Neuropsychiatric Disease and Treatment

Dove

ORIGINAL RESEARCH

Short- and Long-Term Effects of Vitamin
D Treatment on Bacillus Calmette-Guerin-Induced
Depressive-Like Behavior in Mice

Lobna A Saleh, (' Farooq M
AImut:airi,Z’4 Wejdan K AIorabi,I
Bashayr A Alkuhayli,' Shaden S
Alzaidi,' Shahad B Alzahrani,
Futun A Aljumayi,' Maram H
Abduljabbar,' Ayidh S Alharthi,'
Mashhour A Alsufyani,'
Mohammed H AIhazmi,I
Abdulbari A AIthobaiti,I Fahad
N Almutairi,' Fahad S

Alshehri, (° Ebtehal
Altowairqi,I Yusuf S

Althobaiti (">

'Department of Pharmacology and
Toxicology, College of Pharmacy, Taif
University, Taif, 21944, Saudi Arabia;
2Addiction and Neuroscience Research
Unit, College of Pharmacy, Taif University,
Taif, Saudi Arabia; 3Depar‘tment of Clinical
Pharmacology, Faculty of Medicine, Ain
Shams University, Cairo, Egypt;
“Department of Clinical Laboratories
Sciences, College of Applied Medical
Sciences, University of Hafar Al-Batin, Hafar
Al-Batin, Saudi Arabia; *Department of
Pharmacology and Toxicology, College of
Pharmacy, Umm Al-Qura University,
Makkah, Saudi Arabia; *General
Administration for Precursors and
Laboratories, General Directorate of
Narcotics Control, Ministry of Interior,
Riyadh, Saudi Arabia

Correspondence: Yusuf S Althobaiti
Department of Pharmacology and
Toxicology, College of Pharmacy, Taif
University, Health Science Campus,
P.O. Box 11099, Airport Road, Al
Haweiah, Taif, 21944, Saudi Arabia
Tel +966 545736200

Email ys.althobaiti@tu.edu.sa

This article was published in the following Dove Press journal:
Neuropsychiatric Disease and Treatment

Purpose: Depression is one of the most common psychological disorders. The nutritional
etiology of the depression proposes that vitamin D may play a significant role in the
pathogenesis of depression. Further, vitamin D deficiency has been found to aggravate
depression in animals. Therefore, vitamin D treatment might be a potential therapeutic aid
in depression management. This study aimed to explore the antidepressant effects of vitamin
D in a Bacillus Calmette-Guerin (BCG)-induced depression model.

Methods: Thirty-six mice were randomly assigned to short-term and long-term experimen-
tal groups. In each group, mice were randomly subcategorized into three subgroups: 1.
control (received vehicle), 2. BCG (received BCG [107 CFU/mouse]), and 3. BCG + vitamin
D (received vitamin D [60.000 TU/kg] before BCG [10” CFU/mouse] inoculation). After
completion of the two experimental periods (3 days for the short-term group and 2 weeks for
the long-term group), the mice underwent three behavioral tests: locomotor activity, the
forced swimming test (FST), and the tail suspension test (TST).

Results: Locomotor activity did not significantly differ among the subgroups in either the
long-term or short-term groups. In the short-term group, the total immobility time on the FST
was decreased in the vitamin D-treated group compared to the BCG group. However, in the
TST, no significant difference was found between the vitamin D-treated group and the BCG
group. In the long-term group, the immobility time on the FST was decreased in the vitamin
D-treated group compared to the BCG group. Similarly, the total immobility time on the TST
was also significantly lower in the vitamin D-treated mice than in the BCG-treated mice.
Conclusion: Vitamin D is useful in the management of depressive behavior. The potential
role of vitamin D in the etiology of depression should be investigated in future work.
Keywords: depression, natural supplements, tail suspension test, forced swimming test

Introduction

Major depression (MD) is one of the most common psychiatric disorders affecting
public health globally, and is reported to affect more than 264 million individuals
worldwide.! Anhedonia and a depressed mood are among the main characteristics
of MD and negatively affect the quality of life of individuals with depression.
Despite the significant social burden of this disease, the pathophysiological
mechanisms underlying depression are not fully understood. Furthermore, the
existing diagnostic techniques do not sufficiently reveal the significant alterations
in neurobiology that conclude the behavioral changes in patients. Different hypoth-
eses have been postulated to explain the etiology of depression. One of the most
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common hypotheses, the neurotransmitter hypothesis,
suggests that low levels of brain neurotransmitters, includ-
ing serotonin, norepinephrine, and dopamine, can cause
depression.”® Accordingly, several drugs have been
developed to modulate the levels of these
neurotransmitters.® ® However, one in three patients with
depression do not respond to conventional treatments.”
Another hypothesis suggests that the hypothalamic-
pituitary-adrenal axis can be involved via the stress-
induced release of corticotropin-releasing hormone and

cortisol.1%14

the subsequent release of adrenal
Additionally, several brain-derived neurotrophic factors
have been reported to be reduced in various brain regions
in patients with depression.'”"!” Since the early 1990s,
accumulating data on the pathophysiology of depression
have shown that inflammation is an important factor in the
development of depression. Patients with MD were found
to have increased inflammatory markers in the blood; such
increases were associated with poorer outcomes of anti-
depressant treatment.'®

Recent studies have suggested that low levels of vita-
mins such as vitamin D, vitamin B6, vitamin B12, and
other essential elements may play a role in the pathogen-
esis of depression.'”** Indeed, vitamin D deficiency is
reported to negatively affect overall body health, muscle

21

function, bone strength, and mental state.” Moreover,

meta-analyses and reviews have indicated that MD may
be associated with decreased vitamin D levels.”***
Moreover taking a vitamin D supplement was shown to
be beneficial and reduced some biomarkers of inflamma-
tion and oxidative stress.?’

Vitamin D is a steroid that has many important func-
tions in the central nerve system (CNS), such as in brain
development, neuroimmunomodulation, neuroprotection,
synaptic plasticity and neurotransmission.”® The metabo-
lites of vitamin D have the ability to protect neural integ-
rity in brain areas (such as prefrontal cortex, amygdala and
hippocampus) involved in mood regulation and the stress
response.”®?” Nevertheless, some studies have shown that
vitamin D is involved in neuroinflammatory pathway mod-
ulation, and a malfunction in these pathways is linked to
depression and an altered stress response.?”"*® It is impor-
tant to note that vitamin D has been shown to modulate the
hypothalamic-pituitary-adrenal axis and regulate several
neurotransmitters via its activity on vitamin D receptors
(VDRs) in the adrenal cortex.”’ This vitamin has been
reported to be neuroprotective and prevent dopamine and
serotonin depletion.*® Recent studies have also found that

vitamin D might be beneficial with

31,32

in patients
depression.

Depressive-like behaviors can be induced in laboratory
animals through different approaches. One of these meth-
ods is Bacillus Calmette-Guerin (BCG) inoculation in
mice.”*~* This inoculation has been found to induce long-
term depressive-like behavior for up to 3 weeks after
inoculation, that is, ahead of the period during which
signs of acute phase sickness-like behavior appear.*® This
depression model has several advantages: ease of applica-
tion, low cost, and requiring little effort to train animals.
BCG-induced changes occur at numerous levels, including
through neurochemical alterations in the brain, neuroim-
mune function, and neuroendocrine and behavioral
changes, which resemble the MD pathophysiology in
humans.”® However, the effects of vitamin D were not
investigated in BCG-induced depression in mice.
Therefore, this study aimed to explore the short- and long-
term antidepressant effects of vitamin D in a BCG-induced
depression model. We hypothesized that vitamin D would
prevent BCG-induced depressive behavior in both short-

and long-term experiments.

Methods

Animals

A total of 36 male albino mice (25-30 g) were housed in
collective cages (six animals per cage). All animals were
kept 12-h  light/dark
a temperature-controlled (224+2°C) environment with ad

under a standard cycle in
libitum access to rodent chow. All efforts were made to
minimize unnecessary stress to the animals. Before start-
ing the experiment, all of the mice were handled daily for
at least 1 week for acclimatization purposes and to mini-
mize stress reactions related to manipulation. All experi-
ments were conducted following the procedures and
guidelines set by the Animal Unit Committee and
Biomedical Ethics at Taif University and in accordance
with the Institutional Animal Care and Use Committee of
the National Institutes of Health. The study was approved
by the Animal Unit Committee and Biomedical Ethics at
Taif University.

Induction of Depressive-Like Behavior

BCG was obtained from the Veterinary Serum and Vaccine
Research Institute, Bacterial Diagnostic Product Research
Department (Cairo, Egypt). The dose of BCG (10" CFU/
mouse) was selected based on its ability to induce
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depression-like symptoms. BCG was administered intraper-
itoneally (IP) at a volume of 0.2 mL/mouse.”® BCG was
diluted in Sauton’s synthetic liquid medium used to grow
Mpycobacterium bovis (BCG) on the day of inoculation. Mice
in the control group received the same amount of vehicle.

Drug and Administration
Vitamin D3
a commercially available injectable form (Drevarol®)

(cholecalciferol) was purchased in
from Memphis Pharmaceuticals and Chemical Industries
(Cairo, Egypt) dissolved in propylene (glycol: ethanol
90:10) and subsequently administered to mice as a single
dose of 60.000 IU/kg by intraperitoneal injection.®

Experimental Protocol

Mice were randomly divided into short- and long-term
treatment groups. In each treatment group, the mice were
subdivided into three subgroups (each n = 6): A) control
group, which received Sauton’s synthetic liquid medium
(IP) once; B) BCG group, which received the BCG vac-
cine (0.2 mL/mouse, IP) once; and C) BCG + vitamin
D group, which received vitamin D (60.000 1U/kg) via
a single intraperitoneal injection immediately before BCG
inoculation.

Group |

Short-term study (behavioral testing was performed on
two consecutive days, 3 days after BCG inoculation).
The test for locomotor activity and the forced swimming
test (FST) was conducted on the first day, and the tail
suspension test (TST) was conducted on the second day,
as shown in Figure 1.

Group 2

A long-term study (behavioral testing was performed on
two consecutive days, 2 weeks after BCG inoculation).
Tests for locomotor activity and the FST were conducted
on the first day (14 days following BCG inoculation), and
the TST was conducted on the second day (15 days fol-
lowing BCG inoculation), as shown in Figure 1.

Behavioral Testing

All behavioral experiments were performed between 8 am
and 2 pm, under dim light conditions and low noise, as
described in the report by Moreau et al in 2005.%°
Behavior was monitored via a video camera and video-
taped to be scored later by a trained observer. Each mouse
underwent locomotor activity testing, the FST, and the
TST. Each test was performed only once for each animal,
as previously reported.*®

Assessment of Locomotor Activity

The motor effects of BCG and vitamin D were assessed as
previously described by O’Connor et al in 2009.%” Briefly,
the motor activity of each mouse was assessed in a clean
cage over a 5-min period. The numbers of line crossings
(horizontal movement) and rearing (vertical movement) by
all four limbs were counted.

FST

The FST was performed as previously described.>**” Each
mouse was placed in a transparent cylindrical glass beaker
filled with water for 6 min. A mouse was judged to be immo-
bile when it floated in an upright position and made only small
movements to keep its head above water. The swimming time
criterion was strong movements of all four limbs, jumping,

| .

Adaptation Inoculation *

*
» Vehicle (I.P. Sauton)

» BCG vaccine (0.2 mL/mouse)
» Vitamin D (60.000 IU/Kg) single i.p. injection before BCG vaccine

» Openfield test

» FST forshort
term groups

Day 22
TST for long-term
groups

TST for short term
groups

FST forlong term
groups

Figure | Flow diagram of the study schedule.
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struggling, thrashing, and climbing on the glass cylinder wall.
The duration of immobility was evaluated during the final 5
min of the test. Each mouse was tested once.>® After the test,
mice were dried with a towel and placed in cages.

TST

The TST was conducted as described by Steru et al in
1985 This method is based on observation of the
mouse’s agitation and immobility when it is suspended
by the tail for 6 min. To avoid observer bias, two trained,
blinded observers manually recorded the immobility dura-
tion during the final 5 min interval of the test. The mouse
was considered immobile only when it hung passively and
completely motionless.*®

Statistical Analysis

A one-way analysis of variance (ANOVA), followed by
Tukey’s multiple comparison test, was used to analyze the
behavioral data. GraphPad Prism-9 was used to perform
all statistical analyses in this study, with P<0.05 indicating
statistical significance. All data are expressed as the mean
+ standard error of the mean.

Results

Locomotor Activity

In the short-term group, locomotor activity did not signifi-
cantly differ among the subgroups in terms of the number
of lines crossed (F (2, 15) = 0.2704, P=0.7667)

Short crossing

50~

40

30

Count

20+

10+

T
Control BCG BCG+VitD

(Figure 2A), or in the number of rearing episodes (F (2,
15) = 0.3992, P=0.6778) (Figure 2B).

Similarly, in the long-term group, locomotor activity
did not significantly differ among the subgroups in terms
of the number of lines crossed (F (2, 15) = 0.8055,
P=0.4653) (Figure 3A) or in the number of rearing epi-
sodes (F (2, 15) = 1.812, P=0.1973) (Figure 3B).

Short-Term Effect of Vitamin D on

Depressive-Like Behavior in
BCG-Inoculated Mice

The short-term effects of vitamin D and BCG on the immo-
bility time on the FST are shown in Figure 4A. The one-way
ANOVA revealed a significant effect of vitamin D and BCG
on the total immobility time on the FST (F (2, 13) = 9.787,
P=0.0026). A significant increase in the total immobility time
was found in the BCG group relative to the control group
(P=0.0019). Further, the immobility time was significantly
lower in the BCG + vitamin D group than in the BCG group
(P=0.0474). No significant difference in immobility time was
found between the control and vitamin D-treated groups.
The short-term effects of vitamin D and BCG on the
immobility time on the TST are presented in Figure 4B.
The one-way ANOVA revealed a significant effect of
vitamin D and BCG on the total immobility time on the
TST (F (2, 6) = 8.811, P=0.0164). Tukey’s multiple com-
parisons test indicated a significant increase in the total
immobility time in the BCG group compared to the control
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Figure 2 Crossing and rearing results in the short-term group. Number of (A) limb crossings and (B) rearing episodes in the short-term group. Data are expressed as the

mean * SEM.
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Figure 3 Crossing and rearing results in the long-term group. Number of (A) limb crossings and (B) rearing episodes in the long-term group. Data are expressed as the

mean + SEM.
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Figure 4 The short-term effects of Bacillus Calmette-Guerin (BCG) and vitamin D(VitD) on (A) in the forced swimming test (FST) and (B) the tail suspension test (TST).
Data are expressed as the mean = SEM, *P<0.05, **P<0.01 indicate significant differences among the different treatment groups.

group (P=0.0139). However, no significant difference was
noted between the BCG + vitamin D group and the BCG
group (P=0.1873). In addition, the BCG + vitamin
D group and the control group did not significantly differ
in terms of immobility time (P=0.3278).

Long-Term Effect of Vitamin D on
Depressive-Like Behavior in
BCG-Inoculated Mice

The long-term effects of vitamin D and BCG on the
immobility time on the FST are shown in Figure 5A. The

one-way ANOVA revealed a significant effect of vitamin
D and BCG on the total immobility time on the FST (F (2,
16) = 23.50, P<0.0001). A significant increase was
observed in the total immobility time in the BCG group
compared to the control group (P<0.0001). The immobility
time was significantly lower in the BCG + vitamin
D group than in the BCG group (P=0.0123). Further, the
immobility time was increased in the control group com-
pared to the BCG + vitamin D group.

The long-term effects of vitamin D and BCG on the
immobility time on the TST are shown in Figure 5B. The
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Figure 5 The long-term effects of Bacillus Calmette-Guerin (BCG) and vitamin D(VitD) on (A) in the forced swimming test (FST) and (B) the tail suspension test (TST).
Data are expressed as the mean + SEM, *P<0.05, **P<0.01, ***P<0.0001 indicate significant differences among the different treatment groups.

one-way ANOVA revealed a significant effect of vitamin
D and BCG on the total immobility time on the TST (F (2,
15) =10.20, P=0.0016). Tukey’s multiple comparisons test
showed a significant increase in the total immobility time
in the BCG group compared to the control group
(P=0.0091). A significant reduction in the immobility
time was observed in the BCG + vitamin D group com-
pared to the BCG group (P=0.0025). However, the immo-
bility time did not significantly differ between the BCG +
vitamin D group and the control group (P=0.9032).

Discussion

This study investigated the effects of vitamin D on depres-
sive behavior after inoculation with BCG. BCG inocula-
tion was used to induce chronic activation of the immune
system to mimic depression-like behavior in animals,****’
since neuroinflammation has shown to be a risk factor in
the development of depression. Chronic depressive-like
behavior in this model was preceded by acute sickness-
like behavior that persisted for approximately 2 days. This
was evidenced by reduced motor activity and the signifi-
cantly lower number of crossings and rearings in the
activity cage. This effect was followed by a long-term
depressive-like effect, during which signs of depression
appeared. Male rather than female mice were selected in
this study because estrogen has been shown to have anti-
depressant-like effects in animal paradigms of depression,
resulting in an advantageous action in female rodents.> *'
Besides, estradiol replacement in ovariectomized females

. . . 9.4 .. .
decreases  depression-like behavior.>***  Variations in

endogenous levels of estrogen can change depressive
behavior in rodents.*? Furthermore, rodents display
reduced depressive behavior during the late proestrus
phase of the estrous cycle, when estrogen levels are ele-
vated. Fluctuations in estrogen levels also appear to be
concomitant with changes in progestin and androgen.*’
Collectively, these variations in hormone levels might
influence the antidepressant activity of vitamin D.

Two behavioral tests, the FST and the TST, were used
to assess despair aspect of depressive-like behavior.
Although these behavioral tests are similar in terms of
the construct, they differ according to the biological sub-
strates that underly the behavior.>*** A single vitamin
D dose (60.000 IU/kg/day) ameliorated the depressant
effects of BCG, as demonstrated in both the FST and
TST. The immobility times on the FST and TST were
reduced in the BCG + vitamin D group compared to the
BCG group (Figures 4 and 5). However, there was no
significant difference in the short-term TST results
between the BCG + vitamin D group and the BCG group
(Figure 4B), although there was a trend towards a decrease
in immobility time in the BCG + vitamin D group. This
could be due to differences in sensitivity between the FST
and TST. Several studies have reported that many factors
could cause such variations, including water temperature,
genetic differences, and level of aggression in mice.***®
When comparing the TST and FST, implementation of the
experimental procedure significantly differed, thus affect-
ing the results; the results of the TST may not be repro-
ducible in the FST. Therefore, we chose to perform both
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the FST as well as TST, since they have been validated and
widely used. This dose was selected in accordance with
the work of Aygun et al, who demonstrated the anxiolytic-
antidepressive effect of a bolus dose of vitamin D (60.000
IU/kg) in WAG/Rjj rats (a model of absence epilepsy with
comorbidity of depression), which is not significantly dif-
ferent from the effects induced by chronic daily doses.*
Our findings regarding depressive-like behavior are in line
with those of a previous study by Camargo et al, which
revealed that a 100 IU/kg/day dose of vitamin D3 in the
week after chronic corticosterone administration reduced
depressive-like behavior in mice.*’ However, while vita-
min D effectively reduced the immobility time in the long-
term FST (Figure 5B), it did not restore the immobility
time to normal level in the control group. In this study, we
used a single pretreatment injection of vitamin D before
BCG inoculation, which may not fully protect against the
depressant effects of BCG. The use of a higher dose of
vitamin D or multiple doses may achieve this, and further
research is warranted.

Interestingly, vitamin D signaling in the hippocampus
of depressed rats was found to protect from the deteriorat-
ing effects of stress as a compensatory mechanism during

48 Moreover, vitamin

uncontrolled chronic mild stress.
D has been shown to improve ‘anhedonia-like symptoms’,
which was possibly mediated by restoring the expression
of dopamine transporters in the nucleus accumbens in rats
subjected to depression-like symptoms by chronic mild
stress.*’

In the current study, locomotor activity did not signifi-
cantly differ among the subgroups. We also found no
significant difference in locomotor activity between the
short- and long-term groups (Figures 2 and 3), thus
excluding any influence of vitamin D or BCG on the
locomotor system.

Several reports have found that vitamin D plays an
essential role in brain development and
neuritogenesis.’® > Vitamin D is also involved in cogni-
tive function and mental health.>*>> Previous reports have
found that decreased plasma levels of vitamin D are linked

to mood disorders>®>’

and depression.”® *? Accordingly,
the involvement of vitamin D in depression has been
explored in several studies. Indeed, calcitriol, the bioactive
form of vitamin D, plays an essential role in the brain by

activating VDRs
50,63

and hydroxylases in many brain

areas such as the amygdala, where behavior and emo-
tions are controlled.** Other studies have reported that

vitamin D has a neuroprotective function through different

mechanisms, such as regulating the neuronal calcium con-
centration, which reduces the neuronal toxicity caused by
excess calcium.”*%>® Vitamin D has also been reported to
enhance glutathione antioxidant activity in neurons, pro-
tecting them from oxidation processes.”®® Furthermore,
vitamin D is known to play a role in the synthesis of
neurotransmitters involved in mood regulation, such as
dopamine, serotonin, and norepinephrine, by regulating
the gene expression of tyrosine hydroxylase in the bio-
synthesis of these neurotransmitters.®’

Several studies have found that vitamin D possesses
protective properties against reactive oxygen species
(ROS) and glutamate neurotoxicity.® Similarly, fluoxe-
tine, an antidepressant compound, has shown protective
ROS
a corticosterone depression model in mice.*’*>’" Other

properties  against and nitrate levels in
reports have shown that vitamin D could potentially pro-
duce an antidepressant activity by modulating inducible
nitric oxide synthase expression in the brain.”!

Amassing data related to mood and behavioral disor-
ders have shown that there is a critical interplay between
the immune system and alterations in brain circuits. The
immune responses to many stressful stimuli start with the
prompt activation of astrocytes and microglial cells and
the release of inflammatory cytokines, such as prostaglan-
din E2, tumor necrosis factor and interleukin-1f in the
CNS. These inflammatory markers are elevated in patients
with MD and related to the duration and severity of the
mood disorder, as shown in some clinical studies.”?
Observations from such studies suggested that inhibiting
the release of inflammatory cytokines can be a therapeutic
approach to treat depressive symptoms. This was sup-
ported by Wang and colleagues,”® who found that vitamin
D could suppress the Akt/NF-kB/COX-2 pathway by inhi-
biting macrophage-mediated inflammatory processes.
These observations indicate that depression can be treated
by targeting the neuroinflammatory system, and can aid in
developing new therapeutic strategies in future research in
this filed.

One limitation of the present study is that the findings
are not supported by biochemical testing (eg plasma levels
of vitamin D, confirmation of the stimulation of the vita-
min D and VDR system in brain tissue, and inflammatory
and oxidative markers). Therefore, future studies should
investigate potential fluctuations in these parameters in
BCG-induced mouse models of depression. Another lim-
itation of this study is the lack of a positive control group

(vitamin D alone), which could demonstrate the effect of
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using the same vitamin D dose in non-BCG-induced mice.
In addition, standard antidepressant drugs, such as fluox-
etine, a selective serotonin reuptake inhibitor or
Imipramine, a tricyclic antidepressant were not used as
a positive control in our study. Future studies should
utilize vitamin D along with positive controls to confirm
the role of vitamin D in depression. Furthermore, the
toxicity of vitamin D treatment on morphological and
biochemical parameters in the kidneys, liver, and plasma

of mice treated with BCG was not evaluated.

Conclusion

The results of this study demonstrate the important role of
vitamin D in the management of depressive behavior. Short-
and long-term effects of vitamin D and BCG on the immo-
bility time on the FST and TST were observed in this study.
We observed significant BCG-induced depressive effects,
represented by increases in the immobility time on the FST
and TST. Vitamin D was able to reverse the depression-like
effects of BCG and considerably reduce immobility time on
the FST and TST. Vitamin D might be a good therapeutic
option in patients with depression, and further studies are
needed to explore its therapeutic potential on this disease.
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