished using the Statistical
Package for the Social Sciences (SPSS) version 26.0 (SPSS

Inc., Chicago, IL, USA). The data were analyzed using one
way analysis of variance followed by Tukey test for multiple
comparisons. P <0.05 was considered statistically significant.

ResuLts

Vitamin D3 reverses learning defects and corrects the
T3D-induced spatial memory loss

Data obtained from the RAM test in Figure 1 demonstrated a
significant decline in the acquisition of non-treated diabetic
rats and Vitamin D3 treatment significantly improved it
toward that in the negative control rats. The number of
entries into unbaited arms (RME) of RAM test in diabetic
rats treated by Vitamin D3 groups (500 and 1000 [U/kg/day),
combined group, and rivastigmine monotherapy significantly
decreased (P < 0.05), (P <0.01), (P <0.01), and (P < 0.01),
respectively, as compared to nontreated diabetic rats and
nonsignificant decrease (P > 0.05) in RME of Vitamin
D3 group (100 IU/kg/day) was observed versus positive
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Figure 1: Effect of Vitamin D3 on (a) Reference memory error, (b) working memory error, and (c) latency time in the radial arm maze test of T3D-induced
Alzheimer in rats. **P < 0.01, ***P < 0.001 compared with the corresponding positive control group values; by one-way analysis of variance and

Tukey honestly significant difference post hoc test. Data expressed as the mean + standard error of the mean; n =12 rats
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control [Figure la]. In the meantime, we also observed that
the number of reentries into the same arms (WME) and the
time required to finish the task in the RAM (latency time)
was significantly lower (P < 0.001) in all treated diabetic rats
as compared to nontreated diabetic rats [Figure 1b and c].
Nevertheless, there was no significant difference (P > 0.05)
in RMEs, WMEs, and latency time of RAM test in all treated
experimental groups as compared with the rivastigmine group.

Type 3 diabetes enhances the activity of AChE and reduces DA
levels in the hippocampus and Vitamin D3 reverses this effect.

Figure 2 revealed that the chronic administration of Vitamin
D3 dose (1000 IU/kg/day), Vitamin D, plus rivastigmine
group, and rivastigmine monotherapy for 4 months was
markedly reduced AChE level compared with nontreated
diabetic rats (P < 0.05), (P < 0.01), and (P < 0.01),
respectively, with mean values + standard error of the
mean (SEM) of 2.89 nmol\l = 0.11, 2.41 nmol\l + 0.13,
and 2.47 nmol\l + 0.20, respectively. Furthermore, a
significant decrease (P < 0.05) was observed in the AChE
level of Vitamin D3 groups (100 and 500 1U/kg/day) as
compared with the rivastigmine group [Figure 2a]. In the
meantime, DA concentration was increased significantly
in Vitamin D3 groups (100, 500, and 1000 IU/kg/day),
Vitamin D3 plus rivastigmine group, and rivastigmine
group compared with the positive control group (P <0.001)
with mean values £ SEM of 9.76 pg\ml + 0.56, 10.31 pg\
ml £ 0.46, 11.14 pg\ml £+ 0.65, 12.72 pg\ml + 0.52, and
10.08 pg\ml + 0.43, respectively. Furthermore, there was
no significant difference (P > 0.05) in DA level between all
Vitamin D3-treated groups compared with and rivastigmine
group [Figure 2b].

Neurotrophic factors elevated with sustained use of
Vitamin D3 in T3D-induced Alzheimer in rats

Figure 3 showed that NGF, NT-3, and GDNF levels in
hippocampal tissue of nontreated diabetic rats were significantly
reduced (P < 0.001, P <0.001, and P < 0.05, respectively) as
compared with nondiabetic healthy rats. We also observed
that the administration of Vitamin D, doses (100, 500, and
1000 1U/kg/day) and Vitamin D, plus rivastigmine group for
16 weeks markedly elevated hippocampal NGF [P < 0.001;
Figure 3a], NT-3 [P <0.05, P<0.01, P<0.001, and P<0.001,
reps; Figure 3b] and GDNF [P < 0.05, P < 0.05, P < 0.001,
and P < 0.001, respectively; Figure 3c] concentration as
compared with nontreated diabetic rats. While a nonsignificant
change (P > 0.05) in NGF, NT-3, and GDNF levels was seen
in the rivastigmine group as compared to positive control. In
compared to rivastigmine-treated group, Vitamin D, doses (100,
500, and 1000 IU/kg/day) and Vitamin D, plus rivastigmine
group exhibited a significant increase of NGF level (P < 0.01,
P < 0.001, P <0.001, and P < 0.001, respectively). In the
meantime, NT-3 hippocampal level was significantly increased in
Vitamin D, groups (100, 500, and 1000 [U/kg/day) and Vitamin
D, plus rivastigmine group (P <0.01, P <0.05, P <0.001, and
P<0.001, respectively) as compared to the rivastigmine group.
Although GDNF level in Vitamin D, group (1000 [U/kg/day)
and Vitamin D, plus rivastigmine group was found to be higher
than rivastigmine group, this change was significant (P <0.001).

Discussion

The chief findings of this study were as follows: (1) HFD and
IP injection of STZ produced significant deficits of learning
and memory, increased AChE activity, while reduced DA,
NGF, NT-3, and GDNF levels in the hippocampus, (2)

Acetylcholinesterase
(AchE) nmol\l

Dopamine (pg\ml)

Figure 2: Effect of Vitamin D3 on (a) acetylcholinesterase activity and (b) Dopamine level in the hippocampal brain tissue of T3D-induced Alzheimer
rats. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the corresponding positive control group values; ® P <0.05 compared with the
corresponding rivastigmine group values; by the one-way analysis of variance and Tukey honestly significant difference post hoc test. Data expressed

as the mean =+ standard error of the mean; n = 12 rats
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Figure 3: Effect of Vitamin D3 on (a) nerve growth factor, (b) neurotrophin-3 (c) glial cell line-derived neurotrophic factor in the hippocampal brain
tissue of T3D-induced Alzheimer rats. *P < 0.05, ***P < 0.01, ***P < 0.001 compared with the corresponding positive control group values;
$P < (.05, #P < 0.01, %P < 0.001 compared with the corresponding rivastgminne group values; by one-way analysis of variance and Tukey honestly
significant difference post hoc test. Data expressed as the mean + standard error of the mean; n = 12 rats

Vitamin D3 reversed the STZ-induced cognitive dysfunction
significantly and enhanced hippocampal DA, NGF, NT-3,
and GDNF levels, (3) Vitamin D3 also reduced the level
of AChE.

The present study showed that the administration of Vitamin
D3 produced a significant enhancement of cognitive function
in RAM, as apparent by the significantly reduced RME,
WME, and latency in Vitamin D3 treated versus untreated
T3D rats. This result represents the value of the prophylactic
use of Vitamin D3 in the improvement of learning ability
and memory performance. The results of the current study
go hand in hand with previous findings that also showed an
elevated maze performance of the animals after 1,25(0OH) 2D3
supplementation compared with a nontreated group.*!

ACh and DA play a crucial role in facilitating learning and
memory, and therefore, the disturbance in the release of these
neurotransmitters will result in memory impairment.©2®!

The results of the present work regarding AChE increase and
DA decrease in diabetic rats were in agreement with those of
previous results, which revealed that chronic hyperglycemia
in diabetes is reported to diminish dopaminergic functions.?”)
Moreover, Huang et al. stated that chronic DM produced a
significant increase in AChE level in the diabetic-induced
Alzheimer animal model.”®

Reduced AChE activity (P < 0.001) and enhanced DA
level (P < 0.001) in the hippocampus of diabetic rats in
the present study after Vitamin D administration were also
established in previous studies; Kumar et al. demonstrated
the neuroprotective role of Vitamin D in the cerebral cortex
by normalizing the altered cholinergic synaptic transmission
in streptozocin-induced diabetic rats.!'?!

Neurotrophins such as NGF, NT-3, and GDNF are essential
for the maturity, maintenance, and survival of particular
neurons and also have been associated with controlling and
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coordinating the normal functioning of the hippocampal
pathway, which is required in learning ability and memory
capacity. When neurotrophin synthesis is decreased, spatial
navigation is compromised. NGF is vital in the plasticity
and survival of forebrain cholinergic neurons, which are
memory-related.?”” GDNF is a critical growth factor for
the growth, survival, and maintenance of dopaminergic
neurons.% Depletion of NGF and GDNF seems to be linked
with the pathophysiology of AD. NT-3, a protein found in the
hippocampus and neocortex, reduces the toxicity of neurons
by amyloid-beta through limiting caspase-8, caspase-9, and
caspase-3 cleavage. Moreover, NT-3 produces the upregulation
of neuronal apoptosis inhibitory protein-1 expression in
neurons that promote the inhibition of AP-induced neuronal
apoptosis.P!

To our knowledge, there is no published study to assess
neurotrophic factors changes associated with diabetic-induced
Alzheimer’s animal model. Our results indicate that
diabetes-induced downregulation of NGF, NT-3, and GDNF
in nontreated diabetic rats may be contributing to cognitive
dysfunction.

Interestingly, in the current study, Vitamin D3 administration
was found to be disease modifying agent in AD as it significantly
increased (P <0.001) the NGF, NT-3, and GDNF levels in the
hippocampus of all Vitamin D3 treated rats compared with
the nontreated diabetic rats. These findings are consistent
with previous work which revealed that the synthesis of NGF,
NT3, and GDNF was upregulated by 1,25-(OH)2D3, whereas
neurotrophin 4 was downregulated.** Similarly, the stimulation
of neurotrophin production by 1,25-(OH)2D3 was correlated
with a neuroprotective effect.’3) Moreover, in animal models,
treatment with 1, 25 (OH)2D3 increased GDNF concentrations
and reduced oxidative stress in Parkinson’s disease.*¥

In the current work, rivastigmine did not affect neurotrophic
factors but its effect potentiated by the addition of Vitamin D.
These results differ from previous studies, which concluded
that AChE inhibitors increase neurotrophic factors levels.[ 5381
Regarding the contradictory results, it must be noted that
the neurotrophic factor levels in the previous studies were
measured immediately (4-24 h) after the administration of
AChE inhibitors. Our findings demonstrated that steady AChE
inhibition caused a nonsignificant change in the levels of
neurotrophic factors in the hippocampus. In accordance with
our result, Autio et al. 2011 stated that chronic treatment with
galantamine (3 mg/kg, i. p., 14 days) did not induce changes
in hippocampal NGF and BDNF synthesis or protein levels.”!
Therefore, AChE inhibitors may have short-term effects on
brain neurotrophin levels. Another explanation of the results
would be the antioxidant activity of Vitamin D as we reported
in our previous study while we failed to detect this effect in
the rivastigmine group. "

ConcLusion
This study was the first of its kind that focused on the effects

of vitamin D3 treatment on T3 DM induced cognitive function.
The novelty of this study comes from the data that diabetes
triggers a neurodegeneration mechanism not only by producing
the AP deposition but also suppressing the NGF, NT-3, and
GDNF. Vitamin D protected neurons by (1) reducing AChE
level and (2) upregulating DA, NGF, NT-3, and GDNF.
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