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Abstract. The present study was performed to determine the behavioral effects of cholecalciferol (Vitamin D3) hormone 
treatment at different doses as an adjunctive therapy alone or in a combination with low dose of 17β-estradiol on 
depression-like behavior of female rats after long-term absence of estrogen. The aim of the study was to examine the effects 
of chronic cholecalciferol administration (1.0, 2.5 or 5.0 mg/kg/day, SC once daily, for 14 days) on depression-like behavior 
following long-term ovariectomy (12 weeks) of the adult (3 months old) female rats of Wistar line. Cholecalciferol was 
administered to the ovariectomized (OVX) rats and OVX rats treated with low dose of 17β-estradiol (17β-E2, 0.5 µg/rat, 
SC once daily, for 14 days) after long-term ovariectomy. Depression-like behavior was assessed in the forced swimming 
test (FST), locomotor and grooming activities were assessed in the open field test (OFT). Using biochemical studies were 
evaluated estradiol and 25-hydroxyvitamin D3 levels in the blood serum of OVX rats treated with cholecalciferol alone 
and cholecalciferol plus 17β-E2. Chronic administration of cholecalciferol (5.0 mg/kg/day, SC) into the intact females 
significantly reduced depression-like behavior in the FST (p<0.05). The treatment with cholecalciferol (1.0 mg/kg/day, 
SC) in the OVX rats after long-term absence of estrogens induced antidepressant-like effect (p<0.05) in the FST. Moreover, 
cholecalciferol in this dose plus 17β-E2 more markedly exhibited antidepressant-like effect in the OVX rats after long-
term ovariectomy (p<0.05). Simultaneously, treatment with cholecalciferol (1.0 mg/kg/day, SC) in the OVX rats after long-
term absence of estrogens produced elevated estradiol and 25-OH-VD3 levels for the OVX rats as compared to the OVX 
females. The combined application of cholecalciferol (2.5 and 5.0 mg/kg/day, SC) and 17β-E2 produced antidepressant-
like effect that was similar to the antidepressant-like effect of 17β-E2. Our results indicate that cholecalciferol at dose of 
5.0 mg/kg/day induced antidepressant-like effect only in intact rats subjected FST. Following long-term ovariectomy in 
the adult female rats, cholecalciferol at dose of 1.0 mg/kg/day administered alone resulted in decrease of depression-
like behavior in the FST. Moreover, cholecalciferol at dose of 1.0 mg/kg/day in a combination with 17β-E2 at a low dose 
induced synergic antidepressant-like effect in the FST.
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Introduction

Women's transition into reproductive senescence is marked 
by reductions in ovarian function and output, referred to as 
menopause (Santoro et al., 2015). This stage is characterized 
by a dramatic development of affective-related disorders 
and different psychoemotional pathologies (Maki et al., 
2010). A strategy to alleviate the mood disorders associated 
with menopause is hormonal replacement therapy (HRT) 
(Soares et al., 2013). However, controversial results related 
to the effectiveness of such treatment have been frequently 
reported (Soares et al., 2001). These discrepancies could be 
associated to various factors, one of them being the time 
when estrogen restitution is initiated after the beginning of 
menopause (Pae et al., 2009; Soares et al., 2010; Vedder et 
al., 2014). 

On the other hand, antidepressant application is 
an important approach to treat depression in women, 
however, not all individuals respond to pharmacologic 
therapy and the management of depression in these 
patients is complicated by comorbid medical conditions, 
potential drug interactions, increased vulnerability to side 

effects of medications usually used to treat depression, 
and drug costs (Amsterdam et al., 1999; Soares, Maki, 
2010; Studd, Nappi, 2012). Therefore, the search of novel 
interventions oriented toward treatment for depression 
among women with menopausal period may provide a 
reasonable alternative (Soares, Maki, 2012). 

There has been longstanding interest in the role of 
«natural» treatments for depression, such as nutritional and 
dietary products. While many dietary factors have been 
implicated in the cause and treatment of depression, there 
has been a lack of scientific rigour in many of the reported 
studies (Scheid et al., 2010; Peng et al., 2016). Among 
other nutraceuticals, one of such «natural» substances for 
treatment of depression could be vitamin D (VD) (Genaro 
et al., 2007; Studd, Nappi, 2012). VD which comprises a 
group of fat-soluble secosterols found in very few foods, is 
photosynthesized in the skin of vertebrates by the action of 
solar ultraviolet B radiation (UV-B) (Plum, DeLuca, 2010; 
Christakos, 2010).  The major biological function of VD is 
the maintenance of normal concentrations of serum calcium 
and phosphorus by enhancing the efficiency of the small 
intestine to absorb these minerals from food (Christakos, 
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DeLuca, 2011). 
Through decades VD was considered a vitamin, but 

nowadays it has emerged as an active hormone exerting 
its action as a transcription factor regulating the expression 
of numerous genes (Theodoratou et al., 2014). Vitamin D 
enters the blood stream and is metabolised in the liver, 
forming 25-hydroxyvitamin D or 25 (OH) D and is then 
further metabolised in the kidneys to its active form 
(1,25-dihydroxyvitamin D) (Deluca, 2014; Heaney, 2008). It 
then binds to vitamin D receptors (VDR) in target tissues 
to regulate gene transcription and to structures within 
cell membranes to mediate a number of non-genomic 
responses (Eyles et l., 2003; Blomberg et al., 2010). 

VDR are present in most tissues and cells in the 
body, and within the brain show some specificity to the 
prefrontal cortex, hippocampus, cingulate gyrus, thalamus, 
hypothalamus and substantia nigra (Eyles et al., 2005; Eyles 
et al., 2013, 2014). This is of relevance as many of those 
brain regions have been implicated in the physiology of 
depression (Drevets et al., 2008).  However, the role of 
VDR in the pathology of depression has not been clearly 
established. 

There was found that estrogen deficiency effects on 
depressive-like behavior are restricted to certain periods after 
ovary removal (de Chaves et al., 2009; Estrada-Camaerena 
E. et al., 2017). Moreover, preclinical data suggest that 
time frame after ovariectomy can be important to obtain 
behavioral positive or negative results with HRT alone or 
in a combination with some existing antidepressants (Nelly 
et al., 2016). 

We have previously shown that chronic administration 
of cholecalciferol at dose of 5.0 mg/kg, SC had a marked 
antidepressant-like effect in the adult female rats after 
2 weeks of post-ovariectomy (Fedotova et al., 2016). We 
assumed the following: 1) antidepressant-like effects of 
cholecalciferol in OVX rats after 12 weeks post-ovariectomy 
can be differed from its effects in OVX rats after 2 weeks 
post-ovariectomy; 2) different doses of cholecalciferol in 
OVX rats with 12 weeks post-ovariectomy interval might 
lead to negative versus positive effects which are similar or 
contrast to the effects for different doses of cholecalciferol 
in OVX rats with 2 weeks post-ovariectomy. To our 
knowledge, there are no studies analyzing the behavioral 
effects of cholecalciferol in the OVX rats after short- and 
long-term period. Thus, it is a great interest to evaluate 
the effects of repeated cholecalciferol administration on 
depression-related behavior in the adult female rats with 
long-term estrogen deficiency. 

The aim of the present study was: (1) to determine if 
repeated systemic treatment with cholecalciferol affected on 
depression-related behavior in female rats after long-term 
ovariectomy, (2) to clarify whether after repeated treatment 
of cholecalcifeol, its effects on depression-like behavior may 
be determined and depended from the hormonal state of 
female rats (low estrogen level or 17β-estradiol application), 
(3) to investigate whether effects of repeated treatment of 
cholecalcifeol alone or plus 17β-estradiol (17β-E2) on the 
depression-like behavior of female rats after 12 weeks 
post-ovariectomy period could differ from its effects in the 
female rats after 2 weeks post-ovariectomy period.  

Materials and Methods

Animals

The study used 96 of the adult (3 months old) female 
Wistar line rats (purchased from «Biocollection of I.P. 
Pavlov Institute of Physiology of the Russian Academy 
of Sciences», Koltushi, St. Petersburg, Russia) weighing 
180-200 g at the start of the experiment. For at least a 
week prior to the experiment, the adult rats were housed 
six to a cage under standard environmental conditions: 
constant temperature of 23 ± 1°C, 60% humidity, 12-h 
light/dark cycle (light on at 8:00 a.m.), food and water ad 
libitum. All experiments were carried out in accordance 
with the Guide for Care and Use of Laboratory Animals, 
published by the National Institute of Health (National 
Research Council, publication No. 85–23, revised in 1996, 
and the Animal Welfare Assurance Renewal for the I.P. 
Pavlov Institute of Physiology, approved by the Scientific 
Research Committee of the Institute (protocol 1095/1 from 
June 25, 2012). The rationale, design, and methods of 
this study were approved by the Ethical Committee for 
Animal Research, I.P. Pavlov Institute of Physiology of the 
Russian Academy of Sciences. 

Long-term ovariectomy 

In rats, long-term absence of ovarian hormones during 12 
weeks induced by ovariectomy has been proposed as an 
early model of postmenopause (Bosee, Di Paolo, 1995). 
In the present study, female rats for chronic experiment 
were subjected by long-term ovariectomy. The female 
rats were anesthetized with a mixture of ketamine/
xylazine (ketamine: 70 mg/kg b.w. and xylazine: 10 mg/
kg b.w., i.p.) and bupivacaine (0.25% solution: 0.4 ml/
kg b.w.) was applied topically as analgesic. The non-
steroidal anti-inflammatory drug meloxicam (1 mg/kg 
b.w.) was injected subcutaneously. Following disinfection 
of the skin (with alcohol and betadine), a dorsal midline 
skin incision was made caudal to the posterior of the 
ribs. Using blunt dissection to tunnel subcutaneously, 
lateral to the skin incision, the muscles of the posterior 
abdominal wall were separated in order to expose the 
abdominal cavity. The ovary is 1-2 cm located in a fat pad 
beneath the muscles. The periovarian fat was grasped 
to lift and exteriorize the ovary. The fallopian tube was 
crushed and the ovary was removed by cutting above the 
clamped area. The skin incision was closed using wound 
clips. Animal Welfare Assurance Renewal for Pavlov 
Institute of Physiology oversee the entire surgical process, 
including post-operative care prior to shipment. The 
effectiveness of castration or exogenous administration 
of 17β-estradiol (17β-E2) was controlled by vaginal 
smears. Following ovariectomy, ovariectomized (OVX) 
females were placed in a community cage with free 
access to food and water. After the surgery and to assure 
the long-term absence of ovarian hormones, the rats 
were returned to the housing facilities for 12 weeks. After 
this time period, the rats were randomly assigned to each 
of the experimental groups accordingly to their age and 
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subjected to solvent, cholecalciferol or 17β-E2 treatments.

Drugs

The estrogen, 17β-E2 (E-8875, Sigma Chemical Co) was 
dissolved in sterile sesame oil. Cholecalcirefol (C-9756, 
Sigma Chemical Co) was dissolved in 95% ethanol, 
aliquoted and stored at -800C. The stock of cholecalciferol 
was diluted in a sterile water, resulting in a solution of 
cholecalciferol with 2% ethanol. 17β-E2 was injected 
subcutaneously (s.c.) at a dose of 0.5 µg/rat. Ovariectomy 
markedly decreases estrogen level and 17β-E2 receptor 
activity in the different structures of the brain (Stanzione 
et al., 1984; Pick et al., 1995). In this connection, a low dose 
of 17β-E2 may play a trigger role in activation of 17β-E2 
receptors at the hypoestrogenic syndrome (20). Thus, 
we used a low dose of 17β-E2 in our present study. The 
low dose of 17β-E2 (0.5 µg/rat, s.c.) was chosen from the 
studies performed by Estrada-Camarena and co-workers 
(Estrada-Camarena et al., 2003, 2004). Cholecalcirefol 
was injected subcutaneously (s.c.) at three different doses 
(1.0, 2.5 or 5.0 mg/kg/day). Three doses of cholecalciferol 
were chosen from the behavioral study performed by 
Idrus and co-workers (Idrus et al., 2013). All solutions 
were freshly prepared before each experimental series. 
All preparations were administered in a volume of 0.1 
ml. Following 12 weeks after ovariectomy, cholecalciferol, 
17β-E2 and oil solvent were injected once daily for 14 
days. The adult OVX females were 6.5 months old at the 
onset of pharmacological treatments. 

Experimental groups 

In our previous studies (data are not shown), we did not 
find any significant differences between control intact 
(sham-operated) rats treated with oil solvent and intact 
(sham-operated) females treated with sterile water with 
2% ethanol as solvent for cholecalciferol in behavioral 

tests for measurement of depression-like state (data are 
not shown). Since, we did not found any differences 
between control groups of intact females with oil solvent 
and solvent for cholecalciferol, we used only one control 
intact (sham-operated) group with oil solvent.

Twelve weeks after ovariectomy, the adult OVX female 
rats were randomly assigned to each of the experimental 
groups and subjected to the different treatments. All 
female OVX and intact rats were divided into 12 groups 
(n=8 per group) for each behavioral tests. The first group 
consisted of intact (sham-operated) female rats (control) 
daily treated with oil solvent (control + solvent). The three 
other groups were of intact (sham-operated) female rats 
which received cholecalciferol at a daily dose of 1.0 mg/kg 
SC (intact rats + cholecalciferol 1.0 mg/kg), cholecalciferol 
at a daily dose of 2.5 mg/kg SC (intact rats + cholecalciferol 
2.5 mg/kg) or cholecalciferol at a daily dose of 5.0 mg/kg 
SC (intact rats + cholecalciferol 5.0 mg/kg). The next two 
groups were of OVX female rats received the oil solvent 
daily (OVX + solvent) and OVX rats treated with 17β-
E2 at a daily dose of 0.5 µg/rat, s.c. (OVX + 17β-E2). The 
other groups consisted of the OVX female rats treated 
with cholecalciferol at a dose of 1.0 mg/kg (OVX rats 
+ cholecalciferol 1.0 mg/kg), OVX female rats treated 
with cholecalciferol at a dose of 2.5 mg/kg (OVX rats 
+ cholecalciferol 2.5 mg/kg), OVX female rats treated 
with cholecalciferol at a dose of 5.0  mg/kg (OVX rats + 
cholecalciferol 5.0 mg/kg), OVX female rats treated with 
cholecalciferol at a dose of 1.0 mg/kg plus 17β-E2 (OVX 
rats + cholecalciferol 1.0 mg/kg + 17β-E2), OVX female rats 
treated with cholecalciferol at dose of 2.5 mg/kg plus 17β-
E2 (OVX rats + cholecalciferol 2.5 mg/kg + 17β-E2), and 
OVX female rats treated with cholecalciferol at a dose of 
5.0 mg/kg plus 17β-E2 (OVX rats + cholecalciferol 5.0 mg/
kg + 17β-E2). All experimental groups are presented in the 
Figure 1. 

To summarize the treatment workflow, after induction 
of the experimental model of estrogen deficiency, the OVX 

Figure 1. The general scheme of experiment. All experimental groups used in the behavioral and biochemical experiments are presented.
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rats were left to recover for 12 weeks. After that time, the 
adult OVX female rats began daily injections for 14 days 
with either cholecalciferol, 17β-E2 or oil solvent. One hour 
after the last injection, testing in the forced swimming 
test (FST) and the open field test (OFT) was carried out 
as described below. During all behavioral tests, the 
experimental groups of the adult OVX rats were also 
treated with cholecalciferol, 17β-E2 or solvent. 

Behavioral tests 

Before testing, animals were handled daily for 1 week. 
Animals were randomly assigned to experimental 
groups and were used only once in the behavioral 
experiments. The behavioral tests were conducted 
between 09:00 a.m. and 01:00 p.m. Experiments 
were carried out in a soundproof and air-regulated 
experimental room, to which animals were habituated 
at least 30 min before each test. The apparatus used in 
all behavioral experiments were thoroughly cleaned 
after each test session with a cleaning solution from 
Vekton (Russia, with a composition of ammonia 0.5%, 
ethanol 15%, extran 10%, isopropyl alcohol 5%, citrus 
aromatizing 19%, and distilled water 50.5% as v/v%).  

Forced swimming test 
 
To investigate the changes in depression-like behavior, 
all experimental groups of OVX female rats with long-
term absence of estrogen were subjected to an adapted 
version of the forced swimming test (FST) (Porsolt et al., 
1978). A cylindrical container (height 60 cm; diameter 
20 cm) was filled with 23 ± 2 0C water up to a level of 
30 cm. In the first session (day 1, pretest), rats were 
placed in water for a 15 min assessment. Then, they 
were removed from the water and allowed to dry in 
a heated room before being returned to their home 
cages. Twenty-four hours later (day 2, test), rats were 
put back into the cylinder for 5 min and latency and 
duration of immobility behavior (floating in the water 
with only movements necessary to keep the head above 
water) were measured by an observer blind to the rat 
treatment. Since pharmacologically psychotropic drugs 
affect different patterns of active behavior in the FST, 
swimming behavior (active swimming movements 
around cylinder) and climbing behavior (active 
movements with forepaws usually directed towards the 
walls) were also scored. A video camera was installed 
above the cage to record the activity of the rats. Two 
independent observers measured the behavioral 
variables.  

Open field test

To investigate the changes in spontaneous locomotor 
activity, grooming, and rearing, all experimental groups 
of female rats were submitted to a 5-min period to the 
open field test (OFT) as described previously (Fedotova 
et al., 2012). Two independent observers (blind to 
treatment groups) measured the behavioral variables. 

A video camera was installed above the cage to record 
the activity of the rats. After each test session, the OFT 
apparatus was carefully cleaned and deodorized with 
the Vekton cleaning solution.

Biochemical studies

Estradiol status

Approximately 5 ml of blood samples were drawn 
from animals anesthetized with ketamine (5.0-10 mg/
kg, i.m.). After centrifugation, plasma samples were 
used for the measurement of estradiol levels using a 
commercially available ELISA kit (DRG Diagnostics, 
Marburg, Germany). The sensitivity of the ELISA was 
3.0 pg/ml.

Vitamin D3 status 

Approximately 5 ml of blood samples were drawn from 
animals anesthetized with ketamine (5.0-10 mg/kg, 
i.m.). After centrifugation, serum samples were frozen 
at -200C until analysis. Afterthat, serum samples were 
used for the measurement of Rat 25-hydroxyvitamin 
D3 (25-OH-VD3) levels using a commercially available 
ELISA kit (CSB-E08098r, Cusabio Biotech Co., Ltd, 
Wuhan, P.R. China). Technical variability was low with 
coefficients of variation of <10% intra-assay and <15% 
inter-assay. Detection range is 20 µg/L-100 µg/L. The 
sensitivity of the ELISA was 5.0 µg/L.

Statistical analysis 

All values were expressed as mean ± S.E.M. Comparisons 
between values were performed using two-way ANOVA 
test with between subject factors for hormone condition 
and drug treatments followed by Dunnett’s test for 
multiple comparisons post-hoc test. Statistical analysis 
was performed using SPSS version 11.5 software. 

Results

Effects of Cholecalciferol administration on 
depression-like behavior of both OVX females and 
OVX females treated with 17β-estradiol following 
long-term absence of estrogen in the forced 
swimming test   

A two-way ANOVA revealed significant differences 
in the immobility time between hormone conditions 
([F(5,26) = 7.14, P<0.0001]), between drug treatments 
[F(5,26) = 11.09, P<0.05]), and an interaction between 
hormone condition and treatments ([F(5,26) = 12.56, 
P<0.05]) in the OVX rats with long-term estrogen 
deficiency-induced depression. The post-hoc test 
revealed differences among the groups for depression-
like behavior in the FST (p < 0.05).

The intact rats treated with cholecalciferol at doses 
of 1.0 mg/kg and 2.5 mg/kg showed no changes of 
the immobility time in the FST as compared to the 
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control rats (Figure 2a, p > 0.05). The intact rats treated 
with cholecalciferol at a dose of 5.0 mg/kg showed a 
significant decrease in the immobility time as compared 
to the control rats (Figure 2a, p < 0.05). 

Long-term ovariectomy in female rats resulted in 
a significant increase of the immobility time in the 
FST as compared to the control females (Figure 2a, p 
< 0.05). The 17β-E2 supplementation (0.5 µg/kg, SC) 
caused a decrease in the immobility time in the OVX 
rats as compared to the OVX rats administered with 
solvent (Figure 2a, p < 0.05). Although, the value of this 
parameter in the OVX/17β-E2 females were lower than 
that of the OVX treated with solvent rats, it did not reach 
the value of control rats.

The OVX rats treated with cholecalciferol at a dose of 
1.0 mg/kg showed a significant decrease the immobility 
time as compared to the OVX and intact rats given with 
solvent (Figure 2a, p < 0.05). On the contrary, the OVX 
rats treated with cholecalciferol at a dose of 2.5 mg/kg 
showed an increase in the immobility time as compared 
to the OVX and intact rats given with solvent (Figure 2a, 
p < 0.05). Cholecalciferol treatment (5.0 mg/kg) failed to 
modify immobility time in the FST as compared to the 
OVX/solvent rats (Figure 2a, p > 0.05).

Administration of cholecalciferol at a dose of 1.0 
mg/kg in combination with 17β-E2 more significantly 
decreased the immobility time for the OVX rats as 
compared to the intact, OVX females treated with 

Figure 2. Effects of cholecalciferol administration on depression-like behavior of ovariectomized (OVX) rats following long-
term estrogen deficiency in the forced swimming test. (a) – immobility time, sec; (b) – swimming time, sec; (c) – struggling 
time, sec. The obtained results show the mean ± standard error of the mean (SEM).*– p<0.05 as compared to the control group 
of sham-operated rats, ** – p < 0.05 as compared to the OVX rats treated with solvent, # – p < 0.05 as compared to the OVX rats 
treated with 17β-E2. Each group comprised a minimum of eight rats. Cholecalciferol was given at 1.0, 2.5 or 5.0 mg/kg/day SC, 
once daily, for 14 days. The administered dose of 17β-E2 was 0.5 µg/rat SC, once daily, for 14 days.
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oil solvent or 17β-E2 (Figure 2a, p<0.05). Combined 
administration of cholecalciferol at doses of 2.5 and 
5.0 mg/kg and 17β-E2 in the OVX rats significantly 
decreased the immobility time, likely administration of 
17β-E2 alone as compared to the intact and OVX rats 
given with solvent (Figure 2a, p < 0.05).

The significant differences in the swimming time 
were found between hormone conditions ([F(5,26) = 5.96, 
P<0.01]), between drug treatments [F(5,26) = 9.14, P<0.05]), 
and an interaction between hormone condition and 
treatments ([F(5,26) = 15.22, P<0.01]) in the OVX rats with 
long-term estrogen deficiency-induced depression. The 
post-hoc test revealed differences among the groups for 
swimming behavior in the FST (p<0.05). 

The intact rats treated with cholecalciferol at doses 
of 1.0 mg/kg and 2.5 mg/kg failed to demonstrate any 
modifications of the swimming time in the FST as 
compared to the control rats (Figure 2b, p > 0.05). The 
intact rats treated with cholecalciferol at a dose of 5.0 mg/
kg showed a significant increase in the swimming time 
as compared to the control/solvent rats (Figure 2b, p < 
0.05). 

The OVX/solvent rats showed a more significant 
decrease of the swimming time as compared to the 
control/solvent rats (p<0.05, Figure 2b). Administration 
of 17β-E2 significantly increased the swimming time 
when OVX/17β-E2 rats were compared to the OVX rats 
given solvent (p<0.05, Figure 2b). However, the value of 
swimming time in the OVX treated with 17β-E2 rats was 
significant decreased compared to the control intact rats. 

The OVX rats treated with cholecalciferol at a dose of 
1.0 mg/kg showed a significant increase the swimming 
time as compared to the OVX and intact rats given with 
solvent (Figure 2b, p < 0.05). The OVX rats administered 
with cholecalciferol at a dose of 2.5 mg/kg showed a 
decrease in the swimming time as compared to the 
OVX and intact rats given h solvent (Figure 2b, p < 0.05). 
Cholecalciferol treatment (5.0 mg/kg SC) failed to alter 
swimming time in the FST as compared to the OVX/
solvent rats (Figure 2b, p > 0.05).

The combined administration of cholecalciferol at 
a dose of 1.0 mg/kg in combination with 17β-E2 more 
significantly increased the swimming time for the OVX 
rats as compared to the intact, OVX females treated with 
oil solvent or 17β-E2 (Figure 2b, p<0.05). Combined 
administration of cholecalciferol at doses of 2.5 and 5.0 
mg/kg and 17β-E2 in the OVX rats significantly elevated 
the swimming time, likely administration of 17β-E2 
alone as compared to the intact and OVX rats given with 
solvent (Figure 2b, p < 0.05).

The significant differences in the struggling time 
were found between hormone conditions ([F(5,26) = 
9.34, P<0.01]), between drug treatments [F(5,26) = 5.11, 
P<0.05]), and an interaction between hormone condition 
and treatments ([F(5,26) = 11.68, P<0.01]) in the OVX rats 
with long-term estrogen deficiency-induced depression. 
The post-hoc test revealed differences among the groups 
for struggling behavior in the FST (p<0.05). The OVX 
rats treated with cholecalciferol at a dose of 2.5 mg/kg 
showed a decrease in the struggling time as compared 

to the OVX and intact rats given with solvent (Figure 2c, 
p < 0.05). However, there were no significant changes 
in the struggling behavior in the control rats and other 
experimental groups of rats (p<0.05, Figure 2c).

Effects of Cholecalciferol administration on 
behavioral alterations of both OVX females and 
OVX females treated with 17β-estradiol following 
long-term absence of estrogen in the open field test 

The two-way ANOVA revealed significant differences 
in the crossing, rearing and grooming behaviors 
between hormone conditions (F(5,34) = 5.44, p<0.05), 
(F(5,34) = 9.40, p<0.01), (F(5,34) = 15.34, p<0.01), between 
drug treatments (F(5,34) = 15.4, p<0.001), (F(5,34) = 11.56, 
p<0.05), (F(3,34) = 11.86, p<0.05), and an interaction 
between hormone condition and treatments (F(5,34) = 
3.79, p<0.01), (F(5,34) = 5.46, p<0.05), (F(5,34) = 4.8, p<0.05), 
in the OVX rats with long-term estrogen deficiency. The 
post-hoc test revealed differences among the groups for 
behavior in the OFT (p<0.05).  

The sham-operated female rats treated with 
cholecalciferol at a dose of 1.0 mg/kg showed a 
significant decrease of grooming as compared to the 
control rats (Table 1, p < 0.05). The post-hoc test failed 
to demonstrate any alterations in behavioral reactions in 
the intact rats treated with cholecalciferol at doses of 2.5 
mg/kg and 5.0 mg/kg as compared to the control rats 
(Table 1, p > 0.05). 

OVX rats given with solvent exhibited a significant 
decrease of grooming behavior as compared to the control 
rats (Table 1, p < 0.05). The 17β-E2 supplementation 
produced a significant increase in grooming reactions 
when these rats were compared to the OVX rats treated 
with solvent (Table 1, p < 0.05).

The post-hoc test failed to reveal any alterations 
of motor and rearing activities in the OVX rats treated 
with cholecalciferol in all tested doses as compared to 
the OVX rats (Table 1, p < 0.05). However, cholecalciferol 
administration in all doses (1.0, 2.5 and 5.0 mg/kg SC) to 
the OVX rats resulted in a significant elevated frequency 
of grooming as compared to the OVX rats treated with 
solvent (Table 1, p < 0.05). 

The combination of cholecalciferol at dose of 1.0 mg/
kg and 2.5 mg/kg with 17β-E2 enhanced motor activity 
as compared to the intact control females, OVX rats 
treated with 17β-E2 or solvent. However treatment with 
cholecalciferol at a doses of 1.0 mg/kg and 2.5 mg/kg plus 
17β-E2 failed to modify grooming behavior when these 
groups of rats were compared to the OVX rats given 
solvent (Table1, p<0.05). The values of these parameters 
in above-mentioned groups of OVX rats treated with 
cholecalciferol at doses of 1.0 mg/kg and 2.5 mg/kg in 
a combination with 17β-E2 were lower than that in the 
control or OVX rats treated with only 17β-E2. The OVX 
rats received with cholecalciferol at a dose of 5.0 mg/
kg with 17β-E2 demonstrated increase of grooming 
behavior as compared to the OVX rats given solvent or 
17β-E2 (Table 1, p< 0.05). Cholecalciferol at a dose of 5.0 
mg/kg in a combination with 17β-E2 in the OVX rats 
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failed to induce any changes of locomotor activity when 
these rats were compared to the OVX rats treated with 
17β-E2 (Table 1, p > 0.05).

Effects of Cholecalciferol administration on 
25-hydroxyvitamin D3 and estradiol levels in 
the blood serum of both OVX females and OVX 
females treated with 17β-estradiol following long-
term absence of estrogen 

A two-way ANOVA revealed significant differences in 
25-hydroxyvitamin D3 (25-OH-VD3) and estradiol levels 
between hormone conditions ([F(5,32) = 11.32, p<0.01 
and [F(5,32) = 23.03, p<0.05],  respectively), between 
drug treatments [F(5,32) = 7.4, p<0.05] and [F(5,32) = 
4.88, p<0.01], respectively), and an interaction between 
hormone condition and treatments ([F(5,32) = 16.33, 
p<0.01] and F(5,32) = 14.11, p<0.05], respectively) in the 
OVX rats with long-term estrogen deficiency. The post-
hoc test revealed differences among the experimental 
groups for 25-OH-VD3 and estradiol levels (p<0.01 and 
p<0.05, respectively). 

The intact rats treated with cholecalciferol at doses 
of 1.0, 2.5 and 5.0 mg/kg dose-dependent increased 
25-OH-VD3 levels and failed to alter estradiol levels in 
the serum blood as compared to the control rats (Figure 
3ab, p > 0.05). 

Long-term ovariectomy in female rats resulted in a 
significant decrease of estradiol and 25-OH-VD3 levels 
in the blood as compared to the control females (Figure 
3ab, p < 0.05). The 17β-E2 supplementation (0.5 µg/kg, 
SC) failed to modify 25-OH-VD3 level in the blood of 
the OVX rats as compared to the OVX rats administered 
with solvent (Figure 3ab, p > 0.05). The value of this 
parameter in the OVX/17β-E2 females were lower 
than that of the value of control rats. However, 17β-E2 
supplementation significantly increased estradiol level 
in the blood of the OVX rats as compared to the OVX 
rats given with solvent (Figure 3a, p > 0.05).

The OVX rats treated with cholecalciferol at doses 

of 1.0, 2.5 and 5.0 mg/kg dose-dependent significantly 
increased 25-OH-VD3 and estradiol levels in the serum 
blood as compared to the OVX rats treated with solvent 
(Figure 3ab, p > 0.05). However, the value of 25-OH-VD3 
content in the OVX rats treated with cholecalciferol at 
doses of 1.0, 2.5 and 5.0 mg/kg were lower than that of 
the value of control rats.

Cholecalciferol treatment at doses of 1.0 and 2.5 
mg/kg in combination with 17β-E2 more significantly 
elevated the estradiol and 25-OH-VD3 levels for the 
OVX rats as compared to the OVX females treated with 
oil solvent or 17β-E2 (Figure 3ab, p<0.05). Combined 
administration of cholecalciferol at a dose of 5.0 mg/kg 
and 17β-E2 in the OVX rats failed to change 25-OH-VD3 
level as compared to the OVX rats administered with 
solvent (Figure 3b, p > 0.05). However, we found that 
cholecalciferol at a dose of 5.0 mg/kg in combination 
with 17β-E2 significantly increased estradiol levels 
when OVX rats/cholecalciferol 5.0 mg/kg + 17β-E2 rats 
were compared with the intact/solvent, OVX/solvent 
and OVX/17β-E2 rat groups (Figure 3a, p > 0.05). 

Discussion    

We examined the effects of chronic cholecalciferol 
treatment at different doses (1.0, 2.5 and 5.0 mg/kg 
SC) for 14 days on depression-like behavior in female 
rats with long-term estrogen deficiency and 17β-E2 
supplementation in a low dose. Endogenous estrogens 
were removed by ovariectomy and only after 12 
weeks post-ovariectomy period, these rats were used 
in all experiments. The results of behavioral testing for 
the depression-related effects of cholecalciferol were 
compared in both OVX rats and OVX female rats treated 
with 17β-E2. Simultaneously, the effects of cholecalciferol 
at similar doses on depression-like behavior were 
tested in intact female rats. For this purpose, the forced 
swimming test (FST) was performed in this study. We 
also investigated whether the effects of cholecalciferol 
at different doses were specific in the FST, measuring its 

Table 1
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effects on the behavioral activity in the OFT of the intact 
and OVX rats after long-term absence of estrogen.

Cholecalciferol at dose of 5.0 mg/kg induced decrease 
of depression-like behavior of intact female rats in the 
FST. Interestingly, in the present study cholecalciferol 
exhibited antidepressant-like effect only at a dose of 
5.0 mg/kg SC in intact rats. It should be noted that the 
age of these rats was 6.5 months age at the starting of 
the behavioral experiments. In contrast, to our previous 
study where intact rats were 3.0 months of age and we 
demonstrated antidepressant-like effect of cholecalciferol 
at doses of 2.5 and 5.0 mg/kg, SC in the FST. 

Analyzing the results from biochemical assay, 
we found dose-dependent increase of 25-OH-VD3 
concentration in accordance to the corresponding 
dose of cholecaciferol application and absence of any 
modifications of estradiol level in the serum blood of 
intact rats given with different doses of cholecalciferol. 
It can be assumed that antidepressant-like effect of 

cholecalciferol at a dose of 5.0 mg/kg SC is associated 
with the VD-induced changes of hormonal state (high 
level of 25-OH-VD in the blood serum) of intact-ovary 
rats. Antidepressant-like effect of cholecalciferol at a 
dose of 5.0 mg/kg SC in the intact rats was not induced 
by changes in grooming and motor function, because 
the general locomotor activity and grooming reactions 
of these rats activity were not altered in the OFT. On the 
other hand, although cholecalciferol at a dose of 1.0 mg/
kg resulted in a significant decrease of grooming in the 
females, however, we did not examine any manifestation 
of changes in the depression-like behavior of such group 
of rats. The current study has some limitations. We did 
not measured the phase of ovary cycle in intact females. 
The next step will be assessment of cholecalciferol in 
different doses effects on depression-like behavior in 
female rats for all phases of ovary cycle. Moreover, the 
age influence assessment in ovary-intact female rats on 
the behavioral effects of cholecalciferol administered at 

Figure 3. Effects of cholecalciferol administration 25-hydroxyvitamin D3 and estradiol levels in the blood serum of ovariectomized 
(OVX) rats following long-term estrogen deficiency. (a) – estradiol concentration, pg/ml; (b) – 25-hydroxyvitamin D3 
concentration, µg/L. White columns – intact female rats treated with solvent or cholecalciferol at different doses; Grey columns 
– OVX female rats treated with solvent or cholecalciferol at different doses; Dark columns  – OVX female rats treated with 17β-
E2 alone or combination of 17β-E2 and cholecalciferol at different doses. The obtained results show the mean ± standard error 
of the mean (SEM). *– p<0.05 as compared to the control group of sham-operated rats, ** – p < 0.05 as compared to the OVX 
rats treated with solvent, # – p < 0.05 as compared to the OVX rats treated with 17β-E2. Each group comprised a minimum of 
eight rats. Cholecalciferol was given at 1.0, 2.5 or 5.0 mg/kg/day SC, once daily, for 14 days. The administered dose of 17β-E2 
was 0.5 µg/rat SC, once daily, for 14 days.
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different doses in the FST is also needed to be done.
Our results showed that in OVX rats following 12 

weeks of postovariectomy (post-OVX) period, there were 
marked depression-like behavior as assessed by FST. 
Although 17β-E2 supplementation resulted in significant 
antidepressant-like effect of OVX rats with long-term 
absence of estrogen, the 17β-E2 administration was not 
able to completely diminish depression-like behavior 
to the level of control intact animals. According to these 
results, we conclude that OVX rats following 12 weeks 
of post-OVX period display significant affected-related 
behavior, while 17β-E2 administration to the OVX rats 
attenuates the estrogen deficiency-induced depression-
like behavior to some extent. In fact, this experiment 
showed that the effects of 17β-E2 supplementation on 
25-OH-VD3 content did not associated with its effects 
on depression-like behavior in OVX rats. The long-term 
effect of ovariectomy on depression-like behavior in 
rats that were submitted in a standard behavioral tests 
(Okada et al., 1997; Nelly et al., 2016; Estrada-Camarena 
et al., 2017). They found that rats with 12-weeks post-
OVX showed greater parameters of depression-like state 
than rats with 3 weeks post-OVX. 

We found that cholecalciferol at dose of 1.0 mg/kg/
day SC per se had a significant antidepressant-like effect 
in the OVX rats following long-term ovariectomy. On 
the contrary, cholecalciferol at dose of 2.5 mg/kg/day 
SC exhibited a prodepressant-like effect in the OVX 
rats with long-term absence of estrogen. Interestingly, 
cholecalciferol administered at a dose of 5.0 mg/kg SC 
failed to modify depression-like behavior in these OVX 
females. Simultaneously, cholecalciferol treatment in 
all tested doses similarly increased grooming and did 
not change locomotor activity of the OVX rats after 
long-term ovariectomy, however, its effects on the 
manifestation for depression-like behavior of these 
rats were completely different in the FST. These data 
suggested that the completely different effects of 
cholecalciferol application at doses of 1.0, 2.5 and 5.0 
mg/kg SC (antidepressant-like effect and prodepressant-
like effect) in the OVX rats with long-term absence of 
estrogen on depression-like behavior in the FST did 
not associated with its effects on behavioral reactions 
in the OFT. The obtained data generally confirmed the 
antidepressant-like activity of cholecalciferol in the 
OVX females with long-term absence of estrogen and 
indicates that the effects of cholecalciferol are specific, 
since any alterations in motor activity were not involved 
in the action in the FST test. ELISA assay demonstrated 
that administration of cholecalciferol in different doses 
resulted in a dose-dependent increase of 25-OH-VD3 
levels in the blood serum of the OVX rats with long-
term absence of estrogen. Cholecalciferol administered 
at 1.0 and 2.5 mg/kg SC similarly increased estradiol 
levels in the blood serum of OVX rats after long-term 
ovariectomy. Interestingly, that cholecalciferol at a dose 
of 5.0 mg/kg SC induced more profound increase of 
estradiol level in the OVX rats with long-term absence 
of estrogen, however, we did not find any modifications 
of the depression-like behavior in the FST of these rats. It 

can be supposed that there exist an «optimal» of VD and 
estradiol levels in the blood to produce antidepressant-
like effect of cholecalciferol in the OVX rats with long-
term absence of estrogen.

Interestingly, in the present study cholecalciferol 
exhibited antidepressant-like effect only at a dose of 1.0 
mg/kg SC in the OVX rats with long-term absence of 
estrogen. In contrast, to our previous study where OVX 
rats after 2 weeks of post-OVX, the dose of 1.0 mg/kg SC 
of cholecalciferol was not effective and we demonstrated 
antidepressant-like effect of cholecalciferol only at dose 
of 5.0 mg/kg, SC in the FST. 

Administration of cholecalciferol at dose of 1.0 mg/kg/
day SC in a combination with low dose of 17β-E2 in the 
OVX rats after long-term absence of estrogen exhibited 
synergic action and potentiated the antidepressant-like 
effects of both preparations in the FST. Nevertheless, 
it should be emphasized that combinations of those 
substances, administered according to the same 
experimental schedule, increase locomotor activity. The 
results from the OVX/cholecalciferol 1.0 mg/kg +17β-
E2 rats indicate that cholecalciferol in that dose affect 
both motor function and depression-related processes. 
However, the OVX rats after long-term absence of 
estrogen treated with cholecalciferol at dose of 1.0 
mg/kg and low dose of 17β-E2 demonstrated lower 
grooming than OVX rats given with low dose of 17β-E2 
alone. On the other hand, the OVX rats with 12 weeks 
post-OVX administered with cholecalciferol at doses 
2.5 and 5.0 mg/kg/day SC in combination with 17β-E2 
showed similar depression-like profile like the OVX 
rats given with 17β-E2 administration. Interestingly, 
cholecalciferol at dose of 2.5 mg/kg induced similar 
changes of the behavioral reactions in the OFT (increased 
motor activity and decreased grooming behavior) like 
administration of  cholecalciferol at dose of 1.0 mg/
kg/day SC in a combination with low dose of 17β-E2 
in the OVX rats after long-term absence of estrogen. 
Furthermore, cholecalciferol at a dose of 5.0 mg/kg/day 
SC in combination with 17β-E2, significantly increased 
grooming events and failed to influence motor activity 
in the OVX rats in the OFT. However, we did not any 
and potentiation of the antidepressant-like effects of both 
preparations in the FST when we used cholecalciferol at 
doses 2.5 and 5.0 mg/kg/day SC in combination with 
17β-E2. 

In fact, the effects of cholecalciferol at different doses 
alone or in a combination with a low dose of 17β-E2 
on the depression-like behavior of the OVX rats after 
long-term absence of estrogen were specific, since 
effects cholecalciferol on behavioral reactions did not 
associated with its effects on behavioral activity of these 
OVX rats in the OFT. It is well-known that VD plays an 
important role in motor functions. VDR are widespread 
in the brain and the spinal cord, including the areas 
involved in regulation of motor activity and grooming 
behavior (Langub et el., 2001; Prufer et al., 1999; Walbert 
et al., 2001). Some data show that VDR genetic ablation 
produces severe behavioral alterations (Burne et al., 
2005; Kalueff et al., 2004a). These impairments are likely 
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associated with disturbed calcium homeostasis Kalueff 
et al., 2004a). VD has been reported to be involved in 
VDR-mediated modulation of brain neurotransmitters, 
including acetylcholine and dopamine Carswell, 1997; 
Garcion et al., 2002; Kalueff, 2002). Some study showed 
that VDR knockout (VDRko) mice tend to spend more 
time grooming than do the wild-type (WT) animals 
(Kalueff et al., 2004a). Such genetic ablation of VDR 
may affect the brain neurophysiological mechanisms 
and pathways that control normal grooming behavior 
(VanErp et al., 1994). It is therefore possible to suggest 
that impaired VDR system in the OVX rats may result 
in the increased grooming seen in the present study. 
Further studies are needed to find how cholecalciferol 
might alter VDR expression and/or its sensitivity in the 
brain areas of the OVX involved in regulation of motor 
activity and grooming behavior.

ELISA assay demonstrated that administration 
of cholecalciferol at doses of 1.0 and 2.5 mg/kg in 
combination with 17β-E2 profoundly increased estradiol 
and 25-OH-VD3 levels, while the co-administration of 
cholecalciferol at a dose of 5.0 mg/kg and 17β-E2 in the 
OVX rats failed to change 25-OH-VD3, but increased 
estradiol level in the OVX rats after long-term absence of 
estrogen. It should be noted that synergic antidepressant-
like effect of cholecalciferol at dose of 1.0 mg/kg in 
combination with 17β-E2 associated with the similar 
synergic effect on the increase of estradiol and 25-OH-
VD3 levels in the blood in the OVX rats after long-term 
absence of estrogen. Although, cholecalciferol at a dose of 
2.5 mg/kg plus 17β-E2 induced more profound increase 
of estradiol and 25-OH-VD3 levels in the OVX rats with 
long-term absence of estrogen, however, we did not 
find any modifications of the depression-like behavior 
in the FST of these rats, because of these rats showed 
similar depression-like profile like the OVX rats given 
with 17β-E2  alone. Interestingly, in the present study 
cholecalciferol exhibited synergic antidepressant-like 
effect when cholecalciferol was administered at a dose of 
1.0 mg/kg SC plus 17β-E2  in the OVX rats with long-term 
absence of estrogen. In contrast, to our previous study 
where OVX rats after 2 weeks of post-OVX, the dose of 
1.0 mg/kg of cholecalciferol plus 17β-E2  was not effective 
and we demonstrated synergic antidepressant-like effect 
of cholecalciferol at dose of 5.0 mg/kg in combination 
with 17β-E2.  In fact, the effects of cholecalciferol at doses 
of 2.5 and 5.0  mg/kg in a combination with a low dose of 
17β-E2 on the depression-like behavior of the OVX rats 
after long-term absence of estrogen did not associated 
with its effects on estradiol and 25-OH-VD3 levels in the 
blood of these OVX rats.

Thus, in the present study, it was observed that 
at 12 weeks postovariectomy period only a dose of 
1.0 mg/kg SC cholecalciferol was effective to reduce 
depression-like behavior in the FST. In contrast, at 2 
weeks post-OVX a more higher dose of cholecalciferol 
(5.0 mg/kg SC) produced antidepressant-like effect in 
the FST. Current data suggest that the antidepressant-
like effects of cholecalciferol at tested doses are 
different after 2 weeks post-OVX and 12 weeks post-

OVX females. Moreover, 12 weeks post-OVX period 
significantly alters the antidepressant-like response of 
treatment with cholecalciferol in OVX rats. Important 
changes in the endocrine milieu could be expected closer 
to the removal of ovaries. It is possible that specific sites 
of action involved in the antidepressant-like effects 
of cholecalciferol that also modulated by estrogens 
are affected by the endocrine milieu that prevails at 
different period for 2 or 12 weeks after surgery. Moreover, 
after a long-time absence of ovarian fluctuations an 
adaptive process may contribute to a better response 
for cholecalciferol administration at a dose of 1.0 mg/kg 
SC. Thus, the results of this study can be summarized 
as follows: specific dose of cholecalciferol that was able 
to induce antidepressant-like effect is dependent from 
the post-OVX time and hormonal state (intact or OVX 
rats). Further investigations is to be addressed in relation 
to such issues. Whether different effects of cholecalciferol 
in OVX rats follow different time period after surgery, 
or whether different doses of cholecalciferol in OVX 
rats with different post-ovariectomy interval might lead 
to negative versus positive effects. Moreover, further 
studies are needed to evaluate the association of VD 
with estrogen-related pathways and to conduct another 
chronic experiments together with biochemical studies 
of these subjects to verify the significance of this study.  

The role of ovarian hormones in depression and stress 
sensitivity is of great interest for women transitioning 
through menopause (Burger, 2008; Maclennan et al., 2004; 
Vera et al., 2002). Mood disorders during menopause 
could be partly due to loss of estrogen with menopause 
because estrogen is known to have neuroprotective 
effects on brain (Wilkins et al., 2006; Przybelski, Binkley, 
2007). Hormone replacement therapy (HRT) may 
improve the symptoms of depression in depressed 
people or decrease the risk of developing depressive 
symptoms in older women, but this is unclear because 
in some studies HT does not stop the development 
of depressive symptoms in elderly postmenopausal 
women (Rossouw et al., 2002;  Anderson et al. 2004). 
The exact role of estrogen still needs to be defined. 
Menopause are also at higher risk of developing VD 
deficiency due to decreased dietary intake, less sun 
exposure, restricted outdoor activity and a decreased 
capacity to produce enough calcitriol as a result of an age 
related decline in hydroxylation by kidneys (Cheema et 
al., 1989; Schnatz et al., 2012; Robbins et al., 2014). VD, 
a group of steroid compounds, has become of great 
interest due to many studies which have revealed its role 
far beyond bone metabolism (Stewart et al., 2010; Kesby 
et al., 2011; Groves et al., 2014). Through decades VD was 
considered a vitamin but nowadays it has emerged as 
an active hormone exerting its action as a transcription 
factor regulating the expression of numerous genes 
(Holick, 2006; Penckofer et al., 2010).  The presence of 
VDR outside the skeletal system, enterocytes and renal 
tubular cells was confirmed in many cell types including 
immune cells, neurons, pancreatic cells, myocytes, 
cardiomyocytes, endothelium cells, which stress 
pleiotropic activity of VD (Holick, 2007). There is a great 
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body of evidence confirming that apart from its well-
known function in calcium-phosphate homeostasis, VD 
also exerts many non-calcemic actions in various tissues 
and systems (Fernandes de Abreu et al., 2009; Kesby 
et al., 2011; Groves et al., 2014). Vitamin D deficiency 
has been linked with significant complications such as 
cardiovascular events, depression, anxiety, cognitive 
disorders, obesity, metabolic syndrome, type 2 diabetes, 
various types of cancer, immune disorders (Fernandes 
de Abreu et al., 2009; Stewart et al., 2010). According 
to Gaugris and co-workers (2005), the prevalence of 
low VD levels appears to be high in post-menopausal 
women. Additionally, the decline of estrogens after 
menopause decreases the activity of 1α-OHase, what 
results in lower synthesis of the active VD form (Gaugris 
et al., 2005; Bikle, 2014). These results suggest that VD 
supplementation, even in higher doses, may be necessary 
in postmenopausal women. VD supplementation seems 
to be the most appropriate treatment option for the 
population of postmenopausal patients and has been 
suggested by many experts as a safe and cost-effective 
procedure. However, the role of VD supplementation in 
the prevention and treatment of comorbidities associated 
with menopausal consequences has not been completely 
established. 

Adequate VD status may play a very important 
role in terms of appropriate brain development and 
function (Kalueff et al., 2004b; Garsion et al., 2002). 
Therefore, adequate supply of VD in specific periods 
of life, including the menopausal period, seems to be 
of particular importance, because it may reduce the 
risk of CNS diseases whose treatment is difficult and 
which represent a heavy burden both for the affected 
individuals and their society (Eyles et al., 2003). What 
becomes particularly important in light of these 
reports is continued study of the effects of VD on CNS 
function aimed at establishing a recommendation of 
VD dietary intake, which is a key element in averting its 
deficiency, and making tests determining serum 25(OH)
D concentration generally available in menopausal 
women (Stewart et al., 2010; Wrzosek et al., 1997). Recent 
studies have investigated the association between VD 
and depression; however, the results are conflicting 
(Carswell, 1997; Kiraly et al., 2006; Penckofer et al., 2010; 
Studd et al., 2014). These points illustrate how the current 
state of VD treatment research is incomplete and in need 
of more intensive research. Working toward uncovering 
how the interaction between VD and estradiol changes 
after menopause, and the implications of these changes 
elsewhere in the post-menopausal woman, is necessary 
for providing the most complete understanding of 
how VD treatment alone or in a combination with 
17β-estradiol supplementation may affect women's 
affective-related state.

The female reproductive system is composed of 
central regulators including the hypothalamus and 
the pituitary gland and peripheral organs such as the 
ovary, uterus, and during pregnancy the placenta. 
VDR expression has been noted throughout the female 
reproductive tract (Halloran, De Luca, 1980; Kwiecinksi et 

al., 1989). In vitro studies have shown a direct modulation 
by vitamin D of estradiol, estrone, and progesterone 
production in human ovarian cells (Kinuta et al., 2000; 
Luk et al., 2012; Ozkan et al., 2010). VD as changes in 
VDR impact on various brain neurotransmitters, and 
thus suggest a potential role of vitamin D in causing 
and redressing mood disorders (Puchacz et al., 1996; 
Kiraly et al., 2006; Groves et al., 2013; Patrick, Ames, 
2014). We could suppose, even though estrogens and 
cholecalciferol share similar targets on monoaminergic 
or another neurotransmitter systems to induce their 
antidepressant-like effects, the behavioral effects of 
cholecalciferol is different in 2 weeks post-OVX and 12 
weeks post-OVX females. It is likely that cholecalciferol 
acts through a different mechanism of action that is 
sensitive to the long-term absence of ovarian hormones. 
The physiological function of VD related to the female 
reproductive system has recently been reported (Avila 
et al., 2004; Belkacemi et al., 2003; Zarinani et al., 2010). 
VDR is expressed in the ovaries, uterus, and decidua 
of the placenta. In the placenta, VDR regulates calcium 
transfer between trophoblasts and the endometrial 
decidua, which helps maintain pregnancy by preventing 
contraction of the uterine muscle. However, the other 
physiological roles of VDR in reproductive organs are 
not clear (Avila et al., 2004; Zarinani et al., 2010). Data in 
the literature suggest that there is a functional synergy 
between VD and 17β-E2. It was found that VD enhanced 
E2 biosynthesis (Nashol et al., 2009). VDR-targeted 
female mice had uterine hypoplasia and impaired 
folliculogenesis, because a lack of estrogen synthase in 
the ovary decreased E2 biosynthesis (Kinuta et al., 2000). 
Estrogen administration reversed these defects. There is 
also potential effect of VD on the expression of estrogen 
receptor alpha gene expression. Some studies in human 
cells have shown that VD downregulates the expression 
of estrogen receptor alpha gene with major impact on 
gene transcription (Offner, 2004; Pedersen et al., 2007). 
Although these findings were predominantly found 
in breast cancer models, it could occur in other tissues 
also, for example in the brain. On the other hand, E2 
suppressed 1,25-dihydroxyvitamin D3 24-hydroxylase 
(Cyp24a1) gene expression, leading to VD accumulation, 
and enhancement of VDR gene expression in females 
(Liel et al., 1992; Duque et al., 2002). Therefore, estrogens 
could enhance VD synthesis by estrogen receptor-
mediated downregulation of Cyp24a1 and upregulation 
of VDR, while VD increases estrogen biosynthesis by 
VDR-mediated upregulation of estrogen synthase. 
Moreover, some studies suggest that VD is implicated 
in biosynthesis of progesterone in experimental animals, 
and VD was shown to increase progesterone in human 
ovarian cells (Merhi et al., 2014). Thus, we can speculate 
that VD and 17β-E2 might regulate the metabolism of 
each other and/or estrogen receptors (ER), progesterone 
receptors (PR) or VDR expression in the CNS. 
Interactions between genomic and non-genomic effects 
of cholecalciferol and 17β-E2 cannot be excluded. It is 
possible that the time- and concentration-dependent 
involvement of the non-genomic and nuclear receptor 
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mediated effects of 17β-E2 might underlie the complex 
associations between 17β-E2 and cholecalciferol. 
Taken together these data in can be assumed that of 
cholecalciferol modulates activity of pituitary-ovary axis. 
Our future investigations will aim to clarify how chronic 
cholecalciferol treatment alters functional activity of 
pituitary-ovary system in female rats with an imbalance 
of estrogens. Based on our results it may be suggested 
that cholecalciferol helps to provide significant protection 
against long-term ovariectomy-induced depression-
like behavior. Further studies are needed to be done to 
understand the detailed mechanism of antidepressant-
like effect of cholecalciferol in the OVX rats with long-
term absence of estrogen.

Conclusions    

The present data of our preclinical study indicates 
that chronic cholecalciferol at a dose of 1.0 mg/kg 
SC treatment on depression-related behavior after 
impairment induced by long-term ovariectomy. The 
data also indicate that the combination of cholecalciferol 
at a dose of 1.0 mg/kg SC and 17β-E2 is more effective 
than 17β-E2 alone in OVX rats inducing a more synergic 
antidepressant-like effects in the FST. Taken together, 
it can be proposed that the positive effect of chronic 
cholecalciferol at a dose of 1.0 mg/kg, SC on depression-
related brain function. Furthermore, this is the first study 
to show a beneficial effect of chronic cholecalciferol at 
dose of 1.0 mg/kg SC administration on depression-
related states induced by long-term ovariectomy in 
female rats. This work promotes more effective creating 
of the novel therapeutic targets and strategies for 
depression treatment in subjects with long-term estrogen 
deficiency.
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