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Abstract. Although previous studies have reported that serum 
folate levels are negatively associated with depression in women 
but not men, it remains unclear whether folate deficiency can 
directly lead to depression and whether sex difference serves a 
role in this condition, since the potential mechanism remains 
elusive. Therefore, the present study aimed to investigate 
whether folate deficiency results in differences in parameters 
associated with depression between males and females. CD‑1 
mice received either a standard control diet or a folate‑deficient 
diet from 10 to 38 weeks of age, following which behavioral 
assays, such as an open field test, sucrose preference test and 
forced swim test were performed throughout week 38. Serum 
and cerebral cortex samples were subsequently collected for 
assessment. Serum folate, homocysteine, estradiol (E2) and 
testosterone levels were measured using chemiluminescence, 
enzymatic cycling assay and electrochemiluminescence 
immunoassays. The cerebral cortex was used for western 
blot analysis, to detect the expression levels of estrogen 
receptor β  (ERβ), PI3K/AKT pathway and caspase‑3. The 
results revealed that compared with those in female mice 
that received standard control diet, female mice that received 
folate‑deficient diet exhibited lower E2 concentrations, lower 
sucrose preferences (as determined through the sucrose prefer‑
ence test), longer durations of immobility (as determined in 
the forced swim test) and less time spent in the central areas 
of the open field test. Western blotting demonstrated that the 
expression levels of ERβ and the phosphorylation levels of 
PI3K and AKT were decreased, whilst the expression levels 
of cleaved caspase‑3 were increased, in the cerebral cortex of 
female mice that received folate‑deficient diet. However, no 
differences in E2 concentration, behavioral assay parameters 

or protein levels of ERβ, phosphorylated (p‑)PI3K, p‑AKT and 
cleaved caspase‑3 could be observed in male mice regardless 
of whether they received standard control or folate‑deficient 
diets. Collectively, these results revealed that folate deficiency 
only led to depression‑like behavior in female mice. This may 
be associated with reduced E2 levels, which may inhibit the 
PI3K/AKT pathway and upregulate the expression of cleaved 
caspase‑3 to promote neuronal apoptosis.

Introduction

Depression is a prevalent mental condition that is character‑
ized by depressed mood, anhedonia, fatigue or loss of energy, 
weight loss, psychomotor retardation or agitation (1,2). It affects 
15‑18% of the population and is generally more prevalent in 
women (3‑5). Depression is a leading cause of reduction in the 
quality of life. Furthermore, the World Health Organization 
projected that depression would rank as the leading contributor 
to the global burden of disease by 2030 (1,2).

Emerging evidence has revealed that folate deficiency is 
a risk factor for depression (6,7). Folate refers to a group of 
water‑soluble compounds that are also known as vitamin B9 (8). 
It is considered to be associated with the function and develop‑
ment of the central nervous system (8). Previous studies have 
suggested that individuals with depression exhibited lower 
serum folate levels compared with those in individuals without 
depression (7,9,10). Additionally, a sex‑stratified analysis of 
the National Health and Nutrition Examination Survey data 
revealed that serum folate levels are negatively associated 
with depression in women but not in men (11). However, to the 
best of our knowledge, no studies have investigated the effects 
of folate deficiency on depression‑like behavior in the two 
sexes. Therefore, it is necessary to determine the relationship 
between chronic folate deficiency and depression, in addition 
to establishing if there are sex‑associated differences related 
to this condition.

The mechanism by which folate deficiency affects 
female‑associated depression has yet to be fully determined. 
However, a previous study reported that folate deficiency can 
lead to reduced estradiol  (E2) levels  (12). It has also been 
documented that women are more susceptible to depres‑
sion when estrogen concentrations are low (13,14). Previous 
studies have demonstrated that plasma E2 levels tended to be 
significantly lower among women with depression, suggesting 
that E2 supplementation can be beneficial for the treatment of 
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depression (15‑17). Another study suggested that E2 serves a 
role in depression (13), where the effects mediated by E2 on 
depressive behavior may involve estrogen receptor β (ERβ) 
signaling. Apart from estrogen receptor α (ERα), which serves 
an important role in neuroendocrine reproductive function (18), 
ERβ is more likely to affect mood (18). ERβ is a nuclear receptor 
that is localized to the cell membrane and is widely distributed 
in the cerebral cortex whilst also being present in both neurons 
and glia (18‑20). E2 can cross the blood‑brain barrier and exert 
its actions through ERβ to regulate the PI3K/AKT signaling 
pathway (18). PI3K/AKT signaling is ubiquitous in cells and 
regulates the proliferation and differentiation of cells (21‑23). 
Its downregulation or inhibition can increase cleaved caspase‑3 
expression, which promotes neuronal apoptosis  (24,25). In 
individuals with depression, it has been shown that neuronal 
cell density is reduced in the cerebral cortex (26).

By applying animal models, the present study aimed to 
investigate whether folate deficiency can result in differences 
in parameters associated with depression between males and 
females. In addition, another aim of the present study was to 
elucidate the potential underlying mechanism by which this 
occurs. It was hypothesized that a chronic folate‑deficient diet 
may reduce E2 levels in mice, leading to neuronal apoptosis 
in the cerebral cortex to induce depression‑like behavior, 
by inhibiting the expression of ERβ and suppressing the 
PI3K/AKT signaling pathway.

Materials and methods

Folic acid diet groups. Folic acid is a derivative of folates due 
to the high chemical lability of naturally occurring folates, 
which is used in supplements and for food fortification (8,27). 
Based on the standard AIN‑93G diet  (28), two folic acid 
diet (cat. nos. LAD‑3001G‑F2 and LAD‑3001G‑F0; Trophic 
Animal Feed High‑Tech Co., Ltd.) groups were designed: 
i) The control diet (consisting of 2 mg/kg folic acid); and ii) the 
chronic folate‑deficient (CFD) diet, consisting of 0 mg/kg folic 
acid. It is generally accepted that 2 mg/kg folic acid is the 
basic requirement for rodents (28). In addition to the differ‑
ence in folic acid content between the two diets, the CFD diet 
contained succinyl sulfathiazole (1%), which inhibits folic acid 
production by gut bacteria (29), ensuring folic acid deficiency 
in mice in the CFD group.

Animals and treatments. A total of 40 male (weight, 31‑33 g) and 
40 female (weight, 30‑32 g) CD‑1 mice were purchased from 
Beijing Vital River Laboratory Animal Technology Co., Ltd. 
at 8 weeks of age. All procedures performed on animals were 
in accordance with the guidelines for humane treatment set by 
the Association of Laboratory Animal Sciences and the Center 
for Laboratory Animal Science at Anhui Medical University 
(GB/T 35892‑2018) (30). The present study was approved by 
the Ethics Committee of Anhui Medical University (approval 
no. LLSC20150350; Hefei, China). A total of four mice were 
housed per cage under a 12‑h dark/light cycle in a controlled 
environment (temperature, 20‑24˚C; relative humidity, 
50‑55%) and left to acclimatize for 2 weeks. Standard control 
diet and water were available ad  libitum during this time. 
Bahous et al (31) previously indicated that a folate‑deficient 
diet administered to mice for ~30 weeks reduced the duration 

spent in the center areas of an open field test due to long‑term 
folate deficiency (31). Therefore, mice in the present study 
were administered the control or folate‑deficient diet from 
10 to 38 weeks of age (totaling 28 weeks).

Mice at 10 weeks of age were randomly divided into four 
groups (n=20 per group) as follows: i) Female control group 
(F‑Ctrl); ii) female chronic folate deficiency group (F‑CFD); 
iii) male control group (M‑Ctrl); and iv) male chronic folate 
deficiency group (M‑CFD). F‑Ctrl and M‑Ctrl mice were fed 
with a controlled diet, whilst F‑CFD and M‑CFD mice received 
a folate‑deficient diet. The body weight of each mouse was 
recorded every 7 days. Behavioral assessments were performed 
on mice during their 38th week. All mice were subsequently 
sacrificed by dislocation of cervical vertebra on the second day 
following the behavioral experiments. After sacrifice, serum 
samples of all mice were collected, centrifuged at 12,000 x g 
for 15 min at 4˚C and stored at ‑80˚C. Serum folate, homocys‑
teine, E2 and testosterone levels were then measured. In the 
present study, considering that stimulation may cause changes 
in the mouse brain, such as decreased protein expression in the 
medial prefrontal cortex (32), cerebral cortex samples of mice 
that were not subjected to behavioral assays were extracted 
following sacrifice and were stored at ‑80˚C for subsequent 
experimentation.

Behavioral assays. Mice that underwent the aforementioned 
diet regimens were used for behavioral testing from during 
the 38th week of age (n=10 per group). The experiments were 
performed in the following sequence: i) Open field test (OFT); 
ii) sucrose preference test (SPT); and iii) forced swim test 
(FST). All behavioral tests were performed during the light 
cycle of housing in a dedicated sound‑proof behavioral facility 
located in Laboratory Animal Center of Anhui Medical 
University. All mice were brought to the testing room and 
underwent 30 min of acclimatization before the start of each 
behavioral test and remained in the same room once the test 
was initiated. Behaviors in OFT and FST were evaluated using 
SMART software (SMART v3.0.02; Panlab, Inc.). All animals 
were sacrificed on the second day following FST, to obtain the 
aforementioned samples.

OFT. The OFT is used to measure the activity of mice in an 
enclosed open area. Mice that travelled the least distance, 
spend the shortest amount of time in the center and enter 
into the center area the fewest times are considered to be 
more depressed (33). In the present study, mice were gently 
placed into the same corner of the open field, which consisted 
of a wooden box (46x46x40 cm) with its floor marked into 
25 squares (Fig. S1). Of these, nine squares were defined as 
the center whereas the outer 16 squares along the walls were 
defined as the periphery. A 5‑min video was then recorded to 
observe the locomotor activity of mice. The following parame‑
ters were assessed during the test: i) Total distance; ii) number 
of squares crossed; and iii) time spent in each square. Between 
tests, 75% alcohol was used to disinfect the chamber.

SPT. The SPT was used to evaluate anhedonia in mice, a core 
symptom of depression (34). Decreased sucrose preference is 
considered to indicate depression‑like behavior (34). Mice were 
housed separately and were habituated to two bottles containing 
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either tap water or 1% sucrose solution for 2 days. The loca‑
tion of the two bottles was changed every 12 h to prevent the 
possible effects of side preference on drinking behavior. On the 
day 3, mice were deprived of water and food for 24 h. The next 
day, each mouse was given a free choice between two bottles, 
one with tap water and the other with 1% sucrose solution. 
The left/right position of the bottles was alternated after 12 h. 
Sucrose preference (%) was calculated using the following 
formula: Sucrose preference rate (%)=Sucrose intake (g)/[Water 
intake (g) + sucrose intake (g)] x100.

FST. The FST is used to assess despair in animals. Longer 
immobility times indicate that a mouse is exhibiting depres‑
sion (35). The Mice were placed into a vertical transparent 
cylinder containing temperature‑controlled water (24±1˚C). 
The cylinder was 20 cm deep, with a height of 30 cm and a 
diameter of 12 cm, to ensure that mice could neither escape 
nor touch the bottom of the container. The mice were forced 
to swim for a total of 6 min, during which behavior was moni‑
tored over the last 4 min. Immobility time was recorded and 
analyzed using the aforementioned software, SMART.

Serum detection. Serum samples of all mice were collected 
through centrifugation at 12,000 x g for 15 min at 4˚C and 
were stored at ‑80˚C once behavioral experiments were 
completed at the end of 38 weeks of age. Serum concentra‑
tions of folate were measured using chemiluminescence 
(cat. no. A98032; Beckman Coulter, Inc.) according to the 
manufacturer's instructions  (36). Serum concentrations of 
total homocysteine (HCY) were measured using an enzy‑
matic cycling assay [cat. no.  1.02.4802; Shanghai Fosun 
Pharmaceutical (Group) Co., Ltd.] (37). Serum E2 (Elecsys 
Estradiol III; cat. no. 6656021190; Roche Diagnostics GmbH) 
and testosterone (Elecsys Testosterone II; cat. no. 5200067190; 
Roche Diagnostics GmbH) were measured using electrochemi‑
luminescence immunoassays according to the manufacturer's 
instructions (38,39).

Western blot analysis. At the end of the behavioral experi‑
ments, the cerebral cortex of mice that were not subjected to 
behavior assays was collected and homogenized using 0.4 ml 
lysis buffer containing 50  mM Tris‑HCl, 150  mM NaCl, 
1 mM EDTA, 1% Triton X‑100, 1% sodium deoxycholate 
and 0.1% SDS, supplemented with 1% protease inhibitors, 
1% PMSF and 2% phosphatase inhibitor. After centrifugation 
at 15,000 x g for 15 min at 4˚C, protein concentrations were 
measured using BCA assay. The samples were then boiled for 
10 min at 100˚C, after which equal amounts of protein (30 µg) 
were separated by SDS‑PAGE (12.5 or 15%) and transferred 
onto PVDF membranes. After blocking in blocking buffer 
(5% skimmed milk powder) at room temperature for 1.5 h, 
blots were incubated overnight with antibodies against ERβ 
(1:1,000; cat. no. 8974; Santa Cruz Biotechnology, Inc.), phos‑
phorylated (p)‑PI3K (1:1,000; cat. no. 4228T; Cell Signaling 
Technology, Inc.), PI3K (1:1,000; cat. no. 4257S; Cell Signaling 
Technology, Inc.), p‑AKT (1:1,000; cat. no.  4060S; Cell 
Signaling Technology, Inc.), AKT (1:1,000; cat. no. 4691S; Cell 
Signaling Technology, Inc.), caspase‑3 (1:500; cat. no. 14220T; 
Cell Signaling Technology, Inc.) and GAPDH (1:1,000; cat. 
no.  365062; Sant Cruz, Inc.) at 4˚C. After washing three 

times, the membrane was probed with HRP‑conjugated goat 
anti‑rabbit IgG antibodies (1:10,000; cat. no. sc‑2005; Santa 
Cruz Biotechnology, Inc.) for 1 h at room temperature. The 
blots were subsequently detected using an ECL detection 
kit (Pierce; Thermo Fisher Scientific, Inc.) and quantified 
using a ChemiDoc Imaging system (version, 2.3.0.07; cat. 
no. 12003154; BioRad, Inc.).

Statistical analysis. SPSS 24.0 (IBM Corp.) and GraphPad 
Prism 9 (GraphPad Software, Inc.) software were used to 
analyze data, which were presented as the mean ± SD. Body 
weight was analyzed using mixed ANOVA followed by 
Tukey's test to study the effects of different diets on the weight 
of mice over time. The remaining data were analyzed using an 
unpaired two‑tailed Student's t‑test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

CFD diet does not change murine body weight but increases 
homocysteine concentrations. Body weight was recorded 
every week. Fig. S2 is the result of statistical analysis, which 
represents the influence of age factors (intra‑group factors) on 
the body weight of mice, and its weight value is the same as 
Fig. 1. Mixed ANOVA analysis revealed that the body weights 
of mice in the F‑Ctrl (P<0.01), F‑CFD (P<0.01), M‑Ctrl 
(P<0.01) and M‑CFD (P<0.01) groups increased with age 
(Fig. S2). However, the factor of diet did not induce a statisti‑
cally significant difference in the weight of female (P=0.70) 
or male mice (P=0.16; Fig. 1). In conclusion, there was no 
statistical difference in body weight in both female and male 
mice on a folate‑deficient diet.

Serum folate and homocysteine were measured to 
investigate the effect of chronic folate deficiency. Folate is 
a water‑soluble vitamin that serves a fundamental role as a 
methyl donor in the re‑methylation of homocysteine to produce 
methionine (40). During folate deficiency, increased levels of 
homocysteine are observed in humans (40). Therefore, serum 
homocysteine can be used as a useful functional indicator 
of the folate status (40). In the present study, after animals 

Figure 1. Mouse body weight (n=20 per group). CFD, chronic folate-
deficient; F‑Ctrl, female mice with standard control diet; F‑CFD, female 
mice with folate deficiency diet; M‑Ctrl, male mice with standard control 
diet; M‑CFD, male mice with folate deficiency diet.



SUN et al:  EFFECTS OF CHRONIC FOLATE DEFICIENCY ON DEPRESSION-LIKE BEHAVIOR4

received a folate‑deficient diet, both F‑CFD (P<0.01) and 
M‑CFD (P<0.01) mice exhibited significantly lower serum 
folate concentrations compared with those in their respective 
controls (Fig. 2A). Accordingly, serum homocysteine levels 
were significantly higher in mice in the F‑CFD (P<0.01) and 
M‑CFD (P<0.01) groups compared with those in their respec‑
tive controls (Fig. 2B). In summary, a folate‑deficient diet 
caused reduced concentrations of serum folate and increased 
concentrations of homocysteine in F‑CFD and M‑CFD mice.

CFD diet reduces E2 concentrations in female mice. Serum 
E2  levels were measured in the mice of the present study. 
Following administration of the CFD diet, E2  levels were 

significantly reduced in female mice (P<0.05; Fig.  3A). 
However, the CFD diet did not affect the E2 levels (P=0.760) 
of male mice, even though testosterone concentrations were 
significantly lower in the M‑CFD group compared with those 
in the M‑Ctrl group (P<0.05; Fig. 3A and B). In conclusion, 
folate‑deficient diet caused lower E2 levels only in F‑CFD.

CFD diet leads to depression‑like behaviors in female mice. To 
assess whether folate deficiency could lead to depression‑like 
behavior, OFT, SPT and FST were performed to evaluate the 
extent of depression‑associated behaviors in mice following 
the administration of the two different diets. OFT results 
revealed that F‑CFD mice spent significantly less time in 

Figure 2. CFD diet increases homocysteine concentrations in mice. All mice were fed with either the folate‑deficient diet or standard control diet from 
10 to 38 weeks of age, before serum folate and homocysteine concentrations were detected at the end of week 38. (A) Serum folate concentrations in mice (n=20 
per group). (B) Serum total homocysteine concentrations in mice (n=20 per group). **P<0.01 and ##P<0.01. Data are presented as the mean ± SD. CFD, chronic 
folate‑deficient; F‑Ctrl, female mice with standard control diet; F‑CFD, female mice with folate deficiency diet; M‑Ctrl, male mice with standard control diet; 
M‑CFD, male mice with folate deficiency diet.

Figure 3. CFD diet decreases estradiol levels in female mice. All mice were fed with either the folate‑deficient diet or standard control diet from 10 to 38 weeks 
of age, before serum estradiol and testosterone concentrations were detected after behavioral assays at the end of week 38. (A) Estradiol concentrations in mice 
(n=20 per group). (B) Testosterone concentrations in male mice (n=20 per group). *P<0.05 and #P<0.05. Data are presented as the mean ± SD. CFD, chronic 
folate‑deficient; F‑Ctrl, female mice with standard control diet; F‑CFD, female mice with folate deficiency diet; M‑Ctrl, male mice with standard control diet; 
M‑CFD, male mice with folate deficiency diet.
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the central areas compared with time spent by F‑Ctrl mice 
(Fig. 4Aa), suggesting that the CFD diet caused a decrease in 
exploratory behavior. No statistically significant differences in 
the total distance traveled or entries into the center could be 
observed in either F‑CFD or M‑CFD mice when compared 

with their respective controls (Fig. 4Ab and Ac). In addition, 
the CFD diet resulted in significantly reduced sucrose prefer‑
ence to <60% in female mice, an effect not observed in males 
(Fig. 4B). FST revealed that administration of the CFD diet 
significantly increased the immobility time of female mice 

Figure 4. CFD diet leads to depression‑like behavior in female mice. All mice were fed with either the folate‑deficient diet or standard control diet from 
10 to 38 weeks of age, before all behavioral tests were performed from 38 weeks to the end of 38 weeks of age (n=10 per group). (Aa) Time spent in the center 
areas of the OFT. (Ab) Number of entries into the center areas in the OFT. (Ac) Total distance travelled in the OFT. (B) Sucrose preference rate of mice in the 
SPT. (C) Mean time of immobility in the FST. *P<0.05. Data are presented as the mean ± SD. OFT, open field test; SPT, sucrose preference test; FST, forced 
swim test; CFD, chronic folate‑deficient; F‑Ctrl, female mice with standard control diet; F‑CFD, female mice with folate deficiency diet; M‑Ctrl, male mice 
with standard control diet; M‑CFD, male mice with folate deficiency diet.
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but not in their male counterparts (Fig. 4C). In conclusion, 
folate‑deficient diet caused depression‑like behaviors only 
in F‑CFD.

CFD diet elevates cleaved caspase‑3 protein expression by 
inhibiting the PI3K/AKT signaling pathway in female mice. 
To investigate whether the PI3K/AKT signaling pathway was 

associated with cell death and the effect of E2/ERβ deficiency 
in mice, the protein levels of ERβ, p‑PI3K, PI3K, p‑AKT, 
AKT and caspase‑3 were assessed. E2 exerts its actions via 
ERβ to further regulate the PI3K/AKT signaling pathway (18). 
The PI3K/AKT signaling pathway serves a crucial role in 
the regulation of cell survival, differentiation and apop‑
tosis (21‑23). Furthermore, caspase‑3 is a key enzyme that is 

Figure 5. CFD diet inhibits PI3K/AKT signaling and upregulates cleaved caspase‑3 levels in female mice. Western blot measurements of (Aa) ERβ, (Ba) PI3K 
and p‑PI3K, (Ca) AKT and p‑AKT, (Da) caspase‑3 and cleaved caspase‑3 in brain samples. Semi-quantification of (Ab) ERβ, (Bb) p‑PI3K/PI3K, (Cb) p‑AKT/
AKT and (Db) cleaved caspase‑3 protein expression in brain samples (n=20 per group). *P<0.05 and **P<0.01. Data are presented as the mean ± SD. CFD, 
chronic folate‑deficient; F‑Ctrl, female mice with standard control diet; F‑CFD, female mice with folate deficiency diet; M‑Ctrl, male mice with standard 
control diet; M‑CFD, male mice with folate deficiency diet; p‑, phosphorylated; ERβ, estrogen receptor β.
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involved in the execution of apoptosis (24). Western blotting 
results revealed that the protein expression level of ERβ and 
the p‑PI3K/PI3K expression ratio were significantly decreased 
in the cerebral cortex of F‑CFD mice compared with those in 
the F‑Ctrl (Fig. 5A and B). AKT is a downstream signaling 
molecule of PI3K (41,42). However, the reduced expression 
ratio of p‑PI3K/PI3K did not appear to affect AKT expression 
but inhibited its phosphorylation in F‑CFD mice compared 
with that in the F‑Ctrl group (Fig. 5C). Furthermore, cleaved 
caspase‑3 (19 kDa) expression was significantly increased in 
F‑CFD mice compared with that in the F‑Ctrl group, despite 
total caspase‑3 levels exhibiting no significant difference 
between F‑CFD and F‑Ctrl mice (Fig. 5D). No significant 
difference was observed in the protein expression levels of ERβ, 
p‑PI3K/PI3K and p‑AKT/AKT ratios, cleaved caspase‑3 or 
caspase‑3 expression between the M‑CFD and M‑Ctrl groups 
(Fig. 5A‑D). In conclusion, a folate‑deficient diet reduced the 
expression levels of ERβ and the PI3K/AKT pathway, and 
increased the expression levels of cleaved caspase‑3 in the 
cerebral cortex only in F‑CFD.

Discussion

The results of the present study revealed that CFD led to 
depression‑like behavior in female mice but not in male mice, 
suggesting that CFD had a sex‑dependent effect. OFT, SPT and 
FST were performed to explore whether CFD was involved 
in the depression‑like behavior of mice. The results revealed 
that only F‑CFD mice exhibited lower sucrose preferences 
in the SPT, longer immobility times in the FST and reduced 
exploratory behaviors in the OFT.

Previous studies have indicated that the differences 
observed in sex may be associated with E2  levels  (13,43). 
Differences in emotion processing is most apparent between 
men and women that are exhibiting low E2  levels. In 
women, lower E2 concentrations occur at certain phases of 
the menstrual cycle and are associated with an increasingly 
negative mood, increased depressive symptoms and post‑
partum depression (13,43). Mohanty and Das (44) previously 
demonstrated that folate deficiency may impair the ovarian 
synthesis of E2 in monkeys. It has also been reported that 
folate deficiency can reduce circulating testosterone levels 
in micropigs (45). Unlike women, men generally experience 
consistently higher E2 activity as androgens are aromatized 
into E2 (13,46). This process remains efficient even at low 
androgen concentrations  (46). Although the percentage of 
androgen that is converted into E2 is <1%, the hormonal 
effects exhibited may remain high, since E2 is 100‑1,000X 
more active than androgens (46). In the present study, E2 levels 
were measured in mouse serum using chemiluminescence. 
The results revealed that F‑CFD mice exhibited lower 
E2 levels compared with those in F‑Ctrl mice. Additionally, 
there was no significant difference in E2 levels between either 
groups of male mice. Hormonal differences provide the basis 
for proposals regarding the effects of sexual dimorphism on 
disorders between men and women (3,46). This may explain 
why only F‑CFD mice exhibited depression‑like behavior in 
the present study.

Accumulating evidence has suggested that the ability of 
E2 to ameliorate mood symptoms is associated with ERβ 

activation (18,19). Activated ERβ modulates the PI3K/AKT 
signaling pathway, which regulates both cell proliferation 
and cell death (41,47). The present study demonstrated that 
decreased E2/ERβ expression levels in F‑CFD mice led to the 
downregulation of the PI3K signaling pathway and upregu‑
lation of cleaved caspase‑3 protein expression. Caspase‑3 
serves a key role in apoptosis activation (25). Liu et al (48) 
reported that the induction of apoptosis by tanshinone I in 
leukemia cells was mainly associated with the inactivation 
of the PI3K/AKT signaling pathway and the activation of 
caspase‑3. Additionally, Tang et al  (49) demonstrated that 
ursolic acid induced the apoptosis of human hepatocellular 
carcinoma cells by downregulating PI3K/AKT and increasing 
caspase‑3. Zhang et al (50) also revealed that purple‑colored 
sweet potato significantly inhibited the activity of caspase‑3 
and raised PI3K and p‑AKT protein levels to exert hepato‑
protective effects. The present study found that a CFD diet 
increased the expression levels of cleaved caspase‑3 in female 
mice but not male mice, suggesting that decreased E2 levels 
in CFD‑fed female mice increased the apoptosis of cells in 
the cerebral cortex, which was consistent with observations 
previously made by Patten et al  (51) and Khan et al  (52). 
Increased cleaved caspase‑3 activity promotes neuronal apop‑
tosis (24,52). A number of neural regions are involved in the 
processing and regulation of emotions, such as the prefrontal 
cortex and cingulate cortex  (53,54). Neuronal apoptosis 
decreases neurogenesis and is accompanied by the occurrence 
of depression‑like behavior (23‑25).

A recent study documented that post‑weaning folate 
deficiency reduced the degree of maturation in neonatal hippo‑
campal neurons and subsequently induced depression‑like 
symptoms in male mice (55). However, the rate of hippocampal 
neurogenesis declines with increasing age, meaning that folate 
deficiency may adversely affect hippocampal function in 
older individuals (56). By contrast, the present study revealed 
that folate deficiency led to neural apoptosis in female mice 
through reducing the E2/ERβ/PI3K/AKT signaling pathway. 
This may be the underlying mechanism in which decreased 
neurogenesis is associated with depression‑like behavior (24).

By applying animal models, the present study aimed to 
investigate whether folate deficiency led to differences in 
depression between males and females, in addition to eluci‑
dating the potential underlying mechanism by which this 
occurred. Unfortunately, phases of the estrous cycle were not 
evaluated in the behavioral assays. In addition, E2 rescue and 
estrogen receptor agonists are needed to examine the effects of 
E2 on depressive behaviors. Further study is also required to 
examine the effects of folate deficiency on the estrous cycle and 
behavior, in addition to the importance of E2 in this process.

In conclusion, the CFD diet led to depressive behavior 
only in female mice. Furthermore, the CFD diet may be asso‑
ciated with decreased E2 levels, which in turn inhibited the 
PI3K/AKT signaling pathway and increased the expression 
levels of cleaved caspase‑3, resulting in neuronal cell damage, 
apoptosis and depression‑like behavior.
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