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Vitamin D5 supplementation improves
spatial memory, muscle function, pain
score, and modulates different functional
physiological biomarkers in vitamin D;
deficiency diet (VDD)-induced rats model
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Abstract

Background Vitamin D Deficiency is recognized as a pandemic, which is associated with high mortality. An
inadequate level of vitamin D is associated with autoimmune diseases, hypertension, and cancer. The study was
aimed to assess the pharmacological effects of chronic vitamin D5 supplementation on the manipulation diet
regiment of deprived cholecalciferol (vitamin D; deficient diet, VDD) rats.

Methods Memory performance (Y-maze task), muscular function (muscle grip strength), and pain score (pressure
application measurement meter) were measured. Functional biomarkers were measured using ELISA method in
different matrix viz. in serum (parathyroid hormone; PTH, calcitonin, thyroxine, and C-reactive protein; CRP, 25-OH
Vit D3), and in CSF (klotho and 3-endorphin). 25-OH Vit D5 was also estimated in liver and kidney homogenate using
ELISA. Vitamin D receptor (VDR) was measured spectrophotometrically in liver and adipose tissue.

Results VDD-induced rats showed a decrease in number of entries and time spent in the novel arm and
spontaneous alternations in the Y-maze task. Significant improvements of neuromuscular function and pain score
after addition of vitamin Ds. In comparison to the VDD group, VDR expression (liver) and active metabolites of vitamin
D; (25-OH vit.D3) in serum were significantly higher by 48.23% and 280%, respectively. The PTH and CRP levels were
significantly reduced by 32.5% and 35.27%, respectively, whereas calcitonin was increased by 36.67% compared with
the VDD group. Klotho and 3-endorphin expressions in cerebrospinal fluid were significantly elevated by 19.67% and
133.59%, respectively, compared to VDD group.

Conclusions Overall, the results indicate that supplementation of cholecalciferol significantly improved spatial
memory impairment, VDR expression, and may provide an opportunity to manage vitamin D deficiencies.
Highlights

« Chronic vitamin D; supplementation significantly improved short-term spatial memory function in VDD rats.
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Significant improvement of neuromuscular function and pain score.
VDR expression followed by levels of 25-OH vit.D; were improved.
Klotho and 3-endorphin expression were significantly improved.

PTH and CRP levels were significantly reduced.

Keywords Cholecalciferol, Vitamin d deficiency diet, klotho, VDR, Spatial memory

Introduction
Currently, vitamin D deficiency is recognized as a global
health burden, with high mortality rates related to bone
and immune disorders, autoimmune disorders, hyper-
tension, and cancer. In contrast, more than 45% of the
population is reported to have low vitamin D levels (less
than 20 ng/mL) [1]. Probably low serum vitamin D lev-
els are due to the low vitamin and calcium content of
non-supplemented foods. Additionally, sunlight expo-
sure significantly raises the level of circulating vitamin D
[2]. The high prevalence of vitamin D deficiency is also
influenced by cultural and racial factors. Several cultural
factors can influence the amount of sunlight the skin
receives, such as clothing, age, sex, and use of sunscreen
protectors including racial factor (dark skin pigmenta-
tion). Due to the dilution in fat mass, the high prevalence
of obesity in the population contributes to greater vita-
min D deficiency due to lower circulating levels. Vita-
min D deficiency, prevalent in the obese and African
Americans, is associated with numerous aging-related
diseases, such as hypertension, type 2 diabetes mellitus,
and coronary heart diseases [3, 4]. The metabolism of
calcium, phosphate, and bone is controlled by vitamin D.
Numerous studies reported that the majority of students
(94%) believed that bone and skeletal disorders could be
caused by vitamin D deficiency. According to literature,
deficiency of vitamin D is linked to high incidences of
diabetes, autoimmune disorders, cardiovascular disor-
ders, psychological disorders, and cancer [5]. Vitamin
D supplementation has therefore been reported to be
helpful in various immune and brain-related disorders,
as it reduces the behavioral scores of rats suffering from
neuropathic pain [6]. Vitamin D deficiency is also asso-
ciated with significant impairment of spatial learning [7].
Furthermore, vitamin D supplementation can improve
cognitive decline and hippocampal synaptic function in
aging rats [8]. According to research, vitamin D possesses
anti-aging/wellness characteristics. It is associated with
a gene (klotho) located in cerebrospinal fluid (CSF) that
is responsible for anti-ager expression. Anti-senescence
protein plays a direct role in aging via multiple mecha-
nisms including calcium homeostasis, the vitamin D
receptor (VDR) mechanism, hormonal changes, and
bone strength [9].

Based on the existed information, the present study
(classic  depletion-repletion model) was designed
to examine the effects of vitamin D, deficient diet

(VDD)-induced abnormalities and supplementation of
vitamin Dy (cholecalciferol) in male Sprague Dawley rats
with respect to spatial memory and cognition, muscular
function, pain score, VDR expression, and levels of func-
tional physiological biomarkers.

Methods

Animals and VDD model

This study was conducted on adult male Sprague Dawley
rats (age 10-12 weeks; weight 250-300 g). The animals
were procured commercially from Vivo Bio-Tech, Hyder-
abad, India, and obtained informed consent from the
company to use the animals in this study. The study pro-
tocol was in line with animal ethics guidelines for experi-
ment. The experiments were conducted in accordance
with the guidelines of the Committee for the Purpose
of Control and Supervision of Experiments on Animals
(CPCSEA). The test facility (Dabur Research Foundation,
India) was registered with CPCSEA (Registration No. 64/
PO/br/s/99/CPCSEA) for an experiment involving ani-
mals, Ministry of Environment and Forest, Govt. of India
and the study was approved by the Institutional Animal
Ethical Committee (IAEC), Dabur Research Foundation
(DRF), India (IAEC/39/468) on dated 3rd July 2017.

Rats were housed under controlled environmental
conditions at 25 °C in a 12 h light/dark cycle and water
ad libitum. Efforts were made to reduce animal suffer-
ing and minimize the number of animals used. Normal
control animals were fed with standard normal chow
diet (type —1324, batch/lot no. 110,118//0640) and other
treatment group animals were fed with a vitamin Dy defi-
cient diet (VDD; type - C 1017, batch/lot no. 481/2017),
obtained from Altromin Spezialfutter GmbH & Co., KG,
Germany, for three weeks. To check the rat’s model three
weeks after VDD administration, 25(OH) vitamin D, was
measured in the circulation. Reduced 25(OH) vitamin Dy
levels by about 50-60% in disease control animals (VDD)
compared to normal control animals were considered
as VDD-induced animals and were selected for further
treatment.

Groups and drug administration

The 48 adult rats were each randomly assigned to
the following six groups (n==8): normal control with
0.5% CMC, VDD model with VDD and 0.5% CMC,
VDD +calcitriol (0.5 pg/kg body weight per oral) treat-
ment, VDD +vit.D; (0.25 mg/kg body weight per oral)
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treatment, VDD+vit.D; (0.5 mg/kg body weight per
oral) treatment, and VDD +vit.D; (1 mg/kg body weight
per oral) in the treatment groups. Dosage of vitamin D
was chosen as per Bakhtiari-Dovvombaygi et al. 2021
with slight modification [10]. Each treatment groups’
animals were treated orally for eight weeks following
the induction of the VDD model. In the 8th week, all
the animals were tested for behavioral parameters such
as Y-maze task, muscle grip strength, and knee joint
pain assessment. After fasting overnight, rats were anes-
thetized using isoflurane (Aerrane, Baxter Healthcare
Corporation, USA) by inhalation (3% induction, then
2% maintenance, with oxygen) at the rate of 1.5 L/min.
Approximately 250 pL of blood from each rat was col-
lected from retro-orbital plexus with the help of micro
capillary tube and serum samples were used for biomark-
ers analysis. After bleeding, cerebrospinal fluid (CSF) was
collected with a stereotaxic instrument for the estimation
of Klotho and B-endorphin by ELISA. All animals were
sacrificed by a CO, asphyxiation. Necropsy was per-
formed in a manner that avoided the occurrence of post
mortem change in the collected tissues. The organs and
tissues were examined in situ before dissecting or col-
lecting tissues. On completion of the gross pathology
examination, the livers, kidneys, and adipose tissues were
collected and stored in -80 °C for ELISA measurement of
25(OH) D, a metabolite of vitamin D;. To estimate VDR
expression, half of the liver and adipose tissues were used.

Y-Maze test

Y-maze testing was used to assess impairment of short-
term spatial memory. In the present study, a Y-maze
consisting of three arms (35 cm long, 25 ¢cm high, and
10 cm wide) was used with a 120° angle. The arm clos-
est to the experimenter was designated as the start arm,
in which rats were placed in each trial. During the first
trial (5 min), the novel arm entry was closed and the ani-
mals were allowed to explore both open and start arms.
Within 30 min of opening the novel arm, animals were
allowed to explore all three arms. Exploratory behavior
was evaluated for five minutes. In week 8, all the animals
were subjected to the Y-Maze test for 5 min. The novelty
test includes the estimation of time spent in each arm
and number of entries made into each arm. By contrast,
spontaneous alternation (i.e., sequential entry into three
arms in overlapping triplet sets) includes percentage
alternation behavior, was calculated using the following
equation: (successive triplet sets/total number of arms
entries —2) X 100 (successive triplet sets : entries into
three successive arms).

Muscle grip strength and knee joint pain score
The muscle grip strength was assessed by lifting the tails
of rat, so that they could grasp a rigid bar attached to a
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digital force gauge. In addition, each animal was gen-
tly pulled backward by its tail, and the tension reading
of the digital force gauge was measured. Before the ani-
mals released the bar, that reading was reported in grams
as grip strength. The same experimental procedure was
repeated five times successively, and the highest muscle
grip strength value from each trial was recorded as the
grip strength. A pressure application meter (PAM, Ugo
Basile, Cat. No. 38,500) was used to measure knee joint
pain. By using the PAM probe, pressure was applied to
both knee joints of the animal. As a result of pain, the
PAM instrument recorded the animal’s limb withdrawal
threshold. The data were expressed as a gram force (i.e.,
pain threshold).

Serum biomarker

The serum biomarkers were determined in all the ani-
mals in different treatment groups. Blood was collected
and used to isolate serum for the estimation of para-
thyroid (PTH) [CEA866Ra, Clond-Clone], calcitonin
[CEA472Ra, Clond-Clone], thyroxine [CSB-E05082r,
CUSABIO], and CRP [CSB-E07922r, CUSABIO] using
ELISA.

VDR in liver and adipose tissue

According to the manufacturer’s recommended standard
procedure (CUSABIO, USA) [CSB-EL025583RA, CUSA-
BIO], we measured VDR concentrations in liver and adi-
pose tissue homogenates. In brief, about 100 pL of each
test sample, including the control and reference standard,
were poured into the labeled wells and incubated at 37 °C
for an hour. After removing the cover and discarding the
liquid, and 100 pL of detection reagent-A working solu-
tion was poured into all wells and again incubated at
37 °C for an hour. The plate was then washed three times
with 1X washing buffer. Each well was then filled with
100 mL of detection reagent B working solution, sealed,
and incubated at 37 °C for 30 min. Following the discard-
ing of the solution, the plate was washed and 90 pL of
3,3’5,5"-Tetramethylbenzidine (TMB) substrate added to
each well and incubated at 37 °C for 10 min. After that,
50 pL of stop solution was added to each well, and read-
ing was taken at 450 nm.

Metabolite (25-OH Vit D;) analysis in multiple matrix

A serum, liver, and kidney homogenate were used from
all the animals for estimating the 25-OH Vit D; metabo-
lite (CSB-E08098r, CUSABIO) using ELISA, as recom-
mended by the manufacturer.

Klotho and B-endorphin in CSF
CSF was collected by the standard in-house method
using a stereotaxic instrument to measure Klotho
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[CSB-E14958r, CUSABIO] and f-endorphin
E08206r, CUSABIO] using ELISA.

[CSB-

Statistics

Statistical analysis was performed using Sigma-Plot
(V11.0). Data are shown as mean+standard error of the
mean. Multiple comparisons were analyzed by one-way
analysis of variance (ANOVA) followed by post-hoc anal-
ysis by Tukey’s/Dunnett’s test and between two groups by
Student’s ¢-test. F values p<0.05 were regarded as statis-
tically significant.

Results

Induction of VDD model

Except for the normal control, all the animals were fed
a vitamin Dy deficient diet (VDD) without cholecalcif-
erol and calcium chloride for three weeks. The level of
25(OH) vitamin D in the circulatory system was mea-
sured three weeks after VDD administration. Tukey’s
post hoc test revealed that the level of 25(OH) vitamin D,
was significantly (F 5 30=14.796, p<0.001) reduced in all
the treatment groups than normal control, were consid-
ered as VDD-induced animals and selected for further
treatment (data not shown).

Y-maze task

In the novel arm, the number of entries was decreased by
60% in the vitamin D-deprived animals i.e., disease con-
trol (1.71£0.44) group than normal control (4.2910.49).
There was a significant difference (CI=1.103 to 4.040;
t=3.901; p=0.003) in the number of entries into the
novel arm between the two groups. In the Y-maze task,
one-way ANOVA (Tukey’s post hoc analysis) revealed a
significant (F3,0=5.585; p=0.006) increase of spatial
memory performance in vitamin D;-treatment groups
with low, medium, and high doses by 167.34, 197.11, and
217.46%, respectively than disease control (Fig. 1a), indi-
cating that vitamin D, significantly improved short-term
spatial recognition memory.

Time spent in novel arm was decreased by 71.02% in
the disease control (18.27+6.16) group than normal
control (63.03+7.20). There was a significant difference
(CI=23.651 to 65.883; t=4.724; p<0.001) in time spent
into novel arm between two groups. Positive control
(41.41+6.66) showed significant (CI = -43.368 to -2.921;
t =-2.550; p=0.020) increased time spent in novel arm by
126.66% compared to disease control. Pair ¢-test analysis
revealed a significant difference between disease control
and vit.D; (1 mg/kg) group (CI = -45.358 to -9.808; ¢ =
-3.458, p=0.006). Time spent in novel arm was increased
by 72.47, 89.16, and 150.96% in vitamin D,-treatment
groups with low, medium, and high doses, respectively
than disease control (Fig. 1b).

Page 4 of 13

Continuous spontaneous alternation behavior - Work-
ing memory capacity is determined by the percent-
age of spontaneous alternation. The percentage of
spontaneous alternation was decreased by 70.56% in the
disease control (19.58+7.87) group than normal control
(66.49+19.78). Positive control (43.11+5.72) showed
significant (CI = -45.196 to -1.864; t = -2.420; p=0.036)
increased spontaneous alternation by 120.15% compared
to disease control. Pair ¢-test analysis revealed a signifi-
cant difference between disease control and vit.D; (1 mg/
kg) group (CI = -47.998 to -0.450; t = -2.270, p=0.047).
Percentage of spontaneous alternation was increased
by 29.42 and 123.70% in vitamin D;-treatment groups
with medium and high doses, respectively, than disease
control (Fig. 1c), suggesting significant effects on spatial
working memory.

Assessment of neuromuscular function and knee joint pain
Neuromuscular function by muscle grip strength task
- Muscle strength is an essential step for researching
neuromuscular disorders. It was measured and reported
in terms of gram force (GF). In the results found at the
end of the experiment, despite the VDD treated animals
(1219.06£22.33) having presented lower grip strength by
12.30% than normal control (1390.06+35.38). There was
a significant difference (CI1=77.773 to 264.213; t=4.087,
p=0.002) in muscle grip strength between two groups.
Positive control (1371.56152.13) showed significant (CI
= -278.861 to -26.139; ¢t = -2.689; p=0.023) increased
muscle grip strength by 12.51% compared to disease con-
trol. Pair ¢-test analysis revealed a significant difference
between disease control and vit.D; (1 mg/kg) group (CI=
-308.741 to -82.598; ¢t = -3.856, p=0.003) (Fig. 2a).

Knee joint pain score by pressure application meter
- Knee joint pain in terms of GF was significantly
(CI=74.514 to 222.436; t=4.473, p=0.001) decreased
by 20.42% in disease control than normal control. Posi-
tive control showed significant (CI = -118.083 to -11.745;
t = -2.720; p=0.022) increased GF by 11.22% compared
to disease control. Pair ¢-test analysis revealed a signifi-
cant difference between disease control and vit.D; (1 mg/
kg) group (CI = -119.973 to -1.747; t = -2.294, p=0.045)
(Fig. 2b).

Estimation of VDR and 25-OH vitamin D; in in multiple
matrix

The results of VDR expression (ng/mL) in the liver and
adipose tissues were evaluated and are presented graphi-
cally in Fig. 3a. VDR expression in adipose tissue was
significantly (CI=49.241 to 885.739; t=2.490, p=0.032)
decreased by 35.09% in the disease control than nor-
mal control. Positive control showed significant (CI =
-1449.629 to -228.171; t = -3.061; p=0.012) increased
VDR expression by 97% compared to disease control.
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Fig. 1 Response to Y-maze task for strain Sprague Dawley rats in relation to (@) Number of entry in novel arm, (b) Time spent in novel arm, and (c)
Spontaneous alternation. Data shows mean +standard error of mean for groups (n=6). *p <0.05 and **p <0.01 vs. disease control (VDD); #p<0.01 and
##5 <0.001 vs. normal control (NC).
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Fig. 2 Response to (@) Neuromuscular function by muscle grip strength task and (b) Knee joint pain score by pressure application meter (PAM) for strains
Sprague Dawley rats. GF: Gram force; *p < 0.05 and **p<0.01 vs. disease control (VDD), *p < 0.01 and *p <0.001 vs. normal control (NC).

VDR expression in liver was increased by 48.23% in
vitamin Ds-treatment at 1 mg/kg than disease control
(Fig. 3a).

Level of 25-OH vitamin Dy in liver tissue was sig-
nificantly (CI=121.045 to 1052.955; t=2.807, p=0.019)
decreased by 16.40% in the disease control group than
normal control. Dunnett’s post hoc test revealed that
the level of 25-OH vitamin D; in kidney tissue was sig-
nificantly (F,5=3.566, p=0.020) increased by 23.24%
in the vit.D; (1 mg/kg) group compared to VDD
(Fig. 3b). Besides, Tukey’s post hoc test revealed that
the level of 25-OH vitamin D; in serum was signifi-
cantly (F455=3.104, p=0.033) increased by 278.12% and
281.11% in the 0.5 and 1 mg/kg, respectively compared to
VDD (Fig. 3¢).

Estimation of serum biomarkers
The results of serum biomarkers are graphically pre-
sented in Fig. 4. Levels of calcitonin and parathyroid
hormone (PTH) were expressed in terms of pg/mL.
C-reactive protein (CRP) and thyroxine were expressed
in terms of ng/mL. Level of CRP was significantly (CI =
-215.856 to -47.804; t = -3.496, p=0.006) increased by
81.02% in the disease control than normal control.
Tukey’s post hoc test revealed that the level of calcito-
nin was significantly (F;0=8.011, p=0.018) increased
by 36.66%, while CRP was significantly (F;;0=7.825,
p=0.019) decreased by 35.27% at 1 mg/kg than disease
control (Fig. 4a, b). Further, Tukey’s post hoc test revealed
that the level of PTH was significantly (F4,5=3.732,
p=0.016) decreased by 33.11% and 32.50% in the positive
control and vitamin D; (1 mg/kg) groups, respectively
than disease control (Fig. 4c).
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Fig. 3 Response to vitamin D5 receptor (VDR) concentration in terms of ng/mL and 25-OH vitamin D5 levels after 56 days successive oral administration
of vitamin D5 in vitamin D; deficiency diet (VDD)-induced male Sprague Dawley rats. *p <0.05 vs. disease control (VDD), 5 <0.05 vs. normal control (NC).
(a) VDR in liver and adipose tissue (ng/mL) (b) 25-OH vitamin D5 in liver and kidney (ug/mL) and (c) 25-OH vitamin D5 in serum (ng/mL). *p <0.05 vs.

disease control (VDD) and #pg 0.05 vs. normal control (NC).

Estimation of klotho and B-endorphin in CSF

The results of Klotho and -endorphin in CSF were eval-
uated and are presented graphically in Fig. 5. The expres-
sion of both the biomarkers was calculated in terms of pg/
mL. Expression of klotho protein in CSF was significantly
(CI=68.066 to 256.734; t=3836, p=0.003) decreased by
27.80% in the disease control than normal control. Posi-
tive control showed significant (CI = -138.379 to -33.521;

t = -3.653; p=0.004) increased klotho protein by 20.37%
compared to disease control (Fig. 5a).

The expression of klotho (Tukey’s post hoc test) and
B-endorphin (pair ¢-test) showed significantly increased
by 19.67% (F5=5.247, p=0.003) and 133.59% (CI =
-38.119 to -0.859; ¢t = -2.331, p=0.042), respectively at
1 mg/kg than disease control (Fig. 5a, b).
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Fig. 5 Response to (a) Klotho protein and (b) 3-Endorphin levels in cerebro spinal fluids (CSF) in Sprague Dawley rats (n=6). *p <0.05 and **p<0.01 vs.

disease control (VDD) and #p < 0.0 vs. normal control (NC).

Discussion

Recently, there have been growing concerns about vita-
min D deficiency as a risk factor associated with cognitive
impairment/aging. A few studies have investigated the
effects of successive vitamin D supplements (vit.D;) on
modifying diet regimens in deprived cholecalciferol rats.
Therefore, it is unclear whether a potential relationship
presents between depletion and supplementation of vita-
min D,. We tested the hypothesis that cognitive decline
associated with low cholecalciferol can be improved by
long term (56 day) administration of cholecalciferol. In
addition to, cognitive memories, authors also measured
pain score, muscle function, hormonal changes, VDR

expression, metabolite levels, and anti-aging protein.
Briefly, induction of VDD model, treatment duration,
study outcomes, and probable mechanisms are shown
schematically in Fig. 6.

The Y-maze is a standard test for determining spatial
working and reference memory [11]. The Y-maze spon-
taneous alternation is a behavioral test that measures
the willingness of rodents to explore new environments
to develop spatial working memory. The novelty test was
used to determine the time spent and the number of
entries in each arm [12]. In the present study, we demon-
strate that the depletion of foodstuff regimen with vita-
min D and calcium results in pronounced reduced spatial
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Fig. 6 Schematic representation of experimental design, study outcomes, and possible mechanistic pathways

performance. The VDD animals spent less time hunt-
ing the novel target and made fewer entries. However,
vitamin D supplementation significantly influences the
maze performance in learning the maze task. Growing
evidence that supports the positive effects of vitamin D
on learning and behavior. In this study, the improvement
in performance on the Y-maze task could be attributed
to the involvement of vitamin D receptors and catalytic
enzymes in the brain (hippocampus) responsible for
complex planning, processing, and memory formation
[7]. Researchers have found that spatial memory func-
tion can be improved by upregulating the expression of
AMPA and chloride channel proteins in the hippocam-
pus [13].

Coradini et al. (2015) reported weak muscle strength
in nerve compression model due to hypernociception
[14]. Vitamin D is directly involved in muscle function.
Weak muscles or altered muscle fibers due to vitamin
D deficiency or ablation of vitamin D receptors (VDR)
[15]. Furthermore, supplementing with vitamin D helps
to counteract fatigue and weakness [16]. Compared with
normal animals, VDD-treated animals had decreased
grip strength due to a lack of vitamin D. Consequently,
muscle grip strength was significantly increased by vita-
min D, supplementation in a dose-dependent manner.
The knee joint pain measurement by pressure application
meter (PAM) is a novel behavioral rat model to evaluate
joint pain hypersensitivity. The reading of PAM as gram
force (GF) is considered the gold standard for behav-
ioral hypersensitivity. In addition, the method is a highly
reproducible and a useful tool for chronic inflammatory
joint pain evaluation [17]. In literature, pain pathways
have been described as various mechanisms includ-
ing pain-sensing and processing primarily at the level of

dorsal root ganglion neurons. On the other hand, authors
have reported the significant role of vitamin D and its
receptor (VDR) in specific pain signaling pathways that
include epidermal growth factor receptor (EGFR), glial-
derived neurotrophic factor (GDNF), nerve growth fac-
tor (NGF), and opioid receptors [18]. Thus, vitamin Dy
treatment regimen is highly effective in pain-reducing
activity via VDR receptor.

It was reported in many studies that VDR regulates
the expression of numerous genes that are responsible
for cellular proliferation, calcium/phosphate homeosta-
sis, and immune response [19]. The biological effects of
25-hydroxy vitamin D5 and 1,25 dihydroxy vitamin Dy
are mainly mediated by the VDR. Thus, chronic repeated
oral administration of vitamin D, significantly improved
the level of VDR expression in the liver and adipose tis-
sues that mediate various biological functions. As a result
of vitamin D, supplementation behavioral activity, VDR
level, and joint pain can also be improved. Literature data
reported that vitamin D has a significant therapeutic
role in many neurological diseases via inhibition of the
NADPH oxidase (NOX2), which protects against reac-
tive oxygen species (ROS) production [20, 21]. Hence, the
assumption is that vitamin D, supplementation reduces
animal activity through VDR mechanisms.

The secretion of calcitonin (antagonist of PTH) is stim-
ulated by an elevated calcium level and low blood cal-
cium. It is indirectly involved in the regulation of bone
mineralization and synthesis of bone matrix [22, 23].
VDD group animals showed reduced levels of calcito-
nin, while supplementation with vitamin Dj significantly
increased the level of calcitonin compared with the VDD
group. However, CRP is a pentameric protein found
in blood plasma, and its level depends on the body’s
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inflammation. It is defined as an acute phase reactant and
depends on the inflammation level [24, 25]. In this study,
the acute-phase reactant CRP was significantly increased
after treatment with VDD, where it was significantly
reduced following vitamin D, treatment at 1 mg/kg.

PTH, a type of peptide hormone is synthesized from
parathyroid gland and regulates the plasma calcium [26].
However, intact PTH (iPTH) is defined as an active form,
which is released in blood in case of a low level of cal-
cium. PTH regulates the formation of osteoclasts that
enhance bone resorption. Dysregulation of PTH results
in hyper/or hypothyroidism [27, 28]. Our results revealed
a significant reduction of PTH in vitamin D, treatment
groups, which was abruptly increased in the VDD-
treated group. Thyroid hormones play an imperative role
in muscular activity, metabolic rate, brain development,
and maintenance of bone health [29, 30]. The level of thy-
roxine was slightly changed after vitamin D, treatment
with respect to the VDD.

Vitamin D deficiency is defined when the serum levels
of 25-OH vitamin Dy are less than 20 ng/mL (50 nmol/L).
Vitamin D; is metabolized to form 25-OH vitamin D,
(liver) and 1,25-dihydroxyvitamin D (kidney) [31-33].
Insufficient levels of 25(0OH) vit.D; increased oxida-
tive/nitrosative stress and inflammation. Supplemental
with vitamin D, decreased oxidative DNA damage [34].
Growing literature from randomized controlled trials
stated that an increased plasma levels of 25(OH) vit.D,
improves muscle strength and or physical performance
[35]. Our experimental results suggested that chronic
supplementation with vitamin D, significantly improved
the metabolite level in serum, liver, and kidney tis-
sues compared with the VDD group. f-endorphin is an
endogenous opioid neuropeptide hormone produced
in certain neurons within the peripheral nervous sys-
tem (PNS) and central nervous system (CNS) to relieve
pain. In PNS, B-endorphin produce an analgesic effect by
binding with opioid () receptor. After binding, a cascade
of interactions occurs that inhibits the release of a key
protein for pain transmission i.e., substance P. In CNS,
-endorphin similarly bind to the p-opioid receptor and
exert their analgesic effect through inhibits the release
of y-aminobutyric acid (GABA), resulting in excess pro-
duction of dopamine, which is associated with plea-
sure [36]. Emerging evidence addresses the Klotho (KL)
gene, known as an “aging suppressor” gene that accel-
erates aging when disrupted and extends lifespan when
expressed overly [37]. The level of Klotho was measured
in CSF and found to be significantly increased, suggest-
ing the role of vitamin D and VDR. The study suggested
that VDR has a significant role in controlling the KL gene
expression in mouse and human renal cells [38]. Clinical
trial data also suggested that vitamin D supplementation
significantly affects the level of the brain klotho protein
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[39]. Several evidences also suggest that a-klotho inhib-
its insulin/insulin-like growth factor-1 (IGF-1) signaling
[40], and oxidative stress [41], and regulates phosphatase
and calcium absorption [42, 43]. Thus, overexpression
of klotho downregulates the IGF-1R, lowers p53, and
reverses the senescence phenotype [44]. Our findings
suggested that supplementation with vitamin D, signifi-
cantly improved the levels of VDR expression, in addition
to the B-endorphin, klotho (an anti-aging gene).

Strength and limitation

The current study was significantly improved memory
function, muscle function, pain score. It also improved
VDR expression followed by levels of 25-OH vit.D; and
other functional physiological biomarkers. While vitamin
D and calcium deficiencies, which we assumed as a sin-
gle factor, contribute to the effects observed in the VDD
group, they are due to multiple factors. Information on
the vitamin D content in the maintenance diet fed to the
control group is not standardized. From a mechanistic
perspective, further study like estimation of biomarkers
in skeletal muscle and hippocampus is needed to clear
such a paradox.

Conclusions

The findings of this study demonstrate that supplemen-
tation with cholecalciferol (vit.D;) alleviates neurobehav-
ioral deficits and brain cognition in vitamin Dy deficient
diet (VDD)-induced Sprague Dawley rats. It also signifi-
cantly increases expression of VDR, B-endorphin, and
anti-aging protein (Klotho). In light of this, cholecalcif-
erol supplementation may be promising for treating cog-
nitive impairment like Alzheimer’s disease and vitamin D
deficiency disorders. Overall, this study shows a strong
association between vitamin Dj status and the incidence
of spatial memory and cognition abilities as well as mus-
cle strength and chronic joint pain in rats.

Abbreviations

ANOVA  Analysis of variance
CSF Cerebrospinal fluid
CRP C-reactive protein

@ Confidence interval

CcMC Carboxy methyl cellulose

ELISA Enzyme-linked immune sorbent assay
EGFR Epidermal growth factor receptor
GF Gram force

GDNF Glial-derived neurotrophic factor
IGF-1 Insulin-like growth factor-1

NGF Nerve growth factor

NOX2 NADPH oxidase

PAM Pressure application meter

PTH Parathyroid hormone

ROS Reactive oxygen species

VDD Vitamin D deficient diet

VDR Vitamin D receptor



Trivedi et al. BMC Nutrition (2023) 9:108

Acknowledgements

The authors extend their sincere thanks and gratitude to Dabur Research
Foundation, India, for providing the facilities and support that enabled the
successful completion of the work.

Author contributions

MKT Conceptualization, study design, and write-up the manuscript. AB
reviewing draft manuscript and editing. DT visualization, formatting the
manuscript, reviewing and language editing. SM analysis and interpretation of
data. SJ study design, monitor in life phase of the experiment, helping formal
analysis and to write-up the discussion. All authors have read and approved
the final manuscript.

Funding
Not applicable.

Data Availability
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

The experiments were conducted in accordance with the guidelines of the
Committee for the Purpose of Control and Supervision of Experiments on
Animals (CPCSEA). The test facility (Dabur Research Foundation, India) was
registered with CPCSEA (Registration No. 64/PO/br/s/99/CPCSEA) for an
experiment involving animals, Ministry of Environment and Forest, Govt.

of India and the study was approved by the Institutional Animal Ethical
Committee (IAEC), Dabur Research Foundation (DRF), India (IAEC/39/468) on
dated 3rd July 2017. The animals were procured commercially from Vivo Bio-
Tech, Hyderabad, India, and obtained informed consent from the company to
use the animals in this study.

Consent for publication
Not applicable.

Competing interests
Authors MKT, AB, and DT were employed by Trivedi Global, Inc. Authors SM
and SJ were employed by Trivedi Science Research Laboratory Pvt. Ltd.

Author details

'Trivedi Global, Inc, Henderson, NV, USA

“Trivedi Science Research Laboratory Pvt. Ltd, Thane (W), Maharashtra,
India

Received: 11 April 2023 / Accepted: 13 September 2023
Published online: 25 September 2023

References

1. Forrest KY, Stuhldreher WL. Prevalence and correlates of vitamin D defi-
ciency in US adults. Nutr Res. 2011;31(1):48-54. https://doi.org/10.1016/j.
nutres.2010.12.001.

2. Sizar O, Khare S, Goyal A, Bansal P, Givler A, Vitamin D. deficiency. [Updated
2021 Jan 3]. In: StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing;
2021 Jan-. Available from: https://www.ncbi.nlm.nih.gov/books/NBK532266/.

3. WangH, Chen W, Li D,Yin X, Zhang X, Olsen N, et al. Vitamin D and chronic

diseases. Aging Dis. 2017;8(3):346-53. https://doi.org/10.14336/AD.2016.1021.

4. YinK, Agrawal DK. Vitamin D and inflammatory diseases. J Inflamm Res.
2014;7:69-87. https://doi.org/10.2147/JIR.563898.

5. Giovannucci E. Vitamin D and cardiovascular disease. Curr Atheroscler Rep.
2009;11(6):456-61. https://doi.org/10.1007/511936-012-0183-8.

6. Banafshe HR, Khoshnoud MJ, Abed A.Vitamin D supplementation
attenuates the behavioral scores of neuropathic pain in rats. Nutr Neurosci.
2019;22(10):700-5. https://doi.org/10.1080/1028415X.2018.1435485.

7. Taghizadeh M, Talaei SA, Salami M. Vitamin D deficiency impairs spatial
learning in adult rats. Iran Biomed J. 2013;17(1):42-8. https://doi.org/10.6091/
ibj.1061.2012.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 12 of 13

Latimer CS, Brewer LD, Searcy JL, Chen KC, Popovic J, Kraner SD, et al. Vitamin
D prevents cognitive decline and enhances hippocampal synaptic function
in aging rats. Proc Natl Acad Sci USA. 2014;111(41):E4359-66. https://doi.
0rg/10.1073/pnas.1404477111.

Veldurthy V, Wei R, Oz L, Dhawan P, Jeon YH, Christakos S. Vitamin D, calcium
homeostasis and aging. Bone Res. 2016;4:16041. https://doi.org/10.1038/
boneres.2016.41.

Bakhtiari-Dovvombaygi H, Izadi S, Zare M, et al. Vitamin D3 administration
prevents memory deficit and alteration of biochemical parameters induced
by unpredictable chronic mild stress in rats. Sci Rep. 2021;11:16271. https://
doi.org/10.1038/541598-021-95850-6.

Peng M, Zhang C, Dong Y, Zhang Y, Nakazawa H, Kaneki M, et al. Bat-

tery of behavioral tests in mice to study postoperative delirium. Sci Rep.
2016;6:29874. https://doi.org/10.1038/srep29874.

Wolf A, Bauer B, Abner EL, Ashkenazy-Frolinger T, Hartz AM. A comprehensive
behavioral test battery to assess learning and memory in 12956/1g2576
mice. PLoS ONE. 2016;11(1):e0147733. https://doi.org/10.1371/journal.
pone.0147733.

Wang Y, Wang L, Wu J, Cai J. The in vivo synaptic plasticity mechanism of EGb
761-Induced enhancement of spatial learning and memory in aged rats. Br J
Pharmacol. 2006;148(2):147-53. https://doi.org/10.1038/sj.bjp.0706720.
Coradinia JG, Kakihata CMM, Kunz RI, Errero TK, Bonfleur ML, Bertolini GR.
Evaluation of grip strength in normal and obese Wistar rats submitted to
swimming with overload after median nerve compression. Revista Brasileira
de Reumatologia (English Edition). 2015,55(1):43-7. https://doi.org/10.1016/j.
rbre.2014.08.002.

Girgis CM, Cha KM, Houweling PJ, Rao R, Mokbel N, Lin M, et al. Vitamin D
receptor ablation and vitamin d deficiency result in reduced grip strength,
altered muscle fibers, and increased myostatin in mice. Calcif Tissue Int.
2015,97(6):602-10. https://doi.org/10.1007/500223-015-0054-x.

Hayes A, Rybalka E, Debruin DA, Hanson ED, Scott D, Sanders K. The effect of
yearly-dose vitamin D supplementation on muscle function in mice. Nutri-
ents. 2019;11(5):1097. https://doi.org/10.3390/nu11051097.

Barton NJ, Strickland IT, Bond SM, Brash HM, Bate ST, Wilson AW, et al. Pres-
sure application measurement (PAM): a novel behavioural technique for
measuring hypersensitivity in a rat model of joint pain. J Neurosci Methods.
2007;163(1):67-75. https://doi.org/10.1016/jjneumeth.2007.02.012.

Habib AM, Nagi K, Thillaiappan NB, Sukumaran V, Akhtar S. Vitamin D

and its potential interplay with pain signaling pathways. Front Immunol.
2020;11:820. https://doi.org/10.3389/fimmu.2020.00820.

Wang Y, Zhu J, DeLuca HF. Where is the vitamin D receptor? Arch Biochem
Biophys. 2012;523(1):123-33. https://doi.org/10.1016/j.abb.2012.04.001.

Cui C, Song S, Cui J, Feng Y, Gao J, Jiang P. Vitamin D receptor activation
influences NADPH oxidase (NOX2) activity and protects against neurological
deficits and apoptosis in a rat model of traumatic brain injury. Oxid Med Cell
Longev. 2017;2017:9245702. https://doi.org/10.1155/2017/9245702.
Enkhjargal B, Malaguit J, Ho WM, Jiang W, Wan W, Wang G, et al. Vitamin D
attenuates cerebral artery remodeling through VDR/AMPK/eNOS dimer
phosphorylation pathway after subarachnoid hemorrhage in rats. J Cereb
Blood Flow Metab. 2019;39(2):272-84. https://doi.org/10.1177/02716
78X17726287.

Foster GV. Calcitonin (thyrocalcitonin). N Engl J Med. 1968;279(7):349-60.
https://doi.org/10.1056/NEJM196808152790704.

Gray TK, Ontjes DA. Clinical aspects of thyrocalcitonin. Clin Orthop Relat Res.
1975;111238-56. https://doi.org/10.1097/00003086-197509000-00031.
Nehring SM, Goyal A, Bansal P, Patel BC. C reactive protein. (2021) May 10. In:
StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing; 2021 Jan-.
PMID: 28722873.

Sproston NR, Ashworth JJ. Role of C-reactive protein at sites of inflamma-
tion and infection. Front Immunol. 2018;9:754. https://doi.org/10.3389/
fimmu.2018.00754.

Kumar R, Thompson JR. The regulation of parathyroid hormone secretion
and synthesis. J Am Soc Nephrol. 2011,22(2):216-24. https://doi.org/10.1681/
ASN.2010020186.

Khundmiri SJ, Murray RD, Lederer E, PTH, Vitamin D. Compr Physiol.
2016;6(2):561-601. https://doi.org/10.1002/cphy.c140071.

Stavenuiter AW, Arcidiacono MV, Ferrantelli E, Keuning ED, Vila Cuenca M,
ter Wee PM, et al. A novel rat model of vitamin D deficiency: safe and rapid
induction of vitamin D and calcitriol deficiency without hyperparathyroidism.
Biomed Res Int. 2015;2015:604275. https://doi.org/10.1155/2015/604275.
Talaei A, Ghorbani F, Asemi Z. The effects of vitamin D supplementation

on thyroid function in hypothyroid patients: a randomized, double-blind,


https://doi.org/10.1016/j.nutres.2010.12.001
https://doi.org/10.1016/j.nutres.2010.12.001
https://www.ncbi.nlm.nih.gov/books/NBK532266/
https://doi.org/10.14336/AD.2016.1021
https://doi.org/10.2147/JIR.S63898
https://doi.org/10.1007/s11936-012-0183-8
https://doi.org/10.1080/1028415X.2018.1435485
https://doi.org/10.6091/ibj.1061.2012
https://doi.org/10.6091/ibj.1061.2012
https://doi.org/10.1073/pnas.1404477111
https://doi.org/10.1073/pnas.1404477111
https://doi.org/10.1038/boneres.2016.41
https://doi.org/10.1038/boneres.2016.41
https://doi.org/10.1038/s41598-021-95850-6
https://doi.org/10.1038/s41598-021-95850-6
https://doi.org/10.1038/srep29874
https://doi.org/10.1371/journal.pone.0147733
https://doi.org/10.1371/journal.pone.0147733
https://doi.org/10.1038/sj.bjp.0706720
https://doi.org/10.1016/j.rbre.2014.08.002
https://doi.org/10.1016/j.rbre.2014.08.002
https://doi.org/10.1007/s00223-015-0054-x
https://doi.org/10.3390/nu11051097
https://doi.org/10.1016/j.jneumeth.2007.02.012
https://doi.org/10.3389/fimmu.2020.00820
https://doi.org/10.1016/j.abb.2012.04.001
https://doi.org/10.1155/2017/9245702
https://doi.org/10.1177/0271678X17726287
https://doi.org/10.1177/0271678X17726287
https://doi.org/10.1056/NEJM196808152790704
https://doi.org/10.1097/00003086-197509000-00031
https://doi.org/10.3389/fimmu.2018.00754
https://doi.org/10.3389/fimmu.2018.00754
https://doi.org/10.1681/ASN.2010020186
https://doi.org/10.1681/ASN.2010020186
https://doi.org/10.1002/cphy.c140071
https://doi.org/10.1155/2015/604275

Trivedi et al. BMC Nutrition

30.

31.

32.

33.

34.

35.

36.

37.

38.

(2023) 9:108

placebo-controlled trial. Indian J Endocrinol Metab. 2018;22(5):584-8. https://
doi.org/10.4103/ijem.IJEM_603_17.

Mackawy AM, Al-Ayed BM, Al-Rashidi BM. Vitamin D deficiency and its
association with thyroid disease. Int J Health Sci (Qassim). 2013;7(3):267-75.
https://doi.org/10.12816/0006054.

Cashman KD, van den Heuvel EG, Schoemaker RJ, Prévéraud DP, Macdonald
HM, Arcot J. 25-Hydroxyvitamin D as a biomarker of vitamin D status and

its modeling to inform strategies for prevention of vitamin D deficiency
within the population. Adv Nutr. 2017,8(6):947-57. https://doi.org/10.3945/
an.117.015578.

Zerwekh JE. Blood biomarkers of vitamin D status. Am J Clin Nutr.
2008;87(4):10875-91S. https://doi.org/10.1093/ajcn/87.4.1087S.

Jones G. Metabolism and biomarkers of vitamin D. Scand J Clin Lab Invest
Suppl. 2012;243:7-13. https://doi.org/10.3109/00365513.2012.681892.
Codorier-Franch P, Tavarez-Alonso S, Simo-Jorda R, Laporta-Martin P, Car-
ratald-Calvo A, Alonso-Iglesias E. Vitamin D status is linked to biomarkers of
oxidative stress, inflammation, and endothelial activation in obese children. J
Pediatr. 2012;161(5):848-54. https://doi.org/10.1016/j.jpeds.2012.04.046.
Rejnmark L. Effects of vitamin D on muscle function and performance: a
review of evidence from randomized controlled trials. Ther Adv Chronic Dis.
2011;2(1):25-37. https://doi.org/10.1177/2040622310381934.

Sprouse-Blum AS, Smith G, Sugai D, Parsa FD, Parsa FD. Understanding
endorphins and their importance in pain management. Hawaii Med J.
2010,69(3):70-1.

Xu'Y, Sun Z. Molecular basis of klotho: from gene to function in aging. Endocr
Rev. 2015;36(2):174-93. https://doi.org/10.1210/er.2013-1079.

Forster RE, Jurutka PW, Hsieh JC, Haussler CA, Lowmiller CL, Kaneko I,

et al. Vitamin D receptor controls expression of the anti-aging klotho

39.

40.

41.

42.

43.

Page 13 of 13

gene in mouse and human renal cells. Biochem Biophys Res Commun.
2011;414(3):557-62. https://doi.org/10.1016/j.bbrc.2011.09.117.

Jebreal Azimzadeh M, Shidfar F, Jazayeri S, Hosseini AF, Fatemeh, Ranjbaran,
et al. Effect of vitamin D supplementation on klotho protein, antioxidant
status and nitric oxide in the elderly: a randomized, double-blinded,
placebo-controlled clinical trial. Eur J Integr Med. 2020;35:101089. https://doi.
0rg/10.1016/j.eujim.2020.101089.

Lu L, Katsaros D, Wiley A, de la Longrais I1A, Puopolo M, Yu H, et al. Klotho
expression in epithelial ovarian cancer and its association with insulin-like
growth factors and disease progression. Cancer Invest. 2008;26:185-92.
https://doi.org/10.1080/07357900701638343.

Yamamoto M, Clark JD, Pastor JV, Gurnani P, Nandi A, Kurosu H, et al. Regula-
tion of oxidative stress by the anti-aging hormone klotho. J Biol Chem.
2005;280(45):38029-34. https://doi.org/10.1074/jbc.M509039200.

Kuro-o M. Klotho as a regulator of fibroblast growth factor signaling and
phosphate/calcium metabolism. Curr Opin Nephrol Hypertens. 2006;15:437-
41, https://doi.org/10.1097/01.mnh.0000232885.81142.83.

Nabeshima Y. The discovery of a-klotho and Fgf23 unveiled new insight into
calcium and phosphate homeostasis. Cell Mol Life Sci. 2008;65:3218-30.
Poudel SB, Dixit M, Neginskaya M, Nagaraj K, Pavlov E, Werner H, et al. Effects
of GH/IGF on the aging mitochondria. Cells. 2020,9(6):1384. https://doi.
0rg/10.3390/cells9061384.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.4103/ijem.IJEM_603_17
https://doi.org/10.4103/ijem.IJEM_603_17
https://doi.org/10.12816/0006054
https://doi.org/10.3945/an.117.015578
https://doi.org/10.3945/an.117.015578
https://doi.org/10.1093/ajcn/87.4.1087S
https://doi.org/10.3109/00365513.2012.681892
https://doi.org/10.1016/j.jpeds.2012.04.046
https://doi.org/10.1177/2040622310381934
https://doi.org/10.1210/er.2013-1079
https://doi.org/10.1016/j.bbrc.2011.09.117
https://doi.org/10.1016/j.eujim.2020.101089
https://doi.org/10.1016/j.eujim.2020.101089
https://doi.org/10.1080/07357900701638343
https://doi.org/10.1074/jbc.M509039200
https://doi.org/10.1097/01.mnh.0000232885.81142.83
https://doi.org/10.3390/cells9061384
https://doi.org/10.3390/cells9061384

	﻿Vitamin D﻿3﻿ supplementation improves spatial memory, muscle function, pain score, and modulates different functional physiological biomarkers in vitamin D﻿3﻿ deficiency diet (VDD)-induced rats model
	﻿Abstract
	﻿Highlights
	﻿Introduction
	﻿Methods
	﻿Animals and VDD model
	﻿Groups and drug administration
	﻿Y-Maze test
	﻿Muscle grip strength and knee joint pain score
	﻿Serum biomarker
	﻿VDR in liver and adipose tissue
	﻿Metabolite (25-OH Vit D﻿3﻿) analysis in multiple matrix
	﻿Klotho and β-endorphin in CSF
	﻿Statistics

	﻿Results
	﻿Induction of VDD model
	﻿Y-maze task
	﻿Assessment of neuromuscular function and knee joint pain
	﻿Estimation of VDR and 25-OH vitamin D﻿3﻿ in in multiple matrix
	﻿Estimation of serum biomarkers
	﻿Estimation of klotho and β-endorphin in CSF

	﻿Discussion
	﻿Strength and limitation

	﻿Conclusions
	﻿References


