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ARTICLE INFO ABSTRACT

Keywords: Aim: Dietary intake and synthesis of vitamin D synthesis decline with age, increasing the risk of vitamin D
Vit_amin D3 deficiency. Dementia and Alzheimer’s disease development are closely linked to vitamin D deficiency. In this
Aging . study, we investigated whether vitamin D supplementation could attenuate age-related effects on memory and
Dementia . : . .

the hippocampal cholinergic system in aged rats.
Memory

Method: Thirty Wistar albino male rats (young: 4-5 months old, aged: 21-22 months old) were included in this
study. Animals were divided into three groups: The Young control and the Aged control groups were adminis-
tered physiological serum and the Aged + Vitamin D group was administered vitamin D (500 IU/kg/day). Spatial
memory was assessed with the Morris Water Maze test. Then, ACh level and ChAT, AChE, and BChE enzyme
activities in the hippocampus were examined.

Results: Vitamin D supplementation given to aged rats increased the AchE and BuChE enzyme activities and ACh
levels which decreased with aging. The activity of the ChAT enzyme did not change in the aged group, and
vitamin D supplementation did not affect it. Increased hippocampal cholinergic transmission improved the
spatial memory of aged rats in the MWM test.

Conclusion: Vitamin D supplementation improved spatial memory in rats, probably by reversing the aging-related
changes in brain cholinergic functions. Vitamin D shows promise in delaying cognitive decline associated with

Cholinergic system

aging and AD.

1. Introduction

Alzheimer’s disease (AD) is the leading cause of dementia and
memory loss worldwide, especially after age 65. Growing evidence in-
dicates that the brain changes caused by AD begin many years before
symptoms appear. As a result, some individuals may be asymptomatic
even though the disease has started, while others may show varying
levels of memory loss and cognitive decline. Memory loss in AD results
from the loss of cholinergic neurons in the hippocampus and basal
forebrain. It is believed that normal aging does not involve the same
pathological cell loss as AD, but cholinergic function gradually declines
[1]. Similarly, it has been proposed that differences in memory perfor-
mance among healthy older adults are also linked to the integrity of the
cholinergic system [2].

Acetylcholine (ACh) is the main neurotransmitter of the cholinergic
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system. ACh levels in the brain are maintained by choline acetyl-
transferase (ChAT), which synthesizes ACh, and by two enzymes,
acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE), which
hydrolyze ACh. In AD, AChE activity decreases to 33-45 % of normal as
the disease advances, while BuChE activity can increase by up to 90 % in
some brain regions. This imbalance between AChE and BuChE leads to
cholinergic deficits in the brain, specifically in acetylcholine. Cholines-
terase (ChE) inhibitors, still commonly used in AD treatment today,
work by blocking AChE and BuChE to different extents, raising acetyl-
choline levels [3]. However, although these treatments offer short-term
symptom relief, they cannot permanently halt the progression of the
disease [4].

AD has been categorized into three stages: dementia, moderate
cognitive impairment (MCI), and preclinical AD, which refers to early
degenerative changes in the brains of cognitively normal individuals
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[5]. Clinical research indicates that MCI, AD, and dementia are closely
linked to vitamin D deficiency [6,7]. A recent study involving women
over 100 years old demonstrated once again that the risk of AD de-
creases as serum vitamin D levels rise [8]. MCI is a clinical stage that
occurs between the onset of dementia symptoms and the cognitive
decline associated with normal aging. The rate at which individuals with
MCI progress to dementia varies from 15 % to 38 % across different
studies [9]. Vitamin D levels in MCI patients who convert to AD are
significantly lower than in those who do not [10]. It has been reported
that vitamin D supplementation can improve cognitive function in MCI
patients [4]. A recent study examining the relationship between AD and
ten different nutrients, including minerals and vitamins, also supports a
negative association between 25-OH D and AD [11]. Low serum vitamin
D levels in older adults may contribute to AD by significantly increasing
hippocampal volume loss related to cerebral amyloid § (Ap) and wors-
ening neurodegeneration [12]. Experimental studies have shown that
vitamin D and its analogs reduce neuroinflammation, Ap burden, and
tau protein hyperphosphorylation in the brain, which are characteristic
features of AD [13,14]. Supporting this, clinical studies have found that
cognitive function improved significantly and Ap plaque accumulation
decreased in elderly AD patients who received daily vitamin D supple-
ments for a year [15].

Vitamin D can be obtained through diet or produced in the body by
the effect of ultraviolet B rays from the sun. However, as we age, both
vitamin D production and dietary intake decrease. Therefore, the risk of
vitamin D deficiency is higher in older adults. In this age group, the
prevalence of vitamin D deficiency is reported to range from 60 % to
100 % [16].

Vitamin D plays a role in many brain functions, including neuro-
transmitter production, neurogenesis, synaptogenesis, and defending
against oxidative stress, and it offers a protective effect on the brain
[17]. In humans, hippocampus-dependent cognitive abilities and adult
hippocampal neurogenesis decline at the same rate with age [18].
Vitamin D supplementation has been shown to improve cognition and
boost neurogenesis in both hypothyroid juvenile rats and a mouse model
of Alzheimer’s disease [19,20]. In numerous animal studies using
experimental AD models, vitamin D significantly enhanced memory and
cognitive functions. It increased brain-derived neurotrophic factor
(BDNF) levels, decreased neuroinflammation and oxidative stress, and
reduced the buildup of Af plaques in rats [21-23]. Even just two weeks
of vitamin D administration increased BDNF production, decreased NOS
levels, and improved learning and memory in rats [23]. Additionally,
injecting vitamin D into the hippocampus of rats undergoing short-term
sleep deprivation reduced astrocyte activation, limited the release of
neurotoxic factors, and alleviated cognitive impairment [24].

Since there has been limited progress in treating AD through clinical
and experimental studies, it is crucial to prevent AD during the "pre-
symptomatic" or "preclinical" stages before significant cognitive decline
occurs [7]. Maintaining adequate vitamin D levels in older adults may
delay or prevent cognitive impairment. Although some clinical and
observational human studies assessing the effects of vitamin D supple-
mentation on memory are promising, the results remain controversial
due to difficulties in standardization and varied methodologies across
studies [16]. In this context, animal studies become especially important
because they are easier to standardize and are not affected by placebo
effects. However, the literature mainly focuses on memory impairment
models such as AD, with limited research on the impact of vitamin D
supplementation on normal aging. In this study, we first examined
whether vitamin D could enhance memory in aged rats using the Morris
water maze test. Then, we measured ACh levels and the activities of the
enzymes ChAT, AChE, and BuChE in the hippocampus to understand
how vitamin D influences the cholinergic system, which is vital for
memory.
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2. Materials and methods
2.1. Animals

For this study, thirty Wistar-albino male rats were used. Ten of these
rats were young (4-5 months) and twenty were aged (21-22 months).
Rats were housed in cages, 3 or 4 in each cage, with access to food and
water at any time in a room maintained at a constant temperature of
21 + 3°C. To get the animals used to human contact, they were handled
every day for a week before the behavioral tests. Behavioral tests were
conducted from 8:00-12:00. The care and use of animals followed the
ethical principles outlined in the Guide for the Care and Use of Labo-
ratory Animals of the National Institutes of Health. Appropriate permits
and approvals have been obtained from the Balikesir University Animal
Experiments Local Ethics Committee (2021/5-9).

2.2. Study protocol

The animals were divided into three groups of ten each. The Young
control and the Aged control groups received physiological serum, while
the Aged + Vitamin D group was given vitamin D. All treatments were
administered via oral gavage. For three weeks, 500 IU/kg of vitamin D
(D3, cholecalciferol) (Devit-3 ampoule, Deva Pharmaceutical Company,
Turkey) was given daily. The dose was based on previous studies
[25-27]. In the fourth week, no medication was given, and memory was
tested using the Morris Water Maze (MWM) test (Fig. 1).

Following the completion of the behavioral tests, all animals were
put to sleep under ketamine/xylazine (90/10 mg/kg) anesthesia. Rats’
heads severed, brains removed, and their hippocampi separated on ice
and stored at - 80°C.

2.3. Morris water maze (MWM) test

The MWM experiment involved filling a cylindrical tank measuring
150 cm in diameter and 50 cm in height with water that had been
opacified using tempera paint. A constant water temperature of 25
+ 2°C was maintained. The tank was divided into four equal sections,
labeled as the east, west, north, and south quadrants. In one quadrant, a
12 cm diameter platform was placed 1 cm below the water’s surface so
that the animals could not see it. Acquisition trials were conducted over
the first four days of the five-day test. During these trials, rats were
released into the water from predetermined points in the tank three
times daily, with three swimming sessions each day. Each session lasted
60 s, during which the rats attempted to locate the platform. The mean
escape time was calculated as the average time it took for a rat to find the
platform. If a rat did not find the platform within 60 s, it was placed on
the platform. After each swimming session, rats spent 20 s on the plat-
form. The fifth day of the experiment was designated as the probe test.
During this session, the platform was removed from the tank, and the
time the rat spent in the quadrant where the platform had previously
been was recorded.

2.4. Biochemical analyzes

Hippocampal samples were taken out of the freezer, thawed, and
then homogenized before being centrifuged, and the supernatants were
separated. All analyses were carried out in accordance with the manu-
facturer’s instructions using commercially available kits. The colori-
metric method was used to measure the activities of ChAT (BC-K125-S,
Elabscience), AChE (ab138871, Abcam), and BuChE (ab241010,
Abcam). The Choline/Acetylcholine Quantification Kit (MAKO056,
Sigma-Aldrich) was used to determine the concentration of ACh.

2.5. Statistical analysis

Prism 6.0 software (GraphPad Software, Inc., CA, USA) was used for
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Fig. 1. Study protocol.

the statistical analysis. The data’s normal distribution was evaluated
with the Shapiro-Wilk test. The MWM acquisition test involved repeated
measures ANOVA, followed by Bonferroni post hoc tests. All other re-
sults were analyzed using one-way ANOVA and Bonferroni post hoc
tests. Relationships between parameters were assessed with the Pearson
correlation test. A correlation coefficient (r) of 0.1-0.3 was considered
weak, 0.3-0.5 moderate, and above 0.5 strong. Results are presented as
mean + SEM, and p values less than 0.05 were considered statistically
significant.

3. Results
3.1. Effect of vitamin D on the MWM test

In every group, the escape latency to locate the platform during the
acquisition sessions decreased from day 1 to day 4 [The effect of day,
repeated measures of ANOVA, F (3.27) = 33.73, p < 0.05]. The acqui-
sition trial showed similarities among all groups (Fig. 2a).

The young and aged control groups did not differ significantly from
each other. The MWM test’s probe trial showed a significant difference
in the time spent in the escape platform quadrant between the aged
control and the aged + vitamin D groups [One-way ANOVA, F (2.27)
= 4.070, p < 0.05]. Vitamin D administration increased the time spent
in the quadrant of the escape platform, according to post hoc Bonferroni
comparisons (p < 0.05, Fig. 2b).

Vitamin D increased the time spent in the quadrant of the escape
platform by the aged animals. These data support that vitamin D en-
hances memory in the elderly.

3.2. Effect of vitamin D on ACh levels and ChAT, AChE, and BuChE
activities in the hippocampus

The ACh levels of the aged control group were significantly lower
than those of the young control group. However, the aging-induced
decrease in ACh levels was dramatically reversed by vitamin D [F
(2.27) = 4.4, p < 0.05] (Fig. 3).

ChAT activity in the hippocampus was not affected by aging or
vitamin D and remained consistent across all groups [F (2.27) = 0.47,
p > 0.05] (Fig. 4).

As shown in Fig. 5, there was a significant decrease in the activity of
the AChE in the aged animal group compared to the control group.
However, vitamin D administration significantly reversed AChE activity
in the aged animals [F (2.27) = 7.7, p < 0.01] (Fig. 5).

The aged control group showed significantly lower BuChE activity
compared to the young control group, as shown in Fig. 4. However, the
hippocampus BuChE activity was restored after vitamin D administra-
tion [F (2.27) = 7.1, p < 0.01] (Fig. 6).

Vitamin D supplementation reversed the age-related decline in ACh
levels and the activity of ChAT, AChE, and BuChE in the hippocampus.
These results suggest that vitamin D administration reduced the aging
effects on the cholinergic system in the hippocampus.

There was no significant correlation between the parameters in the
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Fig. 2. (a) Impact of vitamin D on MWM test (n = 10). Each value represents
the mean + SEM. (b) Impact of vitamin D on the MWM'’s probe test (n = 10).
Each value represents the mean + SEM. * p < 0.05 compared with the aged
control group.

young control group (p > 0.05), indicating cholinergic homeostatic
balance. A strong negative correlation was observed between ChAT and
BuChE in the aged control group (r =-0.852, p < 0.01). This suggests
that choline esterase activity changes with aging through compensatory
mechanisms. In the aged vitamin group, a strong and statistically sig-
nificant positive correlation was found between ChAT and AChE
(r=0.708, p < 0.05, Table 1). These findings support the idea that
vitamin D supplementation enhances the interaction between cholin-
ergic enzymes and that vitamin D may play a role in regulating acetyl-
choline metabolism.

4. Discussion

Our study found that vitamin D (500 IU/kg/day) supplementation in
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Fig. 3. The impact of vitamin D on hippocampal ACh levels (n = 10). Each
value represents the mean + SEM. “ p < 0.05 compared with the young con-
trol group.
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Fig. 4. The impact of vitamin D on hippocampal ChAT activity (n = 10). Each
value represents the mean + SEM.
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Fig. 5. The impact of vitamin D on hippocampal AChE activity (n = 10). Each
value represents the mean + SEM. * “ p < 0.01 compared with the young
control group.

aged rats helped reduce some age-related changes in hippocampal
cholinergic system enzymes. In aged rats, AchE and BuChE enzyme ac-
tivities, as well as ACh levels, declined. Vitamin D supplementation
increased these enzyme activities and restored reduced ACh levels.
Consequently, improved hippocampal cholinergic transmission led to
better spatial memory in aged rats during the MWM test. There was no
change in the activity of the ChAT enzyme in the aged group. The
negative correlation between CHAT and BuChE in the aged group
indicated compensatory mechanisms in the cholinergic system of the
aging brain. The positive correlation between vitamin D administration
and CHAT and AChE suggested that vitamin D supplementation might
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Fig. 6. The impact of vitamin D on hippocampal BuChE activity (n = 10). Each
value represents the mean + SEM. * ® p < 0.01 compared with the young
control group.

Table 1
Pearson correlation analysis among cholinergic system-related enzymes and
acetylcholine in the young, the aged, and the aged+vitamin D group (n = 10).

Groups Parameter Parameter Pearson correlation p-
1 2 coefficient () value
Young control ChAT ACh -0.306 0.390
group ChAT AChE 0.365 0.299
ChAT BuChE -0.197 0.586
ACh AChE 0.410 0.239
ACh BuChE -0.081 0.824
AChE BuChE -0.300 0.400
Aged control ChAT ACh 0.218 0.545
group ChAT AChE 0.202 0.576
ChAT BuChE -0.852* 0.002*
ACh AChE 0.511 0.131
ACh BuChE -0.045 0.901
AChE BuChE -0.116 0.750
Aged + Vitamin ChAT ACh 0.256 0.475
D group ChAT AChE 0.708* 0.022*
ChAT BuChE -0.133 0.715
ACh AChE -0.042 0.908
ACh BuChE 0.145 0.690
AChE BuChE 0.004 0.991

Correlation is significant at the level *p < 0.05, and **p < 0.01 (2-tailed).

help maintain cholinergic system balance during aging.

The cholinergic system, which controls cognitive functions, is espe-
cially dense in the cortex and hippocampus, and damage to these areas
impacts cognitive abilities. As cholinergic functions gradually decline
with normal aging, age-related cognitive impairments start. In contrast,
in pathological conditions linked to cognitive deficits, significant
degeneration is seen in basal forebrain cholinergic cells. In pathological
aging, such as AD, there is a severe loss of neuronal cells and cortical
cholinergic innervation. However, in patients with mild cognitive
impairment and early forms of AD, the issue is loss of function rather
than cholinergic neurodegeneration [1].

Vitamin D plays an important role in neurogenesis, neurotransmitter
synthesis, and protection against oxidative stress in the brain, and has
neuroprotective effects [4]. Vitamin D deficiency has long been associ-
ated with cognitive impairment, dementia, and AD [7]. Supporting this,
feeding transgenic AD mice with a vitamin D-enriched diet reduced
brain pathology and prevented cognitive decline [28]. In addition,
experimental studies have shown that vitamin D increases P-glycopro-
tein expression in the brain and reduces Ap accumulation, a character-
istic feature of AD [29]. The adverse effects of vitamin D deficiency on
the brain emphasize the importance of ensuring adequate vitamin D
levels to protect brain health during aging. Clinical studies have re-
ported that vitamin D supplementation can improve cognitive impair-
ment in patients with MCI, but its effectiveness in Alzheimer’s disease is
not fully understood [4].
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Recent studies involving aged or Alzheimer’s disease (AD) model
animals have shown that vitamin D supplementation reduces various
markers of AD pathology and significantly improves memory and
cognitive functions. In the Scopolamine-induced Alzheimer’s model,
which is one of the most commonly used animal models of Alzheimer’s
disease, administering vitamin D to rats corrected histopathological
changes in the brain, reduced amyloid peptide 1-42 levels, and
improved memory [30]. In another study, Rodrigues et al. created an AD
model using intracerebroventricular injection of Streptozotocin
(ICV-STZ). They demonstrated that memory impairment observed in the
MWM improved significantly after administering vitamin D for 21 days
[22]. Yamini et al. reported that vitamin D significantly improved
spatial learning and memory functions in the same AD model, and that
vitamin D was more effective in reducing neuronal damage and
behavioral dysfunction when given as a pretreatment [31]. Vitamin D
administration has also been investigated in various models of memory
impairment. It has been shown that cognitive functions impaired by
Streptozotocin-induced diabetes and chronic high-fat feeding are
reduced by long-term administration of 500 IU/kg/day vitamin D [26,
271].

As people age, their spatial abilities decline due to physiological
changes in different brain regions. In one study, vitamin D3 at doses of
both 42 and 420 IU/kg improved cognitive performance in animals aged
6, 13, and 22 months. However, only 420 IU/kg of vitamin D was
effective in 31-month-old rats [32]. In a study involving D-galactose
(D-gal)-induced aging in mice, vitamin D enhanced learning and mem-
ory in aging mice and reduced damage to hippocampal neurons [33].
Similarly, vitamin D treatment was more effective as a preemptive
measure in preventing D-gal-induced aging and memory impairment
[34]. Latimer and colleagues found that when middle-aged 11- to
13-month-old F344 male rats were fed a diet with low (100 IU), medium
(1000 IU), or high (10,000 IU) doses of vitamin D for 5-6 months, the
group receiving the highest doses performed the MWM task much better
[35]. Briones and Darwish observed that 21 days of vitamin D supple-
mentation improved spatial memory, which was impaired in the MWM
test among 20-month-old transgenic F344 male rats [36]. These studies
highlight the importance of vitamin D in maintaining cognitive function
in elderly rats. Consistent with previous research, the current study also
suggests that vitamin D enhances spatial memory.

ChAT enzyme is the enzyme that synthesizes the neurotransmitter
ACh. Research indicates that vitamin D supplementation enhances ChAT
activity in specific brain regions of rats [37]. ChAT activity, which was
decreased in the prefrontal cortex due to diabetes induced by intraper-
itoneal injection of streptozotocin in rats, was significantly increased by
vitamin D (500 IU/kg/day) administration [26]. Similarly, memory
impairment and decreased ChAT expression resulting from chronic
high-fat feeding were alleviated by vitamin D supplementation [27].
Our study found no significant change in enzyme activity due to normal
aging or vitamin D supplementation. However, the positive effect of
vitamin D on cholinergic enzymes in aged animals supports that vitamin
D may play a role in regulating acetylcholine metabolism in the presence
of pathological changes.

Postmortem studies indicate that ChAT levels decline in the human
hippocampus from middle age to old age [38]. However, autopsy brain
samples from patients with MCI and early AD show no reduction in
ChAT activity across several brain regions [1]. In Alzheimer’s disease,
enzyme activity averages 70-80 % of normal in the 60-70 age group and
30-40 % in the 80-90 age group. A similar pattern has been observed for
AChE histochemical activity [38]. Supporting this, our findings
demonstrate that AChE enzyme activity decreases with age. Contrary to
our results, some studies have reported higher brain AChE activity in
aged mice compared to young mice [39,40]. These studies used young
mice aged 2-4 months and old mice aged 12-15 months, which corre-
spond to humans aged 18-25 and 40-65 years, respectively. The rats in
our study ranged from 25 to 40 years in young mice and 65-75 years in
old mice [41]. Moreover, while this study focused on hippocampal
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content, other research analyzed overall brain tissue content. Differ-
ences between studies may stem from using rodents of different ages or
examining different brain regions. Additionally, Khairy et al. observed
decreased serum 25-hydroxyvitamin D levels and reduced AChE activity
in older rats [25]. Our results align with this, showing that AChE activity
declines in aging animals and that vitamin D supplementation can
mitigate these age-related changes.

While AChE activity decreases in the brain during aging and AD, it
increases in induced AD models. In two different studies, the rise in
AChE in the cerebral cortex and the memory impairment seen in the AD
model caused by ICV-STZ administration were prevented by 21 days of
VD3 treatment [22,31]. Additionally, VD3 treatment lowered the
elevated AChE enzyme activity in both the cortex and hippocampus
when used as a pretreatment [31]. Similarly, the increase in AChE
enzyme activity in the prefrontal cortex due to STZ-induced diabetes or
chronic high-fat feeding (500 IU/kg/day) was reduced by vitamin D3
supplementation [26,27]. In another study, vitamin D treatment
reduced the increased hippocampal AChE activity linked to experi-
mentally induced hypothyroidism [19]. These findings suggest that
vitamin D regulates activity by supporting decreased function in normal
aging and decreasing increased activity in disease conditions.

Another enzyme that breaks down ACh is butyrylcholinesterase
(BuChE). In the human brain, BuChE is found in regions such as the
cerebral cortex, hippocampus, amygdala, and thalamic nuclei, which
are important for cognitive functions [36]. In AD, cortical levels of
BuChE are increased. Similarly, increased hippocampal BuChE activity
has been observed in a scopolamine-induced AD model in rats [42].
Some studies suggest that BChE is associated with the “malignant”
fibrillar Ap plaques characteristic of AD, while others propose that BChE
may inhibit Af  fibril formation. In the brains of
butyrylcholinesterase-knockout mice, fibrillar Ap was reduced by nearly
70 % in males and 20 % in females, indicating that BChE activity could
be a significant target for AD treatment [43]. We could not find any
studies on changes in BuChE activity due to aging or AD with vitamin D.
Consistent with the literature, hippocampal BuChE activity decreased in
aging rats in this study. However, vitamin D supplementation reversed
this decline.

The findings of this study demonstrate that Vitamin D supplemen-
tation improved spatial memory in aged rats, likely by reversing the
aging-related changes in brain cholinergic functions. Vitamin D sup-
plementation administered to aged rats significantly increased AchE and
BuChE enzyme activities and ACh levels which had decreased with
aging. This increased hippocampal cholinergic transmission resulted in
the improvement of spatial memory in the MWM test. In summary,
vitamin D supplementation shows promise in delaying cognitive decline
associated with aging and AD.

These findings are of critical importance given the fact that dementia
and AD development are closely linked to vitamin D deficiency. The risk
of vitamin D deficiency increases with age due to the decline in dietary
intake and synthesis of vitamin D. In this context, our study demon-
strating the effectiveness of vitamin D in reversing aging-related
cholinergic dysfunction suggests its potential not only as a therapeutic
agent but also in the prevention of AD in "pre-symptomatic" stages
before significant cognitive decline occurs. Unlike the existing litera-
ture, which predominantly focuses on models of memory impairment,
this study fills a gap by detailing the effect on the cholinergic mechanism
during normal aging. Future research may focus on investigating the
mechanism of how vitamin D affects the cholinergic system, which is
vital for memory, as well as other neurotransmitter systems, and
translating vitamin D supplementation strategies into clinical applica-
tions to address their potential effects on aging and cognitive decline.

CRediT authorship contribution statement

Elif Aksoz: Writing — review & editing, Writing — original draft,
Visualization, Supervision, Resources, Project administration,



E. Aksoz et al.

Methodology, Conceptualization. Medine Karabulut: Writing — review
& editing, Visualization, Validation, Software, Investigation, Formal
analysis, Data curation. Mustafa Hilmi Yaranoglu: Writing — review &
editing, Visualization, Validation, Software, Investigation, Formal
analysis, Data curation.

Statement of Informed Consent
Not applicable.

Declaration of Generative AI and Al-assisted technologies in the
writing process

During the preparation of this work the author(s) used Grammarly Al
in order to improve language and readability]. After using this tool/
service, the author(s) reviewed and edited the content as needed and
take(s) full responsibility for the content of the publication.

Funding

This study was supported by the South Marmara Development
Agency (Grant Number: GMKA TR22/14/SKMDP/0011)

Declaration of Competing Interest

The author does not declare any conflict of interest.
Acknowledgements

We thank Dr. Sefa Metin for his support with the statistical analyses.

References

[1] R. Schliebs, T. Arendt, The cholinergic system in aging and neuronal degeneration,
Behav. Brain Res. 221 (2011) 555-563, https://doi.org/10.1016/j.
bbr.2010.11.058.

[2] N. Richter, I. Allendorf, O.A. Onur, L. Kracht, M. Dietlein, M. Tittgemeyer,

B. Neumaier, G.R. Fink, J. Kukolja, The integrity of the cholinergic system
determines memory performance in healthy elderly, Neuroimage 100 (2014)
481-488, https://doi.org/10.1016/j.neuroimage.2014.06.031.

[3] G. Mushtaq, N.H. Greig, J.A. Khan, M.A. Kamal, S. Arabia, D. Section, T.G. Branch,
F. Medical, Status of Acetylcholinesterase and Butyrylcholinesterase in Alzheimer’s
Disease and Type 2 Diabetes Mellitus, CNS Neurol. Disord. Drug Targets 13 (2018)
1432-1439, https://doi.org/10.2174/1871527313666141023141545.

[4] 1. Zeqaj, R. Piffero, E. Calzaducca, M. Pirisi, M. Bellan, The potential role of vitamin
D supplementation in cognitive impairment prevention, CNS Neurol. Disord. Drug
Targets 23 (2023) 628-637, https://doi.org/10.2174/
1871527322666230328130417.

[5] A.A. Tahami Monfared, M.J. Byrnes, L.A. White, Q. Zhang, Alzheimer’s disease:
epidemiology and clinical progression, Neurol. Ther. 11 (2022) 553-569, https://
doi.org/10.1007/s40120-022-00338-8.

[6] X.X. Zhang, H.R. Wang, Meng-Wei, Y.Z. Hu, H.M. Sun, Y.X. Feng, J.J. Jia,
Association of Vitamin D levels with risk of cognitive impairment and dementia: a
systematic review and meta-analysis of prospective studies, J. Alzheimer’S. Dis. 98
(2024) 373-385, https://doi.org/10.3233/JAD-231381.

[7] D.W. Eyles, Vitamin D: brain and behavior, JBMR 5 (2021) 1-12, https://doi.org/
10.1002/jbm4.10419.

[8] Y. Li, X. Wang, M. Yu, F. Wang, D. Song, M. Liu, X. Liang, H. Liu, J. Liu, S. Fu,

X. Liu, The relationship between vitamin D levels and Alzheimer’s disease risk:

insights from a centenarian study of Chinese women, Front. Nutr. 12 (2025) 1-9,

https://doi.org/10.3389/fnut.2025.1628732.

A. ASSOCIATION, 2020 Alzheimer’s disease facts and figures, Alzheimer’s Dement

16 (2020) 391-460, https://doi.org/10.1002/alz.12068.

[10] E. Mavraki, P. Ioannidis, G. Tripsianis, T. Gioka, M. Kolousi, K. Vadikolias, Vitamin
D in mild cognitive impairment and Alzheimer’s disease. A study in older Greek
adults, Hippokratia 24 (2020) 120-126. (http://www.ncbi.nlm.nih.gov/pubmed/3
4239289).

[11] L.L. Fu, T. Vollkommer, S. Fuest, M. Gosau, H. Feng, M. Yan, R. Smeets, S. Burg, R.
E. Friedrich, The role of 25-OH vitamin D in Alzheimer’s disease through
Mendelian randomization and MRI, QJM Int. J. Med. 118 (2025) 24-32, https://
doi.org/10.1093/qjmed/hcael66.

[12] J. Park, M.S. Byun, D. Yi, H. Ahn, J.H. Jung, N. Kong, Y.Y. Chang, G. Jung, J.Y. Lee,
Y.K. Kim, Y.S. Lee, K.M. Kang, C.H. Sohn, D.Y. Lee, The moderating effect of serum
vitamin D on the relationship between beta-amyloid deposition and
neurodegeneration, Clin. Psychopharmacol. Neurosci. 22 (2024) 646-654, https://
doi.org/10.9758/cpn.24.1189.

[9

—_

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Behavioural Brain Research 500 (2026) 115998

A. Thiel, C. Hermanns, A.A. Lauer, J. Reichrath, T. Erhardt, T. Hartmann, M.O.
W. Grimm, H.S. Grimm, Vitamin D and its analogues: from differences in molecular
mechanisms to potential benefits of adapted use in the treatment of Alzheimer’s
disease, Nutrients 15 (2023) 1684, https://doi.org/10.3390/nul5071684.

S. Saad El-Din, L. Rashed, E. Medhat, B. Emad Aboulhoda, A. Desoky Badawy,

A. Mohammed ShamsEldeen, M. Abdelgwad, Active form of vitamin D analogue
mitigates neurodegenerative changes in Alzheimer’s disease in rats by targeting
Keap1l/Nrf2 and MAPK-38p/ERK signaling pathways, Steroids 156 (2020) 108586,
https://doi.org/10.1016/j.steroids.2020.108586.

J. Jia, J. Hu, X. Huo, R. Miao, Y. Zhang, F. Ma, Effects of Vitamin D
supplementation on cognitive function and blood Ap-related biomarkers in older
adults with Alzheimer’s disease: a randomised, double-blind, placebo-controlled
trial, J. Neurol. Neurosurg. Psychiatry 90 (2019) 1347-1352, https://doi.org/
10.1136/jnnp-2018-320199.

C. Annweiler, Vitamin D-mentia: is vitamin D optional or essential for preventing
late-life cognitive decline? J. Am. Geriatr. Soc. 65 (2017) 2155-2157, https://doi.
org/10.1111/jgs.15056.

G. Marucci, M. Buccioni, D.D. Ben, C. Lambertucci, R. Volpini, F. Amenta, Efficacy
of acetylcholinesterase inhibitors in Alzheimer’s disease, Neuropharmacology 190
(2021) 108352, https://doi.org/10.1016/j.neuropharm.2020.108352.

R. Gomez-Oliva, N. Geribaldi-Doldan, S. Dominguez-Garcia, L. Carrascal,

C. Verastegui, P. Nunez-Abades, C. Castro, Vitamin D deficiency as a potential risk
factor for accelerated aging, impaired hippocampal neurogenesis and cognitive
decline: a role for Wnt/p-catenin signaling, Aging (Albany NY). 12 (2020)
13824-13844, https://doi.org/10.18632/aging.103510.

S. Hamidreza, R. Moghaddam, M. Hosseini, F. Alipour, A. Rajabian, The effects of
vitamin D on learning and memory of hypothyroid juvenile rats and brain tissue
acetylcholinesterase activity and oxidative stress indicators, Naunyn. Schmiede
Arch. Pharm. (2022) 337-351, https://doi.org/10.1007/500210-021-02195-y.

M. Morello, V. Landel, E. Lacassagne, K. Baranger, C. Annweiler, F. Féron, P. Millet,
Vitamin D improves neurogenesis and cognition in a mouse model of Alzheimer’s
disease, Mol. Neurobiol. 55 (2018) 6463-6479, https://doi.org/10.1007/512035-
017-0839-1.

P. Patel, J. Shah, Vitamin - D3 Supplementation Ameliorates Cognitive Impairment
and Alters Neurodegenerative and Inflammatory Markers in Scopolamine Induced
Rat Model, (2022) 2653-2667. https://doi.org/10.1007/s11011-022-01086-2.
M.V. Rodrigues, J.M. Gutierres, F. Carvalho, T.F. Lopes, V. Antunes, P. Costa, M.
E. Pereira, M. Rosa, C. Schetinger, V.M. Morsch, C.M. De, T.F. Lopes, V. Antunes,
P. Costa, M.E. Pereira, M. Rosa, C. Schetinger, V.M. Morsch, C. Melazzo, D.

A. Protection, Protection of cholinergic and antioxidant system contributes to the
effect of Vitamin D 3 ameliorating memory dysfunction in sporadic dementia of
Alzheimer ’ s type, Redox Rep. 0002 (2019) 1-8, https://doi.org/10.1080/
13510002.2019.1617514.

F. Mansouri, H. Ghanbari, N. Marefati, Z. Arab, H. Salmani, Protective Effects of
Vitamin D on Learning and Memory Deficit Induced by Scopolamine in Male Rats:
the Roles of Brain-derived Neurotrophic Factor and Oxidative Stress, (2021)
1451-1466.

A. Rezagholizadeh, A. Firoozi, Z. Tavassoli, A. Shojaei, N. Hosseinmardi,

J. Mirnajafi-Zadeh, K.A. Kohlmeier, Y. Fathollahi, Vitamin D injection into the
dorsal-CA1 hippocampus improves short-term sleep deprivation induced cognitive
impairment in male rats, Heliyon 10 (2024) e34853, https://doi.org/10.1016/j.
heliyon.2024.e34853.

E.Y. Khairy, M.M. Attia, Protective effects of vitamin D on neurophysiologic
alterations in brain aging: role of brain-derived neurotrophic factor (BDNF), Nutr.
Neurosci. 24 (2021) 650-659, https://doi.org/10.1080/1028415X.2019.1665854.
Z. Alrefaie, Vitamin D 3 improves decline in cognitive function and cholinergic
transmission in prefrontal cortex of streptozotocin-induced diabetic rats, Behav.
Brain Res. 287 (2015) 156-162, https://doi.org/10.1016/j.bbr.2015.03.050.

Z. Alrefaie, I. Moustafa, Vitamin D3 favorable outcome on recognition memory and
prefrontal cortex expression of choline acetyltransferase and acetylcholinesterase
in experimental model of chronic high-fat feeding, Int. J. Neurosci. 130 (2020)
262-269, https://doi.org/10.1080/00207454.2019.1671839.

L. Bennett, C. Kersaitis, S.L. Macaulay, G. Miinch, G. Niedermayer, J. Nigro,

M. Payne, P. Sheean, P. Vallotton, D. Zabaras, M. Bird, Vitamin D2-enriched button
mushroom (Agaricus bisporus) improves memory in both wild type and APPswe/
PS1dE9 transgenic Mice, PLoS One 8 (2013) €76362, https://doi.org/10.1371/
journal.pone.0076362.

M.R. Durk, K. Han, E.C.Y. Chow, R. Ahrens, J.T. Henderson, P.E. Fraser, K.S. Pang,
1 _, 25-Dihydroxyvitamin D 3 Reduces Cerebral Amyloid- " Accumulation and
Improves Cognition in Mouse Models of Alzheimer’s Disease, 34 (2014)
7091-7101. https://doi.org/10.1523/INEUROSCI.2711-13.2014.

A.A. Eldeeb, A.E. Fathy, S.A. Elgendy, Differential potency of vitamin D3, folic acid
and memantine in protecting against neurobehavioral alterations of scopolamine
induced Alzheimer’s model in rats, Int. J. Basic Clin. Pharm. 10 (2021) 471,
https://doi.org/10.18203/2319-2003.ijbcp20211638.

P. Yamini, R.S. Ray, K. Chopra, Vitamin D3 attenuates cognitive deficits and
neuroinflammatory responses in ICV-STZ induced sporadic Alzheimer’s disease,
Inflammopharmacology 26 (2018) 39-55, https://doi.org/10.1007/s10787-017-
0372-x.

T. B, M.L. Santos, F. Garcez, N.Quadros Mina, Vitamin D3 improves spatial
memory and modulates cytokine levels in aged rats, Metab. Brain Dis. (2023)
1155-1166, https://doi.org/10.1007/s11011-022-01152-9.

J. Li, Y. Cao, J. Xu, J. Li, C. Lv, Q. Gao, C. Zhang, C. Jin, R. Wang, R. Jiao, H. Zhu,
Vitamin D improves cognitive impairment and alleviates ferroptosis via the Nrf2
signaling pathway in aging mice, Int. J. Mol. Sci. 24 (2023) 15315, https://doi.
org/10.3390/ijms242015315.


https://doi.org/10.1016/j.bbr.2010.11.058
https://doi.org/10.1016/j.bbr.2010.11.058
https://doi.org/10.1016/j.neuroimage.2014.06.031
https://doi.org/10.2174/1871527313666141023141545
https://doi.org/10.2174/1871527322666230328130417
https://doi.org/10.2174/1871527322666230328130417
https://doi.org/10.1007/s40120-022-00338-8
https://doi.org/10.1007/s40120-022-00338-8
https://doi.org/10.3233/JAD-231381
https://doi.org/10.1002/jbm4.10419
https://doi.org/10.1002/jbm4.10419
https://doi.org/10.3389/fnut.2025.1628732
https://doi.org/10.1002/alz.12068
http://www.ncbi.nlm.nih.gov/pubmed/34239289
http://www.ncbi.nlm.nih.gov/pubmed/34239289
https://doi.org/10.1093/qjmed/hcae166
https://doi.org/10.1093/qjmed/hcae166
https://doi.org/10.9758/cpn.24.1189
https://doi.org/10.9758/cpn.24.1189
https://doi.org/10.3390/nu15071684
https://doi.org/10.1016/j.steroids.2020.108586
https://doi.org/10.1136/jnnp-2018-320199
https://doi.org/10.1136/jnnp-2018-320199
https://doi.org/10.1111/jgs.15056
https://doi.org/10.1111/jgs.15056
https://doi.org/10.1016/j.neuropharm.2020.108352
https://doi.org/10.18632/aging.103510
https://doi.org/10.1007/s00210-021-02195-y
https://doi.org/10.1007/s12035-017-0839-1
https://doi.org/10.1007/s12035-017-0839-1
https://doi.org/10.1080/13510002.2019.1617514
https://doi.org/10.1080/13510002.2019.1617514
https://doi.org/10.1016/j.heliyon.2024.e34853
https://doi.org/10.1016/j.heliyon.2024.e34853
https://doi.org/10.1080/1028415X.2019.1665854
https://doi.org/10.1016/j.bbr.2015.03.050
https://doi.org/10.1080/00207454.2019.1671839
https://doi.org/10.1371/journal.pone.0076362
https://doi.org/10.1371/journal.pone.0076362
https://doi.org/10.18203/2319-2003.ijbcp20211638
https://doi.org/10.1007/s10787-017-0372-x
https://doi.org/10.1007/s10787-017-0372-x
https://doi.org/10.1007/s11011-022-01152-9
https://doi.org/10.3390/ijms242015315
https://doi.org/10.3390/ijms242015315

E. Aksoz et al.

[34]

[35]

[36]

[371

S. Salemi, M.Y. Zamanian, L. Giménez-Llort, Z. Jalali, M. Mahmoodi,

M. Golmohammadi, A. Kaeidi, Z. Taghipour, M. Khademalhosseini, M. Modanloo,
M.R. Hajizadehi, Distinct signatures on d-galactose-induced aging and preventive/
protective potency of two low-dose vitamin D supplementation regimens on
working memory, muscular damage, cardiac and cerebral oxidative stress, and
SIRT1 and calstabin, Food Sci. Nutr. 11 (2023) 5050-5062, https://doi.org/
10.1002/fsn3.3422.

C.S. Latimer, L.D. Brewer, J.L. Searcy, K. Chen, J. Popovi, S.D. Kraner, O. Thibault,
E.M. Blalock, P.W. Landfield, N.M. Porter, Vitamin D Prevents Cognitive Decline
and Enhances Hippocampal Synaptic Function in Aging Rats, (2014) 4359-4366.
https://doi.org/10.1073/pnas.1404477111.

T.L. Briones, H. Darwish, Vitamin D mitigates age-related cognitive decline
through the modulation of pro-inflammatory state and decrease in amyloid burden,
J. Neuroinflamm. 9 (1) (2012), https://doi.org/10.1186/1742-2094-9-244.

C.S. Sonnenberg J, V.N. Luine, L.C. Krey, 1,25-Dihydr oxyvitamin D 3 treatment
results in increased choline acetyltransferase activity in specific brain Nuclei*,
Endocrinology 118 (1986) 1433-1439, https://doi.org/10.1210/endo-118-4-
1433.

[38]

[39]

[40]

[41]

[42]

[43]

Behavioural Brain Research 500 (2026) 115998

E.K. Perry, M. Johnson, J.M. Kerwin, M.A. Piggott, J.A. Court, P.J. Shaw, P.G. Ince,
A. Brown, R.H. Perry, Convergent cholinergic activities in aging and Alzheimer’s
disease, Neurobiol. Aging 13 (1992) 393-400, https://doi.org/10.1016/0197-
4580(92)90113-C.

D. Dhingra, K. Soni, Behavioral and biochemical evidences for nootropic activity of
boldine in young and aged mice, Biomed. Pharm. 97 (2018) 895-904, https://doi.
org/10.1016/j.biopha.2017.11.011.

N. Bansal, M. Parle, Beneficial effect of chyawanprash on cognitive function in
aged mice, Pharm. Biol. 49 (2011) 2-8, https://doi.org/10.3109/
13880209.2010.489904.

A. Ghasemi, S. Jeddi, K. Kashfi, The laboratory rat: age and body weight matter,
EXCLI J. 20 (2021) 1431-1445, https://doi.org/10.17179/excli2021-4072.

E. Aksoz, B.A. Akyol, O. Korkut, The role of the cholinergic system in the memory-
protecting effects of metformin in a model of scopolamine-induced memory
impairment in aged rats, Behav. Brain Res. 466 (2024) 114978, https://doi.org/
10.1016/j.bbr.2024.114978.

G.A. Reid, S. Darvesh, Butyrylcholinesterase-knockout reduces brain deposition of
fibrillar p-amyloid in an Alzheimer mouse model, Neuroscience 298 (2015)
424-435, https://doi.org/10.1016/j.neuroscience.2015.04.039.


https://doi.org/10.1002/fsn3.3422
https://doi.org/10.1002/fsn3.3422
https://doi.org/10.1186/1742-2094-9-244
https://doi.org/10.1210/endo-118-4-1433
https://doi.org/10.1210/endo-118-4-1433
https://doi.org/10.1016/0197-4580(92)90113-C
https://doi.org/10.1016/0197-4580(92)90113-C
https://doi.org/10.1016/j.biopha.2017.11.011
https://doi.org/10.1016/j.biopha.2017.11.011
https://doi.org/10.3109/13880209.2010.489904
https://doi.org/10.3109/13880209.2010.489904
https://doi.org/10.17179/excli2021-4072
https://doi.org/10.1016/j.bbr.2024.114978
https://doi.org/10.1016/j.bbr.2024.114978
https://doi.org/10.1016/j.neuroscience.2015.04.039

	Vitamin D3 supplementation reverses aging-related changes in cholinergic functions and improves spatial memory in aged rats
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Study protocol
	2.3 Morris water maze (MWM) test
	2.4 Biochemical analyzes
	2.5 Statistical analysis

	3 Results
	3.1 Effect of vitamin D on the MWM test
	3.2 Effect of vitamin D on ACh levels and ChAT, AChE, and BuChE activities in the hippocampus

	4 Discussion
	CRediT authorship contribution statement
	Statement of Informed Consent
	Declaration of Generative AI and AI-assisted technologies in the writing process
	Funding
	Declaration of Competing Interest
	Acknowledgements
	References


