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Depression is a common psychiatric disease caused by various factors, manifesting with
continuous low spirits, with its precise mechanism being unclear. Early life stress (ELS) is
receiving more attention as a possible cause of depression. Many studies focused on the
mechanisms underlying how ELS leads to changes in sex hormones, neurotransmitters,
hypothalamic pituitary adrenocortical (HPA) axis function, and epigenetics. The adverse
effects of ELS on adulthood are mainly dependent on the time window when stress
occurs, sex and the developmental stage when evaluating the impacts. Therefore,
with regard to the exact sex differences of adult depression, we found that ELS could
lead to sex-differentiated depression through multiple mechanisms, including 5-HT, sex
hormone, HPA axis, and epigenetics.
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INTRODUCTION

Major depression disorder (MDD) affects 17% of the population worldwide as a significant cause of
disability (Wang et al., 2020). Depression is characterized by high incidence, a low diagnosis rate,
and complex reasons. Increasing attention has been paid to the correlation between early life stress
(ELS) and depression in adolescence and adulthood (Toledo-Rodriguez and Sandi, 2011).

Early life stress is defined as a series of adverse, stressful events occurring during the neonate,
childhood, and adolescence period (Pervanidou et al., 2020), including physical or sexual abuse,
neglection, and loss. Recent studies have shown that individuals who experience ELS are more
likely to suffer from depression than those who do not (LeMoult and Gotlib, 2019). Whether it
is the depression among the Uganda (Satinsky et al., 2021) or Iraq youth (Al Shawi et al., 2019),
or the PTSD and TRD of American veterans (Aronson et al., 2020; Yrondi et al., 2021), ELS is
regarded as a risk factor in depression (Macedo et al., 2019). The different contents of ELS (physical
or sexual abuse, neglection, loss, etc.) may be correlated with specific psychological disorders in
adulthood (Carr et al., 2013). The main factors influencing adverse effects in later life include the
developmental time window suffering ELS, sex (Baker and Shalhoub-Kevorkian, 1999), and the
content of the stress (Baker and Shalhoub-Kevorkian, 1999; Slavich and Sacher, 2019). Depression
during adulthood is associated with ELS; moreover, there are more females with depression than
males with depression (Avenevoli et al., 2015). Therefore, it is crucial to explore the sex differences
in depression caused by ELS and its mechanism to reduce depression and develop a more effective
treatment strategy.
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The incidence rate of depression differs among different
sexes. Before the stage of adolescent transition, the incidence
of depression between both sexes is similar and relatively low,
with about 3% of the children qualifying the diagnostic criteria
of MDD over the past year (Merikangas et al., 2010). However,
the incidence rate of MDD increased by approximately five
times after adolescence, which is impressive, together with the
significant sex differences. Adolescent girls are at least two times
more likely to suffer from depression than boys (Avenevoli et al.,
2015). In addition to sociological studies, scholars have proposed
several mechanisms to explain the rapid increase in MDD risk of
girls relative to boys (Gold, 2015), including pressure generation
and change of hypothalamic pituitary adrenocortical (HPA) axis
to pressure (Hammen, 2006). However, a single mechanism is
unable to thoroughly explain the precise causes of depression
by ELS. We will review the current research progress from the
aspects of 5-HT, sex hormone, HPA axis, and epigenetics.

5-HT

5-HT is an essential neurotransmitter in emotional regulation
whose function is mainly to regulate functional activities in the
central nervous system, such as pain and analgesia, mental mood,
sleep, body temperature, sexual behavior, pituitary endocrine,
cardiovascular regulation, and somatic movement (Borrow and
Cameron, 2014). A few studies have shown that 5-HT in brain
tissue, especially in the amygdala, decreases after stress in early
life (de Lima et al., 2020).

Serotonin transporter (5-HTT) is one of the critical regulators
of serotonin neurotransmission (Vai et al., 2020), with the
highest density in the raphe nucleus. It also mediates tryptophan
hydroxylase (TPH), the rate-limiting enzyme for 5-HT synthesis
(MacGillivray et al., 2010). The gene of 5-HTT locates in 17p13
and consists of 14 exons and 1 promoter. The variable nucleotide
repeat of 5-HTTLPR/SLC6A4 is located at 1.400 bp upstream
of the transcription initiation site. It consists of two common
alleles, a short (s) variant with 14 copies and a long (L) variant
with 44 bp repeat elements with 16 copies (Aslund et al., 2009).
The S allele of 5-HTTLPR, together with childhood adversity,
is associated with smaller hippocampal volume and depressive
episodes (Kim et al., 2019). The polymorphism in the promoter
region of the serotonin transporter gene (5-HTTLPR) is one of
the research hot spots, but few studies explore its sex differences
in depression induced by ELS.

Studies on Humans
There is sex dimorphism in the serotonin system. First of all,
compared with women, men show higher rates of 5-HT synthesis
(Nishizawa et al., 1997), a significantly lower 5-HT (1A) receptor,
and higher 5-HTT-binding potentials in a wide array of cortical
and subcortical brain regions (Jovanovic et al., 2008). Women
show a positive correlation between a 5-HT (1A) receptor and
5-HTT-binding potentials for the region of the hippocampus,
a favorable response to SSRI than to tricyclic antidepressant
(Kornstein et al., 2000). Besides, if serotonergic genes interact
with other sexual dimorphic biological pathways, sex differences

will increase exponentially, especially in early childhood (Caspi
et al., 2003). Secondly, the studies using a questionnaire survey
and gene sequencing showed that there was a strong relationship
between past abuse and adolescent depression, regardless of sex;
the interaction effect of G × E in girls with the SS allele showed
that homozygous individuals with short allele would have a
higher risk of depression when interacting with abuse. Among
boys, no trend was even found in this regard (Collier et al., 1996).
Thirdly, tests of umbilical cord blood of newborns experiencing
prenatal stress (PNS) and the control group suggested that
SLC6A4 methylation was higher in females than in males and
was not affected by maternal stress or 5-HTTlPR genotype (Dukal
et al., 2015). Dukal selected pregnant women who experienced
PNS and took umbilical cord blood for genotype analysis. The
results showed that only the sex of newborns was related to
SLC6A4 methylation, no correlation between a genotype and
ELS (Dukal et al., 2015). Fourthly, the tryptophan hydroxylase
2 (TPH2) gene encodes related rate-limiting enzymes in the
biosynthesis of 5-HT. After having examined 291 patients
with MDD and 100 healthy controls, Shen found that three
CpG loci can predict the response to antidepressant treatment
in different sexes. Qualified Childhood Trauma Questionnaire
(CTQ) scores were significantly associated with a low level of
DNA hypomethylation at TPH2-8-237 in male CpG sites (Shen
et al., 2020). Fifthly, it is reported that at least 5 of the 14 kinds
of 5-HT receptor subtypes are active in depression, 5-HT 1A, 5-
HT 1B, 5-HT 4, 5-HT 6, and 5-HT 7 (Yohn et al., 2017). Women
with MDD had significantly lower levels of the 5-HT1A receptor
protein in the prefrontal cortex (PFC), while men had no change
(Szewczyk et al., 2009), while not all measured gene methylation
results are sex specific. Vijayendran studied the methylation of
two CpG residues (cg22584138 and cg05951817) related to the
SLC6A4 gene promoter (Kaffman and Meaney, 2007). Genotype
and sexual abuse affected the methylation of cg22584138,
while the methylation of cg05016953 was only affected by the
history of sex abuse. Researchers have not found other factors
affecting the methylation of CpG dinucleotides up to date.
Sex differences were not emphasized (Vijayendran et al., 2012).
What is more, monoamine oxidase A (MAOA) gene variation
is also associated with risk of depression. MAOA is an X-linked
gene that regulates monoamine neurotransmission by degrading
serotonin, norepinephrine, and dopamine. There are limited
studies on the sex differences between MAOA gene variation
and ELS inducing depression. Melas et al. (2013) investigated
the risk of mental disorder in people with childhood adversity,
and found that adult MAOA-L women with childhood adversity
had a higher risk of depression and the depressed women had
a lower level of overall MAOA methylation, and that MAOA-L
may be related to NR3C1 hypermethylation. Other studies have
shown that monoamine oxidase-A–linked polymorphic region
allelic variation (MAOA-uVNTR) was associated with decreased
transcriptional activity, increased depressive symptoms, and
poor sleep quality (Brummett et al., 2007). Another study
of hospitalized patients with depression showed that genetic
variations in the MAOA gene may influence the course of major
depression by disrupting cortical limbic connectivity. Depressed
MAOA-H carriers showed the weakest amygdala – prefrontal

Frontiers in Neuroscience | www.frontiersin.org 2 May 2022 | Volume 16 | Article 797755

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-797755 May 12, 2022 Time: 15:1 # 3

An et al. Stress, Sex, and Mood Disorders

coupling in the study subgroup (Dannlowski et al., 2009). In
conclusion, the low rate of 5-HT synthesis, the low amount of
5-HT1A in the cortex, the higher sensitivity of SS allele to stress
environment, and the higher DNA methylation level of TPH2-
8-237 in women may altogether contribute to higher risk of
developing depression.

Studies on Animals
The animal models of ELS used in the studies include maternal-
infant nesting (MS), limited nesting, and the bedding material
paradigm, and the study results also varied according to
the animal type, pattern-making method, and the brain area
detected. González-Pardo et al. (2020) used the MS depression
model of rats, and found that 5-HT in the PFC, 5-HT,
and 5-hydroxyindoleacetic acid (5-HIAA) in the hippocampus
was increased, and the 5-HIAA/5-HT ratio was decreased
after MS in females; in males, 5-HT was decreased in the
PFC and was significantly increased in the striatum after
MS. Liu et al. (2021) applied C57BL/6N mice to administer
limited nesting and a bedding material paradigm to implement
ELS. In pharmacological behavior experiments, female mice
showed deeper depression and more sensitivity to ELS than
male mice. Immunohistochemistic (IHC) staining showed that
female serotonin (SERT) in accumbens (NAcc) and basolateral
amygdala (BLA) were decreased significantly, and application
of vortioxetine could help to attenuate this change (Liu et al.,
2021). Arborelius used the MS model for the study, separating
the rat cubs for 180 min (long-term mother separation; LMS)
or 15 min (short maternal separation; BMS), and they found
that, in the LMS group, the levels of 5-HT and 5-HIAA in
the dorsal raphe nucleus (DRN) were significantly increased in
females, and the levels of 5-HIAA and homovanillic acid in the
nucleus accumbens (NAc) were also higher than those of the
animal facility reared (AFR) and BMS groups. In the cingulate
cortex, both LMS and BMS reduced the level of norepinephrine
(NA). In addition, BMS mainly affected monoaminergic levels in
the amygdala (Arborelius and Eklund, 2007). Besides, 5-HTT±
heterozygous mice were used to study the variation of serotonin
transporter 5-HTT/SLC6A4. The results showed that, in the
aspect of depression-like behavior, postnatal stress (PS) could
increase the depression-like behavior in 5-HTT± mice, but not
in the wild-type; the basic level in 5-HTT± was lower than that
of wild-type along with a more significant level in male offspring.
Concerning gene expression, significant changes occurred in
MARK and the neurotrophic protein pathway for both the 5-
HTT± group and the PS group, but changes in the cytokine
and Wnt signal pathway occurred in the heterozygous + PS
group instead of the others, in which sex differences were not
identified (van den Hove et al., 2011). We could infer that the
5-HTT± genotype is more sensitive to external stimulation,
which was also confirmed by Houwing et al. (2020), who used
fluoxetine as external stimulation. In addition, on the aspect
of the serotonin transporter-linked polymorphism (5-HTTLPR),
Schwandt genotyped macaques with 5-HTTLPR and evaluated
the effects of genotypes, ELS, and sex on behavioral response.
Males showed a higher level of aggression and social/courage
than females. Besides, if peers also raised males carrying the S
allele in early adversity, their attack risk increased significantly

(Schwandt et al., 2010). On the aspect of the 5-HT1A receptor,
Spinelli et al. (2010) measured the density of 5-HT1A by positron
emission tomography (PET) in young rhesus monkeys raised by
females and peers, respectively. The examination showed that
the density of 5-HT1A was decreased in peer-rearing rhesus,
suggesting that the decrease of 5-HT1A receptor density during
development may be a factor in increasing vulnerability (Spinelli
et al., 2010). The chronic mild stress (CMS) depression model
showed decreased 5-HT1AR mRNA expression in the lateral
orbitofrontal cortex (OFC) of male rats. Reversing this effect
with antidepressants, CMS increased 5-HT2Cr mRNA expression
in the hippocampal CA4 region of both male and female rats.
Overexpression of 5-HT1A in male mice was associated with
a shorter immobility time in forced swimming test (FST) and
contributed to the antidepressant response of citalopram (SSRI
inhibitor) (Günther et al., 2011). Goodfellow et al. conducted an
electrophysiological experiment on rat brain slices. The neurons
of the prefrontal layer II/III vertebral body were directly inhibited
by 5-HT1A, and the current of 5-HT1A was increased after ELS,
and especially in females. This is the first electrophysiological
examination of 5-HT1A (Goodfellow et al., 2009). Moreover,
MAOA knockout mice are characterized by higher levels of
serotonin and norepinephrine and increased aggressive behavior
(Cases et al., 1995). For hyper-aggressive male mice who
experienced peripubertal stress, MAOA expression and enzyme
activity were reduced in the hypothalamus and were increased in
the PFC. Hypomethylation in the PFC and hypermethylation in
hypothalamus of the MAOA promoter were negatively associated
with the expression pattern. In females, neither expression nor
the epigenetic state of the MAOA gene was significantly altered
between control and pre-pubertal stress (PPS) adult mice (Konar
et al., 2019). In summary, the effects of ELS on 5-HT are
diverse, and further analysis is needed. The 5-HTT± genotype
was more sensitive to external stimuli. After ELS, 5-HT1A density
was decreased, and 5-HT2Cr mRNA expression was increased,
which may be helpful for systematic analysis of the human
serotonin system.

SEX HORMONE

There have been a series of studies on the relationship
between depression and sex hormones, and the studied
hormones include estradiol, testosterone, rostenedione, estrone,
5β-dihydrotestosterone, etc. Lower estrogen levels in women
and lower testosterone levels in men both could increase
the risk of MDD (Bosch et al., 2006). The functions of sex
hormones in neurotransmitters, neurotrophic factor expression,
and neurogenesis are region and dose specific. The expression
of 5-HTT was higher in the DRN (Savitz et al., 2009), and the
activation of estrogen receptor leads to the increased release
of 5-HT and its metabolite 5-HIAA in the DRN (Heikkinen
et al., 2002) through a possible path in which ERβ enhances
the activity of TPH directly (Wang et al., 2020). Besides,
estrogen may also affect the serotonin receptor in the raphe
nucleus, where E2 increases the combination of 5-HTT with
SSRI antidepressant drugs (Krajnak et al., 2003). The deficiency
of monoaminergic activity in the hippocampus is also related
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to depression, and estradiol has the same effect as SSRI on
5-HT1a. The mRNA expression of ERα in the amygdala of
patients with MDD decreased significantly (Weiser et al., 2008),
elevated by antidepressants. The expression of oxytocin (OXT)
in hypothalamic paraventricular nucleus (PVN) of patients with
depression was increased significantly, and androgen could
directly inhibit the expression of the OXT gene by combining
ARE with the human OXT gene promoter, leading to a potential
neuroprotective effect. There are differences in sex, brain region,
and depression subtypes between the activity of the OXT system
and androgen in the pathogenesis of depression (Fernández-
Guasti et al., 2000). There have been a variety of studies on
the relationship between sex hormones and depression, but only
a few on the role of sex hormones in depression caused by
ELS. In addition, one of the manifestations of depression is
a reduction in motivated behavior, which is controlled by the
mesolimbic dopamine system, including projections from the
ventral tegmental area (VTA) to the NAc and the PFC, with
inputs from the medial preoptic area (mPOA). Estrogen and
testosterone increase the release of dopamine (DA) in VTA and
NAc, regulate the reuptake of DA, and increase the number of D1
and D2 receptors (Eck and Bangasser, 2020).

As for the treatment of MDD in humans, a large number of
clinical trials have been conducted on the application of gonadal
hormones, such as estrogen replacement therapy (ERT) or
hormone replacement therapy (HRT = estrogen+ progestin) for
perimenopausal or postmenopausal, testosterone for depression
symptoms in patients with HIV and AIDS, etc. (Dwyer et al.,
2020). Treatment has not focused much on adolescent or adult
depression caused by ELS.

Studies on Animals
The effects of PNS on plasma sex hormones in male and female
rodents were manifested as the decrease in the estradiol and
testosterone in female rodents and the increase in testosterone
in male ones. Postnatal early stress has no effect on estradiol
levels in female rats, and the effect on testosterone in
males is inconsistent. Sex hormones can produce effects on
psychiatric disorders by enhancing the release of DA in the
reward system and helping the sex differentiation in the brain
(Lenz et al., 2011).

Cui et al. (2020) used maternal separation (MS) SD rats to
simulate the ELS model, and they found that, although the MS
group was more prone to depression and anxiety-like behavior,
there was no significant difference in the level of sex hormones
and their metabolites (including estradiol, testosterone,
rostenedione, estrone, estriol, and 5βdihydrotestosterone)
between the male MS group and the female MS group. Veenema
found that MS could induce depression-like behavior and
higher adrenocorticotropic hormone response to acute stressors.
Arginine vasopressin (AVP) mRNA expression and AVP
immunoreactivity were higher in the paraventricular and
supraoptic nuclei of the hypothalamus of MS rats (Bosch et al.,
2006). But the 5-HT immunoreactivity decreased in the anterior
hypothalamus (Veenema et al., 2006). Reynaert employed rats in
prenatal restraint stress (PRS) models and found that male PRS
rats had increased levels of plasma dihydrotestosterone (DHT)

and DA in NAc, and decreased levels of serotonin (5-HT) in NAc
and PFC; female PRS rats had lower plasma estradiol levels (E2)
and lower DA levels in NAc, as well as lower concentration of
5-HT in NAc and PFC. A supplement of E2 could reverse milk
chocolate preference and the decrease of the 5-HT level in PFC.
In the hypothalamus, PRS could increase the transcription levels
of mRNA of ERα, ERβ, cocaine, and amphetamine receptor
transcription peptide (CARTP) in males (Lund et al., 2006).
At the same time, PRS could increase the mRNA level of the
5-HT2C receptor in females. All the changes were reversed by
treatment of finasteride and E2, respectively (Reynaert et al.,
2016). In female elderly rats, PRS could enhance the expression
of MRs and brain-derived neurotrophic factor (BDNF) in the
ventral hippocampus, besides enhancing the expression of
glial fibrillary acidic protein (GFAP) and BDNF in the PFC
(Verhaeghe et al., 2021). It was reported that there was still no
significant difference in plasma sex hormone content between
the MS group (the MS group: 14–16 days after birth, 6 h a day)
and the control group, but ERβ played a key role through a
DNA methylation mechanism in early stress-mediated emotion
and emotion-induced late LTP in adult male rats hippocampus
(Wang et al., 2013). In Kim et al.’s research, they studied the
effect of ELS on the HPG axis and found that, after long-term
stress or CORT treatment, the testosterone level in male Song
Sparrows was increased, while GnRH supplementation did
not increase the estradiol level in female Song Sparrows, but
the stress and CORT treatment did. This study reveals that
ELS could produce effects on HPG axis function (Schmidt
et al., 2014). Exposure of lactating rats to social invasion could
lead to inadequate care for F1 offspring and altered gene
expression of OXT, prolactin (PRL), and AVP in female offspring
(Carini and Nephew, 2013).

Failure of rodent ELS models to replicate the effects of sex
factors may be associated with the insensitivity of rodents to
behavioral measurement methods and the susceptibility of female
rodents in different stages of the estrous cycle (Cui et al., 2020).
These experiments suggested that stress could produce effects
on sex hormones and sex hormone receptors in different brain
regions (Reynaert et al., 2016).

Aggravation/remission of anxiety/depression after sex
hormone injection: Nouri et al. (2020) treated NMRI mice
with progesterone (10, 50, and 100 mg/kg, respectively,
intraperitoneally) for 14 days, and they found that progesterone
could significantly attenuates the depressive-like behaviors of
MS and decrease the expression of inflammatory genes in the
hippocampus. Estradiol can increase the mRNA expression of
BDNF in the amygdala of ovariectomized rats, which is similar
to the effect of antidepression (Borrow and Cameron, 2014) and
upregulating the expression of 5-HTT through the path of BDNF
(see Figure 1).

HYPOTHALAMIC PITUITARY
ADRENOCORTICAL AXIS FUNCTION

The HPA axis comprises the hypothalamic PVN,
adenohypophysis, and adrenal cortex. PVN is the central

Frontiers in Neuroscience | www.frontiersin.org 4 May 2022 | Volume 16 | Article 797755

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-797755 May 12, 2022 Time: 15:1 # 5

An et al. Stress, Sex, and Mood Disorders

FIGURE 1 | The role of E2 in regulating the effect of 5-HT. E2 increases the mRNA expression of TPH through exciting ERβ. ERβ regulates 5-HT through
BDNF–5-HT2a pathway. E2 increases the reactivity of 5-HT to SSRI drugs. The effect of E2 on 5-HT depends on whether the model is established or not and the
administration period.

part of the neuroendocrine axis. Its ascending fibers are
connected widely with the amygdala complex, hippocampal
formation, and marginal cortex of the limbic system. Its
descending nerve fibers control the release of pituitary ACTH
through CRH to regulate the synthesis and secretion of adrenal
glucocorticoid (GC) (Lightman et al., 2020). HPA axis excitation
can produce an obvious central effect during stress, resulting in
emotional and behavioral changes like depression, anxiety, and
anorexia. GC causes metabolic changes and anti-inflammatory
effects, together with adverse reactions, including inhibition of
immune response and gonadal axis, behavioral changes, such
as depression and a suicidal trend (Arborelius et al., 1999; Van
den Bergh et al., 2008; Cowen, 2010). MRs may be involved in
regulating HPA axis function (Juruena et al., 2013). There is
difference in HPA axis function between the neonatal period
and the adult period for both humans and animals because the
number and function of specific cells and receptors in the HPA
axis for neonates are in the process of continuous development
(van Bodegom et al., 2017), even though there are still sex
differences in the HPA axis under physiological conditions and
after stress in early life.

Development of Hypothalamic Pituitary
Adrenocortical Axis and Sex Differences
The fetal hypothalamus begins to form soon after the appearance
of the hypothalamic sulcus in the 32-day embryo. The
hypothalamus and pituitary portal vein systems develop
mainly during the third trimester of pregnancy. Along with
the ninth month of gestation, the maternal-placental –
fetal steroid-producing unit activates the fetal HPA axis.
CRH secretion by the placenta is related to the length of
pregnancy. With the approach of delivery, CRH in maternal
plasma increases and reaches its peak at delivery. Human
placental CRH production may have evolved to stimulate fetal
ACTH release and adrenal steroidogenesis, thus satisfying
the high demand for synthesis of dehydroepiandrosterone

(DHEA), the predominant source of placental estradiol (E2)
(Gleason and Devaska, 2012).

Sex Differences in the Amount and
Function of CRH and CRHR
Hypothalamic pituitary adrenocortical axis excitation after stress
can produce central effects, such as depression, anxiety, and
anorexia. These effects are mainly caused by the increase of CRH
secretion. During stress, the CRH neurons of PVA have a dense
nerve fiber connection with the central nucleus of the amygdala
complex. From the seventh month of pregnancy or earlier, the
fetus can secrete CRH and ACTH (Fujioka et al., 1999) after
maternal stress, raising fetal cortisol. After birth, CRH decreases
to about 20% of adult levels, and the expression pattern of CRH
is slightly different from adulthood, and CRH rises to the adult
level 1 week after birth. CRHR is observed in gestational Day 17
(GD17) (Insel et al., 1988) and reaches more than 300% of adult
levels during the first week after birth (Van Pett et al., 2000). At
the same time, CRHR2 is temporarily expressed in mPFC but
has disappeared in the later stage of SHRP (Gos et al., 2008).
During the development of the amygdala, CRHR2 is expressed in
different subregions. The central and basal parts begin to express
CRHR2 on the 17th day of pregnancy and remain stable until
adults. CRHR2 starts to express in the amygdala cortex after birth,
increasing with age from the third day after delivery. CRHR1
mRNA in the hippocampus rises to the highest level at Day 6 after
birth, reaching 300–600% of that in adults, and then decreased
slowly; CRHR2 began to express from the first day after birth and
remained stable during development (van Bodegom et al., 2017).

Studies on Humans
After controlling factors such as trauma type, severity, and post-
traumatic support, women who experienced ELS were more likely
to suffer from PTSD than men (Ordaz and Luna, 2012). Elevated
plasma ACTH and salivary cortisol can be observed after PTSD
(D’Elia et al., 2021). High estrogen levels elevated susceptibility
to stress together with higher GC levels for unknown reasons
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(Dunlop and Wong, 2019). De Bellis et al. (1994) found that
child sexual abuse was associated with mental illness after
adulthood. The test was conducted on girls who had suffered
sexual abuse, and ordinary girls were recruited as the control
group. After administration of ovine CRH (oCRH), the amount
of ACTH and total free cortisone in plasma, psychological
status, and 24-h urinary free cortisone from the girls of both
groups were measured. Compared to the control group, the
girls who had suffered sexual abuse had higher proportion
of suicide concepts, suicide attempts, and bad moods; and
they also had lower levels of ACTH regardless of basal or
induced by oCRH. However, there was no difference in plasma
cortisone and 24-h urinary free cortisone regardless of basal and
induced by oCRH between these two groups. The experiment
verified that the adenohypophysis gland had a low response
to oCRH. The possible mechanism was that ovarian hormones
upregulated the CRH secretion, just as what was verified before
(Dunlop and Wong, 2019). The function of the CRH and HPG
axis is bidirectionally regulated. CRH inhibits GnRH in the
hypothalamus through CRHR1 and CRHR2 in direct or indirect
manners. Estrogen acts on the promoter region of the CRH
gene in the hypothalamus and increases CRH transcription.
Androgen inhibits CRH transcription by combining with the
CRH promoter region (Ni and Nicholson, 2006). Previous studies
have shown that HPA activity is enhanced in boys after stress
before puberty, but it is supposed that sex hormones do not play
a role at this stage. More studies have shown that HPA activity
was enhanced after CRH stimulation in pre-pubertal males (Dahl
et al., 1992) and post-pubertal females (Greenspan et al., 1993).

Studies on Animals
Previous studies have shown that early damage will affect the
function of the HPA axis, such as the decrease of CRF and
ACTH in animal models exposed to inflammatory pain and
the decrease of the serum corticosterone level in male rats
during recovery. Besides, ELS was related to the higher level
of basic CRH, increased apoptosis of PVN (Tobe et al., 2005),
increased expression of CRH and AVP mRNA, and increased
expression of CRH2 mRNA in the medial BLA in females
(DeSantis et al., 2011).

Sex Differences in the Level and
Function of ACTH
Studies on Humans
Patients with MDD with childhood trauma (CT) have a low
baseline cortisol level, together with reduced ACTH levels at the
baseline and Trier Social Stress Test (Mayer et al., 2020). PS causes
a higher basic level of ACTH in animals (Lolait et al., 2007).
Using nesting restriction and a maternal substitute, Fuentes et al.
(2018) found that the concentrations of ACTH and cortisol in
female serum before stress were higher than those in males
and continued to increase after stress in both sexes. Slotten
et al. (2006) used MS to establish a rat depression model and
found that the basal GC and ACTH of males were lower than
those of females.

Differences in CORT and Glucocorticoid
Receptor
Before birth, GRmRNA expression in hippocampus, mPFC,
amygdala, PVN, and anterior pituitary is lower than those in
adults (Pryce, 2008), so the negative feedback sensitivity of the
HPA axis is lower. GR begins to rise in the second trimester
of pregnancy and ends in PVN, pituitary, and hippocampus
sequentially (Diaz et al., 1998). After birth, GR continues to
develop. As for MRmRNA, its expression begins to rise in
the second trimester of pregnancy and remains low until the
third trimester of pregnancy. The content of MRmRNA in the
hippocampus is almost the same as that in adults when GR is
only 30% of that in adults, so the MR/GR ratio is very high. In the
amygdala, the development of GR and MR is in the same pattern.
During development, the level of GC increases significantly and
the function of HPA matures. Studies on GR during puberty are
still insufficient. It is reported that GR can reverse the effects of
ELS during puberty (McCormick et al., 2010).

Studies on Humans
A study in Dutch showed that children with CT had a
significantly higher level of cortisol arousal response and
cumulative HPA axis markers than those without CT
(Kuzminskaite et al., 2020). Nia Fogelman illustrated that
there were clear sex differences in cortisol arousal response and
the baseline, and no difference between non-stress state and
response to stress (Fogelman and Canli, 2018). In the adrenal
cortex, the 11β-hydroxysteroid dehydrogenase type 1 enzyme,
which converts cortisone to cortisol, is encoded by HSD11B1,
a variant of which is significantly associated with an increased
risk of at least one suicide attempt and is possibly a relevant
biomarker (Figaro-Drumond et al., 2020). Grunau reported that
the increase in the number of injections in preterm infants was
associated with a decrease in cortisol levels in preschool boys, but
no difference was seen in basic cortisol levels in the control group
(Mooney-Leber and Brummelte, 2020). Above all, stress during
childhood results in CORT abnormality with sex differences.

Studies on Animals
During estrus, plasma and adrenal CORT were the highest
in the ovarian cycle, suggesting the relationship between the
ovarian hormone and HPA activity. Both PVN injection of
estrogen and ERα agonists could increase the levels of GC,
while injection of antagonistic agents was on the contrary. These
results indicated that E2 could reduce the negative feedback effect
of HPA through ERα (Zhang et al., 2009). At the same time,
ERs and diarylpropionitrile (a non-steroidal estrogen receptor
ER β selective ligand) directly increased CRF expression in
hypothalamic 4B cells. Estradiol decreased the expression of
GR and increased the activity of protein phosphatase 5, which
inactivated GR (Chaloner and Greenwood-Van Meerveld, 2013).
Brydges et al. (2020) used forced a swimming test, restraint, and
other methods to create PPS models in rats, and they found
that PPS could cause an increase of FKBP5 and AVPR1a in
the female hippocampus and a decrease of GR and AVPR1a in
mPFC. In the PFC of female rats, PPS triggered the increased
expression of GR, the increased ratio of glucocorticoid to a
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mineralocorticoid (GR: MR) receptor, and decreased AVPR1a
expression; in male rats, PPS induced the increased expression of
GR, MR, FKBP5, and the oxytocin receptor in the hippocampus
(Brydges et al., 2020). Pisu et al. (2016) used weaning to simulate
the social isolation model of rats, and revealed that, after weaning,
the male rats manifested a decreased number of isopregnanol
ketone and plasma GC, and an increased level of plasma GC and
BDNF after acute stress. Mooney-Leber et al. (2018) administered
female and male rats with repeated needling with or without
maternal care 4 days after birth (through a novel tea-ball infuser
encapsulation model), and then they measured the plasma GC
levels in adults with or without stress. The results showed that
the basal glucocorticoid level of female adult rats was higher
than that of male rats, and the GC level was significantly higher
than that of non-stressed rats 1 h after stress. In addition, some
studies have extended the scope of ELS to the fetal period, that
is, to study the effects of stress on the fetus during pregnancy
after adulthood of the examinee (Mooney-Leber and Brummelte,
2020). Brunton made the native lactating rats experience social
frustration for more than 5 days through a pregnant intruder
from its last week of pregnancy and studied the response of HPA
to stress and anxiety-related behaviors in the adult offspring of
social losers. The results showed that, in the progeny of PNS,
the HPA response of female offspring to stress was significantly
enhanced compared with that of males (Brunton and Russell,
2010). To sum up, the results of animal studies are inconsistent,
since many studies have been conducted in this area and the
results are stable; it is possible to employ animal experiments
to explore the underlying mechanism. Women exposed to PPS
did not show the usual increase in the plasma corticosterone
level. Higher expression of oxytocin receptors was observed
in the PFC, as well as higher AVPR1a and oxytocin in the
hypothalamus, while men showed higher expression of GR, MR,
GR: MR, FKBP5, and oxytocin receptors in the hypothalamus.
These results indicated increased reaction of the female HPA
axis to PPS and may further help explain why women show a
higher susceptibility to certain stress-related psychopathologies
in humans (Brydges et al., 2020).

GENES AND EPIGENETICS

Gene–environment interaction plays a vital role in mental
diseases, and is also a research hotspot. ELS affects epigenetic
modification, including DNA methylation, post-translational
histone modification (methylation, phosphorylation,
acetylation), and non-coding RNA. These modifications are
stable, inducible, and reversible, which is why short-term
environmental stimulation leads to lasting changes in gene
expression and behavior (van Bodegom et al., 2017). In the
common situation without stress, there are sex differences in
the transcription of some genes that influence behavior. Some
of these genes are sex hormone related, so transcription varies
across menstrual cycles in women and across estrus cycles in
animals. It is helpful to know that differentially expressed genes
between the preestrus and interestrus are 20 times more than
those of the females and males (Iqbal et al., 2020).

FIGURE 2 | The interaction between GR and FKBP5. Glucocorticoid receptor
(GR) can form a chaperone complex with FKBP5 and heat shock protein 90
as an intracellular receptor to prevent GR from being transported to the
nucleus. After binding glucocorticoid (GC), GR dissociates and binds to the
fkkbp5 enhancer-binding site, produces more FKBP5, conducting a negative
feedback loop.

Previous studies have shown that the inhibition of negative
feedback on the HPA axis can be completed by GR, which
is a kind of an intracellular receptor regulated by a series of
chaperone proteins (Rein, 2016). The most important part in
the feedback is FK506 binding protein 51 (FKBP51) encoded
by the FKBP5 gene. Fkbp51 plays a key role in regulating GR
sensitivity as the chaperone protein of heat shock protein 90
(Hsp90) and GR. Once activated, GR enters the nucleus and
binds to the glucocorticoid response factor in the enhancer region
of FKBP5 to induce FKBP5 gene expression. Fkbp51 binds to
GR and inhibits its function, which is the mechanism of GR
desensitization (Rein, 2016; see Figure 2). Therefore, FKBP51
is the key factor in HPA axis adjustment (Wang et al., 2018).
In the absence of glucocorticoids, FKBP5 is integrated into GR
through Hsp90, which is composed of a mature GR heterologous
complex (Wochnik et al., 2005). The complex remains inactive in
the cytoplasm and has a low affinity for its ligands (Binder et al.,
2008). Induced by glucocorticoids, FKBP5 is replaced by FKBP4,
and steroid receptors are activated, allowing GR maturation and
nuclear translocation as well as further genetic transcription
(Xu et al., 2017).

First, FKBP5 gene variation and ELS may increase the
risk of emotional disorders, resulting in a series of behavioral
phenotypic abnormalities. Rs160780 of the FKBP5 gene has
significant interaction with childhood adversity in brain white
matter integrity involved in emotional processing (Kim et al.,
2019). In a meta-analysis of the relationship among FKBP5 gene
variation, ELS and depression/PTSD, it was found that those
carrying T allele in the rs1360780 gene, C allele in the rs3800373
gene, or T allele in the rs9470080 gene had a higher risk of
depression or PTSD after early trauma (Dackis et al., 2012).
There are also studies showing that patients with MDD have
smaller hippocampal volume, especially in the corn ammonis
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and dentate gyrus. Moreover, it was also found that those with
the T allele have smaller volumes in the hippocampal amygdala
transition region (HATA) than those homozygous with the C
allele (Mikolas et al., 2019). In addition, it was revealed that
FKBP5 gene variation, combined with subjective or objective
ELS, could predict more obvious depressive symptoms in their
middle age (Lahti et al., 2016). In research in which DNAm in
peripheral blood samples after exposure to dexamethasone was
measured using human peripheral blood samples, 1, 3, and 6 h
after dexamethasone treatment, differentially methylated CPGs
were detected in enhancers co-located with GC receptor-binding
sites and returned to a normal level within 23 h (Wiechmann
et al., 2019). Using the pixel types estimated from Illumina
450k array data, it was observed that age (seven sites), sex (five
sites), smoking (six sites), BMI (eight sites), major depression
disorder (MDD) (four sites) all could produce significant effects
on methylation (Wiechmann et al., 2019). In addition to
GR, FKBP5 also interacted with other molecular chaperones,
including MR, progesterone receptor, estrogen receptor and
androgen receptor. Similar to its effect on GR, FKBP5 inhibited
MR and PR activities and promoted ER and AR activities
(Zannas et al., 2016). Fkbp51 seems to positively regulate the
activity of androgen receptors (Ni et al., 2010). Both natural and
synthetic androgens can upregulate the expression of FKBP51
through AR binding to the enhancer region of the FKBP5 gene
(Davies et al., 2005), suggesting that this may be an automatic
regulatory pathway aimed at enhancing androgen sensitivity,
which makes FKBP51 a potentially important factor in the
etiology of prostate cancer (Maeda et al., 2022). Fkbp51 plays
a role in enhancing AR function, indicating that FKBP51 can
directly or indirectly target the ligand-binding domain of GR
and AR, but the exact molecular mechanism remains unclear
(Stechschulte and Sanchez, 2011). In addition, FKBP51 may be an
intermediate factor in the regulation of ER activity. It is reported
that tetrapeptide repeat domain 9A (TTC9A) may negatively
regulate the activity of ERα by interacting with chaperones such
as FKBP38 and FKBP51 (Shrestha et al., 2015). In conclusion,
FKBP5 is involved in sex differences of ELS-induced depression
through regulating sex hormone receptor activity.

DNA methylation is a kind of epigenetic modification, in
which methyl is added to the cytosine of DNA sequence. It
is usually related to the inhibition of gene expression, but, in
a few cases, the expression would be increased (Bird, 2002).
It can occur on C-G dinucleotide and, occasionally, on other
dinucleotides. Methyl was added by DNA methyltransferases
DNMT1, DNMT3a, or DNMT3b. DNA demethylation is carried
out by oxidation of methyl or by enzymes such as Gadd45b
(Mo et al., 2015). Methylation is accomplished by MeCP2,
which binds to methylated DNA, assists gene silencing, or assists
gene expression through the recruitment of corepressors or
coactivators (Doherty and Roth, 2018). The response to stress
is also related to CRF promoter methylation. CRF expression
in the hypothalamus of stress-sensitive mice was higher than
that of stress-tolerant mice due to decreased methylation of CRF
promoters (Mueller and Bale, 2008). Antidepressant therapy that
blocks the methylation of CRF promoters would improve the loss
of social interest. Injecting siRNA sequence into hypothalamus
would enhance the tolerance of CRF promoter. The individual

differences of CRF signals are regulated by the epigenetic
regulation of CRF promoter, and there are sex differences
(Hodes and Epperson, 2019).

There are few studies exploring the relationship between
DNA methylation and non-coding RNA related to histone
modification and depression in humans, so the relationship
between histone modification and non-coding RNA and
depression is still unclear. Many animal studies have shown that
mRNA expression of histone deacetylases (HDACs) 1, 3, 7, and 8
decreased, while the expression of acetylated histone H4 protein
increased in the prefrontal lobe of MS mice. The increase of
HDACs expression was observed in the VTA of MS rats (Li et al.,
2020), while the sex difference in arginine methylase (H3K) was
observed in different subtypes, experimental animals, modeling
methods, as well as different brain regions (Torres-Berrío et al.,
2019; Kronman et al., 2021).

It is indisputable that epigenomes have sex duality in many
mechanisms in the development and the whole life cycle. It has
been reported that there are sex differences in the expression of
MeCP2, Gadd45b, and Dnmt3a in the amygdala of developing
rats in the expression of MeCP2 in the ventral center of the
hypothalamus and preoptic chiasma of developing rats, and in
the methylation of steroid receptors in the brain region of sex
duality. It is reported that different kinds of maternal care could
lead to the difference in methylation patterns in the offsprings
of adult male rats (Kurian et al., 2007; Kolodkin and Auger,
2011; Kigar et al., 2016; Doherty and Roth, 2018). It is reported
that dogs experienced adverse living conditions outside the cage
7 days after birth, and sex-specific changes could be seen in
mPFC apparent regulators 90 days after birth (Burns et al., 2018).
Additionally, there are sex differences in BDNF methylation, and
the pattern displayed by females is very inconsistent with that of
males. Grégoire et al. (2020) exposed CD1 mice to PNS and found
that the level of total exon IV BDNF in the Hippo decreased.

MicroRNAs also play a subtle role in enhancing gene
expression by reducing rather than eliminating specifically
targeted mRNA transcripts, which may also be involved in the
development of mental disorder through gene dysregulation
involved in specific disease-related processes (Penner-Goeke and
Binder, 2019). PS can change the characteristics of miRNA
in specific parts of the brain, further affect offspring brain
development and axon guidance, and lead to neurological
diseases (Zucchi et al., 2013). The increased methylation of
Hsd11b2 gene DNA in the placenta results from repeated stress
on the mother. In the fetal hypothalamus, the methylation of
the enhancer of the gene decreased, but the methylation of
exon 1 increased but did not affect the expression of mRNA
(van Bodegom et al., 2017). In male animals, sucrose preference
was positively correlated with PFC miR-411-5p and negatively
correlated with amygdala miR-133B-3p. In female animals,
sucrose preference was negatively correlated with PFC miR-142-
5p and miR-483-3p, miR-31A-3p, miR-466b-3p, and miR-483-5p
in amygdala. A total of 88 miRNAs were significantly correlated
with the escape time of male animals, most of which were in
PFC. No miRNA expression was significantly associated with FST
escape time in female animals (Yuan et al., 2018).

Except for epigenetics, the genome itself may directly lead
to sex differences in neurotransmitters and behavior after stress
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(Howard et al., 2019). After early chronic stress, the sex
chromosome group affects the expression of GABA, 5-HT, and
dopamine-related genes in the prefrontal lobe. Compared with
XX mice, XY mice had lower expression of the above genes, and
the anxiety degree of XY mice without testosterone is higher
than XX mice, suggesting that testosterone has an antidepressant
effect, and the effect of gonadal hormone offsets the above
gene expression changes caused by the sex chromosome group
(Seney et al., 2013).

In addition, BDNF, NPY, TNF, and inflammatory factors
have been reported to be involved in ELS-mediated depression
regulation (Park and Bowers, 2010; Quinn et al., 2012; Alviña
et al., 2021). The expression of BDNF is related to the
pathogenesis of depression. For MS mice, the expression of
BDNF in the hippocampus and striatum increased significantly
in males, while the expression of BDNF in the striatum in
stressed female mice decreased significantly, and there was no
difference in the expression of BDNF in the frontal cortex and
hippocampus (Luoni et al., 2016). Estrogen may also indirectly
affect serotonin activity by changing the expression of BDNF.
BDNF knockout mice show a decrease in 5-HT1A binding
and mRNA expression, while central BDNF injection increased
5-HT1A hippocampal receptor gene expression (Borrow and
Cameron, 2014). González-Pardo et al. (2020) applied the MS
animal model to evaluate regional brain mitochondrial function,
monoaminergic activity, and neuroinflammation, and they found
that TNFα and IL-6 levels in the PFC and hippocampus of MS
male rats were increased (Rothwell and Luheshi, 2000; Heida
and Pittman, 2005). These results reveal that ELS could produce
complex long-term effects on sex and brain regions (González-
Pardo et al., 2020). Babri et al. (2014) explored whether the
exposure of neonatal mice to TNFα would affect body weight,
stress-induced corticosterone (COR), anxiety, and depression-
like behaviors in adult mice. As a result, they found that
neonatal TNFα treatment could reduce the weight of male
and female newborns. A high dose of TNF can increase the
stress-induced COR level, anxiety, and depression-like behaviors
of adult male mice. Therefore, it is inferred that exposure to
TNFα during the neonatal period can alter brain and behavioral
development in a dose- and sex-dependent manner (Babri et al.,
2014).

CONCLUSION AND EXPECTATION

Early life stress can cause depression in childhood or pre-
puberty, and the depression is sex specific. The mechanisms
underlying the difference between different sexes are that there is
sex duality in the serotonin system in 5-HT synthesis rates, 5-HT
metabolite levels, receptor- and transporter-binding potentials,
SSRI responses, and tolerance. The methylation levels of the 5-
HTT gene are different between men and women. Moreover,
E2 might be helpful to increase the level of 5-HT and the
expression of the 5-HT receptor. Besides, there are sex differences
in CRH expression caused by severe trauma, in HPA axis
function after stress, i.e., a trend of plasma CORT and its
receptor. In addition, FKBP5 can enhance the activities of ER
and AR. Furthermore, FKBP51 can negatively regulate ERα

through chaperone protein interaction. There are sex differences
in the expression of a variety of proteins or enzymes that
affect epigenetics. BDNF, NPY, and TNF have been reported
to be involved in the regulation of depression mediated by
ELS, showing sex differences, too. The paper highlights the
important role of ELS in human mental health and helps
to screen possible clinically effective anti-depression targets,
which will help promote the healthy development of children
and adolescents.

AUTHOR CONTRIBUTIONS

XA and WG wrote the first draft. HW, XF, and ML
provided writing reviewing and editing. YZ, YL, and RC
provided conceptualization of ideas. WY, ZZ, and GZ provided
supervision. All authors approved the final version of the
manuscript for submission.

FUNDING

This work was supported by Jilin Science and Technology Agency
Funds in China (YDZJ202102CXJD077), Jilin Province Medical
and Health Talents (2019SCZT007 and 2019SCZT013), and
Program of Jilin Finance Department (2019SRCJ017).

REFERENCES
Al Shawi, A. F., Sarhan, Y. T., and Altaha, M. A. (2019). Adverse childhood

experiences and their relationship to sex and depression among young adults in
Iraq: a cross-sectional study. BMC Public Health 19:1687. doi: 10.1186/s12889-
019-7957-9

Alviña, K., Jodeiri Farshbaf, M., and Mondal, A. K. (2021). Long term effects of
stress on hippocampal function: emphasis on early life stress paradigms and
potential involvement of neuropeptide Y. J. Neurosci. Res. 99, 57–66.

Arborelius, L., and Eklund, M. B. (2007). Both long and brief maternal separation
produces persistent changes in tissue levels of brain monoamines in middle-
aged female rats. Neuroscience 145, 738–750. doi: 10.1016/j.neuroscience.2006.
12.007

Arborelius, L., Owens, M. J., Plotsky, P. M., and Nemeroff, C. B. (1999). The
role of corticotropin-releasing factor in depression and anxiety disorders.
J. Endocrinol. 160, 1–12. doi: 10.1677/joe.0.1600001

Aronson, K. R., Perkins, D. F., Morgan, N. R., Bleser, J. A., Vogt, D., Copeland,
L. A., et al. (2020). The impact of adverse childhood experiences (ACEs) and
combat exposure on mental health conditions among new post-9/11 veterans.
Psychol. Trauma 12, 698–706. doi: 10.1037/tra0000614

Aslund, C., Leppert, J., Comasco, E., Nordquist, N., Oreland, L., and Nilsson,
K. W. (2009). Impact of the interaction between the 5HTTLPR polymorphism
and maltreatment on adolescent depression. A population-based study. Behav.
Genet. 39, 524–531. doi: 10.1007/s10519-009-9285-9

Avenevoli, S., Swendsen, J., He, J. P., Burstein, M., and Merikangas, K. R. (2015).
Major depression in the National Comorbidity Survey-Adolescent Supplement:
prevalence, correlates, and treatment. J. Am. Acad. Child Adolesc. Psychiatry 54,
37–44. doi: 10.1016/j.jaac.2014.10.010

Babri, S., Doosti, M. H., and Salari, A. A. (2014). Tumor necrosis factor-
alpha during neonatal brain development affects anxiety- and depression-
related behaviors in adult male and female mice. Behav. Brain Res. 261,
305–314.

Frontiers in Neuroscience | www.frontiersin.org 9 May 2022 | Volume 16 | Article 797755

https://doi.org/10.1186/s12889-019-7957-9
https://doi.org/10.1186/s12889-019-7957-9
https://doi.org/10.1016/j.neuroscience.2006.12.007
https://doi.org/10.1016/j.neuroscience.2006.12.007
https://doi.org/10.1677/joe.0.1600001
https://doi.org/10.1037/tra0000614
https://doi.org/10.1007/s10519-009-9285-9
https://doi.org/10.1016/j.jaac.2014.10.010
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-797755 May 12, 2022 Time: 15:1 # 10

An et al. Stress, Sex, and Mood Disorders

Baker, A., and Shalhoub-Kevorkian, N. (1999). Effects of political and military
traumas on children: the Palestinian case. Clin. Psychol. Rev. 19, 935–950.
doi: 10.1016/s0272-7358(99)00004-5

Binder, E. B., Bradley, R. G., Liu, W., Epstein, M. P., Deveau, T. C., and Mercer,
K. B. (2008). Association of FKBP5 polymorphisms and childhood abuse with
risk of posttraumatic stress disorder symptoms in adults. JAMA 299, 1291–1305.
doi: 10.1001/jama.299.11.1291

Bird, A. (2002). DNA methylation patterns and epigenetic memory. Genes Dev. 16,
6–21. doi: 10.1101/gad.947102

Borrow, A. P., and Cameron, N. M. (2014). Estrogenic mediation of serotonergic
and neurotrophic systems: implications for female mood disorders. Prog.
Neuropsychopharmacol. Biol. Psychiatry 54, 13–25. doi: 10.1016/j.pnpbp.2014.
05.009

Bosch, O. J., Kromer, S. A., and Neumann, I. D. (2006). Prenatal stress:
opposite effects on anxiety and hypothalamic expression of vasopressin and
corticotropin-releasing hormone in rats selectively bred for high and low
anxiety. Eur. J. Neurosci. 23, 541–551. doi: 10.1111/j.1460-9568.2005.04576.x

Brummett, B. H., Krystal, A. D., Siegler, I. C., Kuhn, C., Surwit, R. S.,
Züchner, S., et al. (2007). Associations of a regulatory polymorphism of
monoamine oxidase-A gene promoter (MAOA-uVNTR) with symptoms of
depression and sleep quality. Psychosom. Med. 69, 396–401. doi: 10.1097/PSY.
0b013e31806d040b

Brunton, P. J., and Russell, J. A. (2010). Prenatal social stress in the rat programmes
neuroendocrine and behavioural responses to stress in the adult offspring: sex-
specific effects. J. Neuroendocrinol. 22, 258–271. doi: 10.1111/j.1365-2826.2010.
01969.x

Brydges, N. M., Best, C., and Thomas, K. L. (2020). Female HPA axis displays
heightened sensitivity to pre-pubertal stress. Stress 23, 190–200. doi: 10.1080/
10253890.2019.1658738

Burns, S. B., Szyszkowicz, J. K., Luheshi, G. N., Lutz, P. E., and Turecki, G. (2018).
Plasticity of the epigenome during early-life stress. Semin. Cell Dev. Biol. 77,
115–132. doi: 10.1016/j.semcdb.2017.09.033

Carini, L. M., and Nephew, B. C. (2013). Effects of early life social stress on
endocrinology, maternal behavior, and lactation in rats. Horm. Behav. 64,
634–641. doi: 10.1016/j.yhbeh.2013.08.011

Carr, C. P., Martins, C. M., Stingel, A. M., Lemgruber, V. B., and Juruena, M. F.
(2013). The role of early life stress in adult psychiatric disorders: a systematic
review according to childhood trauma subtypes. J. Nerv. Ment. Dis. 201,
1007–1020. doi: 10.1097/NMD.0000000000000049

Cases, O., Seif, I., Grimsby, J., Gaspar, P., Chen, K., Pournin, S., et al.
(1995). Aggressive behavior and altered amounts of brain serotonin and
norepinephrine in mice lacking MAOA. Science 268, 1763–1766. doi: 10.1126/
science.7792602

Caspi, A., Sugden, K., Moffitt, T. E., Taylor, A., Craig, I. W., Harrington, H., et al.
(2003). Influence of life stress on depression: moderation by a polymorphism in
the 5-HTT gene. Science 301, 386–389. doi: 10.1126/science.1083968

Chaloner, A., and Greenwood-Van Meerveld, B. (2013). Early life adversity as a
risk factor for visceral pain in later life: importance of sex differences. Front.
Neurosci. 7:13. doi: 10.3389/fnins.2013.00013

Collier, D. A., Stober, G., Li, T., Heils, A., Catalano, M., Di Bella, D., et al.
(1996). A novel functional polymorphism within the promoter of the serotonin
transporter gene: possible role in susceptibility to affective disorders. Mol.
Psychiatry 1, 453–460.

Cowen, P. J. (2010). Not fade away: the HPA axis and depression. Psychol. Med. 40,
1–4. doi: 10.1017/S0033291709005558

Cui, Y., Cao, K., Lin, H., Cui, S., Shen, C., Wen, W., et al. (2020). Early-life stress
induces depression-like behavior and synaptic-plasticity changes in a maternal
separation rat model: sex difference and metabolomics study. Front. Pharmacol.
11:102. doi: 10.3389/fphar.2020.00102

Dackis, M. N., Rogosch, F. A., Oshri, A., and Cicchetti, D. (2012). The role of
limbic system irritability in linking history of childhood maltreatment and
psychiatric outcomes in low-income, high-risk women: moderation by FK506
binding protein 5 haplotype. Dev. Psychopathol. 24, 1237–1252. doi: 10.1017/
S0954579412000673

Dahl, R. E., Siegel, S. F., Williamson, D. E., Lee, P. A., Perel, J., Birmaher, B., et al.
(1992). Corticotropin releasing hormone stimulation test and nocturnal cortisol
levels in normal children. Pediatr. Res. 32, 64–68. doi: 10.1203/00006450-
199207000-00012

Dannlowski, U., Ohrmann, P., Konrad, C., Domschke, K., Bauer, J., Kugel, H., et al.
(2009). Reduced amygdala-prefrontal coupling in major depression: association
with MAOA genotype and illness severity. Int. J. Neuropsychopharmacol. 12,
11–22. doi: 10.1017/S1461145708008973

Davies, T. H., Ning, Y. M., and Sánchez, E. R. (2005). Differential control of
glucocorticoid receptor hormone-binding function by tetratricopeptide repeat
(TPR) proteins and the immunosuppressive ligand FK506. Biochemistry 44,
2030–2038. doi: 10.1021/bi048503v

De Bellis, M. D., Chrousos, G. P., Dorn, L. D., Burke, L., Helmers, K., Kling, M. A.,
et al. (1994). Hypothalamic-pituitary-adrenal axis dysregulation in sexually
abused girls. J. Clin. Endocrinol. Metab. 78, 249–255. doi: 10.1210/jcem.78.2.
8106608

de Lima, R. M. S., Dos Santos Bento, L. V., di Marcello Valladão Lugon, M.,
Barauna, V. G., Bittencourt, A. S., Dalmaz, C., et al. (2020). Early life stress
and the programming of eating behavior and anxiety: sex-specific relationships
with serotonergic activity and hypothalamic neuropeptides. Behav. Brain Res.
379:112399. doi: 10.1016/j.bbr.2019.112399

D’Elia, A. T. D., Juruena, M. F., Coimbra, B. M., Mello, M. F., and Mello,
A. F. (2021). Posttraumatic stress disorder (PTSD) and depression severity
in sexually assaulted women: hypothalamic-pituitary-adrenal (HPA) axis
alterations. BMC Psychiatry 21:174. doi: 10.1186/s12888-021-03170-w

DeSantis, S. M., Baker, N. L., Back, S. E., Spratt, E., Ciolino, J. D., Moran-Santa
Maria, M., et al. (2011). Sex differences in the effect of early life trauma on
hypothalamic-pituitary-adrenal axis functioning. Depress. Anxiety 28, 383–392.
doi: 10.1002/da.20795

Diaz, R., Brown, R. W., and Seckl, J. R. (1998). Distinct ontogeny of glucocorticoid
and mineralocorticoid receptor and 11β-hydroxysteroid dehydrogenase types I
and II mRNAs in the fetal rat brain suggest a complex control of glucocorticoid
actions. J. Neurosci. 18, 2570–2580. doi: 10.1523/JNEUROSCI.18-07-02570.
1998

Doherty, T. S., and Roth, T. L. (2018). Epigenetic landscapes of the adversity-
exposed brain. Prog. Mol. Biol. Transl. Sci. 157, 1–19. doi: 10.1016/bs.pmbts.
2017.11.025

Dukal, H., Frank, J., Lang, M., Treutlein, J., Gilles, M., Wolf, I. A., et al. (2015).
New-born females show higher stress- and genotype-independent methylation
of SLC6A4 than males. Borderline Personal. Disord. Emot. Dysregul. 2:8. doi:
10.1186/s40479-015-0029-6

Dunlop, B. W., and Wong, A. (2019). The hypothalamic-pituitary-adrenal
axis in PTSD: pathophysiology and treatment interventions. Prog.
Neuropsychopharmacol. Biol. Psychiatry 89, 361–379. doi: 10.1016/j.pnpbp.
2018.10.010

Dwyer, J. B., Aftab, A., Radhakrishnan, R., Widge, A., Rodriguez, C. I., Carpenter,
L. L., et al. (2020). Hormonal treatments for major depressive disorder: state of
the art. Am. J. Psychiatry 177, 686–705. doi: 10.1176/appi.ajp.2020.19080848

Eck, S. R., and Bangasser, D. A. (2020). The effects of early life stress on motivated
behaviors: a role for gonadal hormones. Neurosci. Biobehav. Rev. 119, 86–100.
doi: 10.1016/j.neubiorev.2020.09.014

Fernández-Guasti, A., Kruijver, F. P., Fodor, M., and Swaab, D. F. (2000).
Sex differences in the distribution of androgen receptors in the human
hypothalamus. J. Comp. Neurol. 425, 422–435. doi: 10.1002/1096-
9861(20000925)425:3&lt;422::aid-cne7&gt;3.0.co;2-h

Figaro-Drumond, F. V., Pereira, S. C., Menezes, I. C., Bodegom Werne Baes, C.,
Coeli-Lacchini, F. B., Oliveira-Paula, G. H., et al. (2020). Association of 11β-
hydroxysteroid dehydrogenase type1 (HSD11b1) gene polymorphisms with
outcome of antidepressant therapy and suicide attempts. Behav. Brain Res.
381:112343. doi: 10.1016/j.bbr.2019.112343

Fogelman, N., and Canli, T. (2018). Early life stress and cortisol: a meta-analysis.
Horm. Behav. 98, 63–76. doi: 10.1016/j.yhbeh.2017.12.014

Fuentes, S., Daviu, N., Gagliano, H., Belda, X., Armario, A., and Nadal, R. (2018).
Early life stress in rats sex-dependently affects remote endocrine rather than
behavioral consequences of adult exposure to contextual fear conditioning.
Horm. Behav. 103, 7–18. doi: 10.1016/j.yhbeh.2018.05.017

Fujioka, T., Sakata, Y., Yamaguchi, K., Shibasaki, T., Kato, H., and Nakamura,
S. (1999). The effects of prenatal stress on the development of hypothalamic
paraventricular neurons in fetal rats. Neuroscience 92, 1079–1088. doi: 10.1016/
S0306-4522(99)00073-1

Gleason, C. A., and Devaska, S. U. (2012). Avery’s Diseases of the Newborn, 9th Edn.
(Philadelphia, PA: Elsevier), 1248–1252.

Frontiers in Neuroscience | www.frontiersin.org 10 May 2022 | Volume 16 | Article 797755

https://doi.org/10.1016/s0272-7358(99)00004-5
https://doi.org/10.1001/jama.299.11.1291
https://doi.org/10.1101/gad.947102
https://doi.org/10.1016/j.pnpbp.2014.05.009
https://doi.org/10.1016/j.pnpbp.2014.05.009
https://doi.org/10.1111/j.1460-9568.2005.04576.x
https://doi.org/10.1097/PSY.0b013e31806d040b
https://doi.org/10.1097/PSY.0b013e31806d040b
https://doi.org/10.1111/j.1365-2826.2010.01969.x
https://doi.org/10.1111/j.1365-2826.2010.01969.x
https://doi.org/10.1080/10253890.2019.1658738
https://doi.org/10.1080/10253890.2019.1658738
https://doi.org/10.1016/j.semcdb.2017.09.033
https://doi.org/10.1016/j.yhbeh.2013.08.011
https://doi.org/10.1097/NMD.0000000000000049
https://doi.org/10.1126/science.7792602
https://doi.org/10.1126/science.7792602
https://doi.org/10.1126/science.1083968
https://doi.org/10.3389/fnins.2013.00013
https://doi.org/10.1017/S0033291709005558
https://doi.org/10.3389/fphar.2020.00102
https://doi.org/10.1017/S0954579412000673
https://doi.org/10.1017/S0954579412000673
https://doi.org/10.1203/00006450-199207000-00012
https://doi.org/10.1203/00006450-199207000-00012
https://doi.org/10.1017/S1461145708008973
https://doi.org/10.1021/bi048503v
https://doi.org/10.1210/jcem.78.2.8106608
https://doi.org/10.1210/jcem.78.2.8106608
https://doi.org/10.1016/j.bbr.2019.112399
https://doi.org/10.1186/s12888-021-03170-w
https://doi.org/10.1002/da.20795
https://doi.org/10.1523/JNEUROSCI.18-07-02570.1998
https://doi.org/10.1523/JNEUROSCI.18-07-02570.1998
https://doi.org/10.1016/bs.pmbts.2017.11.025
https://doi.org/10.1016/bs.pmbts.2017.11.025
https://doi.org/10.1186/s40479-015-0029-6
https://doi.org/10.1186/s40479-015-0029-6
https://doi.org/10.1016/j.pnpbp.2018.10.010
https://doi.org/10.1016/j.pnpbp.2018.10.010
https://doi.org/10.1176/appi.ajp.2020.19080848
https://doi.org/10.1016/j.neubiorev.2020.09.014
https://doi.org/10.1002/1096-9861(20000925)425:3&lt;422::aid-cne7&gt;3.0.co;2-h
https://doi.org/10.1002/1096-9861(20000925)425:3&lt;422::aid-cne7&gt;3.0.co;2-h
https://doi.org/10.1016/j.bbr.2019.112343
https://doi.org/10.1016/j.yhbeh.2017.12.014
https://doi.org/10.1016/j.yhbeh.2018.05.017
https://doi.org/10.1016/S0306-4522(99)00073-1
https://doi.org/10.1016/S0306-4522(99)00073-1
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-797755 May 12, 2022 Time: 15:1 # 11

An et al. Stress, Sex, and Mood Disorders

Gold, P. W. (2015). The organization of the stress system and its dysregu-lation in
depressive illness. Mol. Psychiatry 20, 32–47. doi: 10.1038/mp.2014.163

González-Pardo, H., Arias, J. L., Gómez-Lázaro, E., López Taboada, I., and Conejo,
N. M. (2020). Sex-specific effects of early life stress on brain mitochondrial
function, monoamine levels and neuroinflammation. Brain Sci. 10, 447. doi:
10.3390/brainsci10070447

Goodfellow, N. M., Benekareddy, M., Vaidya, V. A., and Lambe, E. K. (2009).
Layer II/III of the prefrontal cortex: inhibition by the serotonin 5-HT1A
receptor in development and stress. J. Neurosci. 29, 10094–10103. doi: 10.1523/
JNEUROSCI.1960-09.2009

Gos, T., Bock, J., Poeggel, G., and Braun, K. (2008). Stress-induced synaptic changes
in the rat anterior cingulate cortex are dependent on endocrine developmental
time windows. Synapse 62, 229–232. doi: 10.1002/syn.20477

Greenspan, S. L., Rowe, J. W., Maitland, L. A., McAloon-Dyke, M., and Elahi,
D. (1993). The pituitary–adrenal glucocorticoid response is altered by sex and
disease. J. Gerontol. 48, M72–M77.

Grégoire, S., Jang, S. H., Szyf, M., and Stone, L. S. (2020). Prenatal maternal stress
is associated with increased sensitivity to neuropathic pain and sex-specific
changes in supraspinal mRNA expression of epigenetic- and stress-related genes
in adulthood. Behav. Brain Res. 380:112396. doi: 10.1016/j.bbr.2019.112396

Günther, L., Rothe, J., Rex, A., Voigt, J. P., Millan, M. J., Fink, H., et al. (2011). 5-
HT(1A)-receptor over-expressing mice: genotype and sex dependent responses
to antidepressants in the forced swim-test. Neuropharmacology 61, 433–441.
doi: 10.1016/j.neuropharm.2011.03.004

Hammen, C. (2006). Stress generation in depression: reflections on origins,
research, and future directions. J. Clin. Psychol. 62, 1065–1082. doi: 10.1002/
jclp.20293

Heida, J. G., and Pittman, Q. J. (2005). Causal links between brain cytokines
and experimental febrile convulsions in the rat. Epilepsia 46, 1906–1913. doi:
10.1111/j.1528-1167.2005.00294.x

Heikkinen, T., Puoliväli, J., Liu, L., Rissanen, A., and Tanila, H. (2002).
Effects of ovariectomy and estrogen treatment on learning and hippocampal
neurotransmitters in mice. Horm. Behav. 41, 22–32. doi: 10.1006/hbeh.2001.
1738

Hodes, G. E., and Epperson, C. N. (2019). Sex differences in vulnerability and
resilience to stress across the life span. Biol. Psychiatry 86, 421–432. doi: 10.1016/
j.biopsych.2019.04.028

Houwing, D. J., Schuttel, K., Struik, E. L., Arling, C., Ramsteijn, A. S., Heinla, I.,
et al. (2020). Perinatal fluoxetine treatment and dams’ early life stress history
alter affective behavior in rat offspring depending on serotonin transporter
genotype and sex. Behav. Brain Res. 392:112657. doi: 10.1016/j.bbr.2020.112657

Howard, D. M., Adams, M. J., Clarke, T. K., Hafferty, J. D., Gibson, J., Shirali,
M., et al. (2019). Genome-wide meta-analysis of depression identifies 102
independent variants and highlights the importance of the prefrontal brain
regions. Nat. Neurosci. 22, 343–352. doi: 10.1038/s41593-018-0326-7

Insel, T. R., Battaglia, G., Fairbanks, D. W., and De Souza, E. B. (1988).
The ontogeny of brain receptors for corticotropin-releasing factor and the
development of their functional association with adenylate cyclase. J. Neurosci.
8, 4151–4158. doi: 10.1523/JNEUROSCI.08-11-04151.1988

Iqbal, J., Tan, Z. N., Li, M. X., Chen, H. B., Ma, B., Zhou, X., et al. (2020). Estradiol
alters hippocampal gene expression during the Estrous cycle. Endocr. Res. 45,
84–101. doi: 10.1080/07435800.2019.1674868

Jovanovic, H., Lundberg, J., Karlsson, P., Cerin, A., Saijo, T., Varrone, A., et al.
(2008). Sex differences in the serotonin 1A receptor and serotonin transporter
binding in the human brain measured by PET. Neuroimage 39, 1408–1419.
doi: 10.1016/j.neuroimage.2007.10.016

Juruena, M. F., Pariante, C. M., Papadopoulos, A. S., Poon, L., Lightman, S.,
and Cleare, A. J. (2013). The role of mineralocorticoid receptor function in
treatment-resistant depression. J. Psychopharmacol. 27, 1169–1179. doi: 10.
1177/0269881113499205

Kaffman, A., and Meaney, M. J. (2007). Neurodevelopmental sequelae of postnatal
maternal care in rodents: clinical, and research implications of molecular
insights. J. Child Psychol. Psychiatry 48, 224–244. doi: 10.1111/j.1469-7610.2007.
01730.x

Kigar, S. L., Chang, L., Hayne, M. R., Karls, N. T., and Auger, A. P. (2016).
Sex differences in Gadd45b expression and methylation in the developing
rodent amygdala. Brain Res. 1642, 461–466. doi: 10.1016/j.brainres.2016.
04.031

Kim, Y. K., Ham, B. J., and Han, K. M. (2019). Interactive effects of genetic
polymorphisms and childhood adversity on brain morphologic changes in
depression. Prog. Neuropsychopharmacol. Biol. Psychiatry 91, 4–13. doi: 10.
1016/j.pnpbp.2018.03.009

Kolodkin, M. H., and Auger, A. P. (2011). Sex difference in the expression
of DNA methyltransferase 3a in the rat amygdala during development.
J. Neuroendocrinol. 23, 577–583. doi: 10.1111/j.1365-2826.2011.02147.x

Konar, A., Rastogi, M., and Bhambri, A. (2019). Brain region specific methylation
and Sirt1 binding changes in MAOA promoter is associated with sexual
dimorphism in early life stress induced aggressive behavior. Neurochem. Int.
129:104510. doi: 10.1016/j.neuint.2019.104510

Kornstein, S. G., Schatzberg, A. F., Thase, M. E., Yonkers, K. A., McCullough, J. P.,
Keitner, G. I., et al. (2000). Sex differences in treatment response to sertraline
versus imipramine in chronic depression. Am. J. Psychiatry 157, 1445–1452.
doi: 10.1176/appi.ajp.157.9.1445

Krajnak, K., Rosewell, K. L., Duncan, M. J., and Wise, P. M. (2003). Aging, estradiol
and time of day differentially affect serotonin transporter binding in the central
nervous system of female rats. Brain Res. 990, 87–94. doi: 10.1016/s0006-
8993(03)03441-3

Kronman, H., Torres-Berrío, A., Sidoli, S., Issler, O., Godino, A., Ramakrishnan,
A., et al. (2021). Long-term behavioral and cell-type-specific molecular effects of
early life stress are mediated by H3K79me2 dynamics in medium spiny neurons.
Nat. Neurosci. 24, 667–676. doi: 10.1038/s41593-021-00814-8

Kurian, J. R., Forbes-Lorman, R. M., and Auger, A. P. (2007). Sex Difference in
Mecp2 expression during a critical period of rat brain development. Epigenetics
2, 173–178. doi: 10.4161/epi.2.3.4841

Kuzminskaite, E., Vinkers, C. H., Elzinga, B. M., Wardenaar, K. J., Giltay, E. J., and
Penninx, B. W. J. H. (2020). Childhood trauma and dysregulation of multiple
biological stress systems in adulthood: results from the Netherlands Study of
Depression and Anxiety (NESDA). Psychoneuroendocrinology 121:104835. doi:
10.1016/j.psyneuen.2020.104835

Lahti, J., Ala-Mikkula, H., Kajantie, E., Haljas, K., Eriksson, J. G., and Räikkönen,
K. (2016). Associations between self-reported and objectively recorded early
life stress, FKBP5 polymorphisms, and depressive symptoms in midlife. Biol.
Psychiatry 80, 869–877. doi: 10.1016/j.biopsych.2015.10.022

LeMoult, J., and Gotlib, I. H. (2019). Depression: a cognitive perspective. Clin.
Psychol. Rev. 69, 51–66.

Lenz, K. M., Wright, C. L., Martin, R. C., and McCarthy, M. M. (2011).
Prostaglandin E2 regulates AMPA receptor phosphorylation and promotes
membrane insertion in preoptic area neurons and glia during sexual
differentiation. PLoS One 6:e18500. doi: 10.1371/journal.pone.0018500

Li, M., Fu, X., Xie, W., Guo, W., Li, B., Cui, R., et al. (2020). Effect of early life
stress on the epigenetic profiles in depression. Front. Cell Dev. Biol. 8:867.
doi: 10.3389/fcell.2020.00867

Lightman, S. L., Birnie, M. T., and Conway-Campbell, B. L. (2020). Dynamics
of ACTH and cortisol secretion and implications for disease. Endocr. Rev.
41:bnaa002. doi: 10.1210/endrev/bnaa002

Liu, X., Sun, Y. X., Zhang, C. C., Zhang, X. Q., Zhang, Y., Wang, T., et al.
(2021). Vortioxetine attenuates the effects of early-life stress on depression-like
behaviors and monoamine transporters in female mice. Neuropharmacology
186:108468. doi: 10.1016/j.neuropharm.2021.108468

Lolait, S. J., Stewart, L. Q., Jessop, D. S., Young, W. S., and O’Carroll, A.-M.
(2007). The hypothalamic-pituitary-adrenal axis response to stress in mice
lacking functional vasopressin V1b receptors. Endocrinology 148, 849–856. doi:
10.1210/en.2006-1309

Lund, T. D., Hinds, L. R., and Handa, R. J. (2006). The androgen 5alpha-
dihydrotestosterone and its metabolite 5alpha-androstan-3beta, 17beta-diol
inhibit the hypothalamo-pituitary-adrenal response to stress by acting through
estrogen receptor beta-expressing neurons in the hypothalamus. J. Neurosci. 26,
1448–1456. doi: 10.1523/JNEUROSCI.3777-05.2006

Luoni, A., Berry, A., Raggi, C., Bellisario, V., Cirulli, F., and Riva, M. A. (2016).
Sex-specific effects of prenatal stress on Bdnf expression in response to an
acute challenge in rats: a role for Gadd45β. Mol. Neurobiol. 53, 7037–7047.
doi: 10.1007/s12035-015-9569-4

Macedo, B. B. D., von Werne Baes, C., Menezes, I. C., and Juruena, M. F. (2019).
Child abuse and neglect as risk factors for comorbidity between depression and
chronic pain in adulthood. J. Nerv. Ment. Dis. 207, 538–545. doi: 10.1097/NMD.
0000000000001031

Frontiers in Neuroscience | www.frontiersin.org 11 May 2022 | Volume 16 | Article 797755

https://doi.org/10.1038/mp.2014.163
https://doi.org/10.3390/brainsci10070447
https://doi.org/10.3390/brainsci10070447
https://doi.org/10.1523/JNEUROSCI.1960-09.2009
https://doi.org/10.1523/JNEUROSCI.1960-09.2009
https://doi.org/10.1002/syn.20477
https://doi.org/10.1016/j.bbr.2019.112396
https://doi.org/10.1016/j.neuropharm.2011.03.004
https://doi.org/10.1002/jclp.20293
https://doi.org/10.1002/jclp.20293
https://doi.org/10.1111/j.1528-1167.2005.00294.x
https://doi.org/10.1111/j.1528-1167.2005.00294.x
https://doi.org/10.1006/hbeh.2001.1738
https://doi.org/10.1006/hbeh.2001.1738
https://doi.org/10.1016/j.biopsych.2019.04.028
https://doi.org/10.1016/j.biopsych.2019.04.028
https://doi.org/10.1016/j.bbr.2020.112657
https://doi.org/10.1038/s41593-018-0326-7
https://doi.org/10.1523/JNEUROSCI.08-11-04151.1988
https://doi.org/10.1080/07435800.2019.1674868
https://doi.org/10.1016/j.neuroimage.2007.10.016
https://doi.org/10.1177/0269881113499205
https://doi.org/10.1177/0269881113499205
https://doi.org/10.1111/j.1469-7610.2007.01730.x
https://doi.org/10.1111/j.1469-7610.2007.01730.x
https://doi.org/10.1016/j.brainres.2016.04.031
https://doi.org/10.1016/j.brainres.2016.04.031
https://doi.org/10.1016/j.pnpbp.2018.03.009
https://doi.org/10.1016/j.pnpbp.2018.03.009
https://doi.org/10.1111/j.1365-2826.2011.02147.x
https://doi.org/10.1016/j.neuint.2019.104510
https://doi.org/10.1176/appi.ajp.157.9.1445
https://doi.org/10.1016/s0006-8993(03)03441-3
https://doi.org/10.1016/s0006-8993(03)03441-3
https://doi.org/10.1038/s41593-021-00814-8
https://doi.org/10.4161/epi.2.3.4841
https://doi.org/10.1016/j.psyneuen.2020.104835
https://doi.org/10.1016/j.psyneuen.2020.104835
https://doi.org/10.1016/j.biopsych.2015.10.022
https://doi.org/10.1371/journal.pone.0018500
https://doi.org/10.3389/fcell.2020.00867
https://doi.org/10.1210/endrev/bnaa002
https://doi.org/10.1016/j.neuropharm.2021.108468
https://doi.org/10.1210/en.2006-1309
https://doi.org/10.1210/en.2006-1309
https://doi.org/10.1523/JNEUROSCI.3777-05.2006
https://doi.org/10.1007/s12035-015-9569-4
https://doi.org/10.1097/NMD.0000000000001031
https://doi.org/10.1097/NMD.0000000000001031
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-797755 May 12, 2022 Time: 15:1 # 12

An et al. Stress, Sex, and Mood Disorders

MacGillivray, L., Lagrou, L. M., Reynolds, K. B., Rosebush, P. I., and Mazurek, M. F.
(2010). Role of serotonin transporter inhibition in the regulation of tryptophan
hydroxylase in brainstem raphe nuclei: time course and regional specificity.
Neuroscience 171, 407–420. doi: 10.1016/j.neuroscience.2010.08.055

Maeda, K., Habara, M., Kawaguchi, M., Matsumoto, H., Hanaki, S., Masaki, T.,
et al. (2022). FKBP51 and FKBP52 regulate androgen receptor dimerization
and proliferation in prostate cancer cells. Mol. Oncol. 16, 940–956. doi: 10.1002/
1878-0261.13030

Mayer, S. E., Peckins, M., Kuhlman, K. R., Rajaram, N., Lopez-Duran, N. L., Young,
E. A., et al. (2020). The roles of comorbidity and trauma exposure and its
timing in shaping HPA axis patterns in depression. Psychoneuroendocrinology
120:104776. doi: 10.1016/j.psyneuen.2020.104776

McCormick, C. M., Mathews, I. Z., Thomas, C., and Waters, P. (2010).
Investigations of HPA function and the enduring consequences of stressors
in adolescence in animal models. Brain Cogn. 72, 73–85. doi: 10.1016/j.bandc.
2009.06.003

Melas, P. A., Wei, Y., Wong, C. C., Sjöholm, L. K., Åberg, E., Mill, J., et al. (2013).
Genetic and epigenetic associations of MAOA and NR3C1 with depression
and childhood adversities. Int. J. Neuropsychopharmacol. 16, 1513–1528. doi:
10.1017/S1461145713000102

Merikangas, K. R., He, J. P., Brody, D., Fisher, P. W., Bourdon, K., and Koretz, D. S.
(2010). Prevalence and treatment of mental disorders among US children in the
2001–2004 NHANES. Pediatrics 125, 75–81. doi: 10.1542/peds.2008-2598

Mikolas, P., Tozzi, L., Doolin, K., Farrell, C., O’Keane, V., and Frodl, T. (2019).
Effects of early life adversity and FKBP5 genotype on hippocampal subfields
volume in major depression. J. Affect. Disord. 252, 152–159. doi: 10.1016/j.jad.
2019.04.054

Mo, A., Mukamel, E. A., Davis, F. P., Luo, C., Henry, G. L., Picard, S., et al. (2015).
Epigenomic signatures of neuronal diversity in the Mammalian brain. Neuron
86, 1369–1384. doi: 10.1016/j.neuron.2015.05.018

Mooney-Leber, S. M., and Brummelte, S. (2020). Neonatal pain and reduced
maternal care alter adult behavior and hypothalamic-pituitary-adrenal axis
reactivity in a sex-specific manner. Dev. Psychobiol. 62, 631–643. doi: 10.1002/
dev.21941

Mooney-Leber, S. M., Spielmann, S. S., and Brummelte, S. (2018). Repetitive
neonatal pain and reduced maternal care alter brain neurochemistry. Dev.
Psychobiol. 60, 963–974. doi: 10.1002/dev.21777

Mueller, B. R., and Bale, T. L. (2008). Sex-specific programming of offspring
emotionality after stress early in pregnancy. J. Neurosci. 28, 9055–9065. doi:
10.1523/JNEUROSCI.1424-08.2008

Ni, L., Yang, C. S., Gioeli, D., Frierson, H., and Toft, D. O. (2010). Paschal BM.
FKBP51 promotes assembly of the Hsp90 chaperone complex and regulates
androgen receptor signaling in prostate cancer cells. Mol. Cell Biol. 30, 1243–
1253. doi: 10.1128/MCB.01891-08

Ni, X., and Nicholson, R. C. (2006). Steroid hormone mediated regulation of
corticotropin-releasing hormone gene expression. Front. Biosci. 11, 2909–2917.
doi: 10.2741/2019

Nishizawa, S., Benkelfat, C., Young, S. N., Leyton, M., Mzengeza, S., de Montigny,
C., et al. (1997). Differences between males and females in rates of serotonin
synthesis in human brain. Proc. Natl. Acad. Sci. U.S.A. 94, 5308–5313. doi:
10.1073/pnas.94.10.5308

Nouri, A., Hashemzadeh, F., Soltani, A., Saghaei, E., and Amini-Khoei, H.
(2020). Progesterone exerts antidepressant-like effect in a mouse model of
maternal separation stress through mitigation of neuroinflammatory response
and oxidative stress. Pharm. Biol. 58, 64–71. doi: 10.1080/13880209.2019.17
02704

Ordaz, S., and Luna, B. (2012). Sex differences in physiological reactivity to acute
psychosocial stress in adolescence. Psychoneuroendocrinology 37, 1135–1157.
doi: 10.1016/j.psyneuen.2012.01.002

Park, K. M., and Bowers, W. J. (2010). Tumor necrosis factor-alpha mediated
signaling in neuronal homeostasis and dysfunction. Cell. Signal. 22, 977–983.
doi: 10.1016/j.cellsig.2010.01.010

Penner-Goeke, S., and Binder, E. B. (2019). Epigenetics and depression. Dialogues
Clin. Neurosci. 21, 397–405. doi: 10.31887/DCNS.2019.21.4/ebinder

Pervanidou, P., Makris, G., Chrousos, G., and Agorastos, A. (2020). Early life stress
and pediatric posttraumatic stress disorder. Brain Sci. 10:169. doi: 10.3390/
brainsci10030169

Pisu, M. G., Garau, A., Boero, G., Biggio, F., Pibiri, V., Dore, R., et al. (2016). Sex
differences in the outcome of juvenile social isolation on HPA axis function in
rats. Neuroscience 320, 172–182. doi: 10.1016/j.neuroscience.2016.02.009

Pryce, C. R. (2008). Postnatal ontogeny of expression of the corticosteroid receptor
genes in mammalian brains: inter-species and intra-species differences. Brain
Res. Rev. 57, 596–605. doi: 10.1016/j.brainresrev.2007.08.005

Quinn, C. R., Harris, A., Felmingham, K., Boyce, P., and Kemp, A. (2012). The
impact of depression heterogeneity on cognitive control in major depressive
disorder. Aust. N. Z. J. Psychiatry 46, 1079–1088.

Rein, T. (2016). FK506 binding protein 51 integrates pathways of adaptation:
FKBP51 shapes the reactivity to environmental change. Bioessays 38, 894–902.
doi: 10.1002/bies.201600050

Reynaert, M. L., Marrocco, J., Mairesse, J., Lionetto, L., Simmaco, M., Deruyter, L.,
et al. (2016). Hedonic sensitivity to natural rewards is affected by prenatal stress
in a sex-dependent manner. Addict. Biol. 21, 1072–1085. doi: 10.1111/adb.12270

Rothwell, N. J., and Luheshi, G. N. (2000). Interleukin 1 in the brain: biology,
pathology and therapeutic target. Trends Neurosci. 23, 618–625. doi: 10.1016/
s0166-2236(00)01661-1

Satinsky, E. N., Kakuhikire, B., Baguma, C., Rasmussen, J. D., Ashaba, S., Cooper-
Vince, C. E., et al. (2021). Adverse childhood experiences, adult depression, and
suicidal ideation in rural Uganda: a cross-sectional, population-based study.
PLoS Med. 18:e1003642. doi: 10.1371/journal.pmed.1003642

Savitz, J., Lucki, I., and Drevets, W. C. (2009). 5-HT(1A) receptor function in major
depressive disorder. Prog. Neurobiol. 88, 17–31. doi: 10.1016/j.pneurobio.2009.
01.009

Schmidt, K. L., Macdougall-Shackleton, E. A., Soma, K. K., and Macdougall-
Shackleton, S. A. (2014). Developmental programming of the HPA and HPG
axes by early-life stress in male and female song sparrows. Gen. Comp.
Endocrinol. 196, 72–80. doi: 10.1016/j.ygcen.2013.11.014

Schwandt, M. L., Lindell, S. G., Sjöberg, R. L., Chisholm, K. L., Higley, J. D.,
Suomi, S. J., et al. (2010). Gene-environment interactions and response to social
intrusion in male and female rhesus macaques. Biol. Psychiatry 67, 323–330.
doi: 10.1016/j.biopsych.2009.10.016

Seney, M. L., Ekong, K. I., Ding, Y., Tseng, G. C., and Sibille, E. (2013). Sex
chromosome complement regulates expression of mood-related genes. Biol. Sex
Differ. 4:20. doi: 10.1186/2042-6410-4-20

Shen, T., Li, X., Chen, L., Chen, Z., Tan, T., Hua, T., et al. (2020). The relationship
of tryptophan hydroxylase-2 methylation to early-life stress and its impact on
short-term antidepressant treatment response. J. Affect. Disord. 276, 850–858.
doi: 10.1016/j.jad.2020.07.111

Shrestha, S., Sun, Y., Lufkin, T., Kraus, P., Or, Y., Garcia, Y. A., et al.
(2015). Tetratricopeptide repeat domain 9A negatively regulates estrogen
receptor alpha activity. Int. J. Biol. Sci. 11, 434–447. doi: 10.7150/ijbs.
9311

Slavich, G. M., and Sacher, J. (2019). Stress, sex hormones, inflammation, and major
depressive disorder: extending social signal transduction theory of depression
to account for sex differences in mood disorders. Psychopharmacology 236,
3063–3079.

Slotten, H. A., Kalinichev, M., Hagan, J. J., Marsden, C. A., and Fone, K. C. (2006).
Long-lasting changes in behavioural and neuroendocrine indices in the rat
following neonatal maternal separation: sex-dependent effects. Brain Res. 1097,
123–132. doi: 10.1016/j.brainres.2006.04.066

Spinelli, S., Chefer, S., Carson, R. E., Jagoda, E., Lang, L., Heilig, M., et al.
(2010). Effects of early-life stress on serotonin(1A) receptors in juvenile Rhesus
monkeys measured by positron emission tomography. Biol. Psychiatry 67,
1146–1153. doi: 10.1016/j.biopsych.2009.12.030

Stechschulte, L. A., and Sanchez, E. R. (2011). FKBP51-a selective modulator of
glucocorticoid and androgen sensitivity. Curr. Opin. Pharmacol. 11, 332–337.
doi: 10.1016/j.coph.2011.04.012

Szewczyk, B., Albert, P. R., Burns, A. M., Czesak, M., Overholser, J. C., Jurjus, G. J.,
et al. (2009). Sex-specific decrease in NUDR and 5-HT1A receptor proteins
in the prefrontal cortex of subjects with major depressive disorder. Int. J.
Neuropsychopharmacol. 12, 155–168. doi: 10.1017/S1461145708009012

Tobe, I., Ishida, Y., Tanaka, M., Endoh, H., Fujioka, T., and Nakamura, S. (2005).
Effects of repeated maternal stress on FOS expression in the hypothalamic
paraventricular nucleus of fetal rats. Neuroscience 134, 387–395. doi: 10.1016/
j.neuroscience.2005.04.023

Frontiers in Neuroscience | www.frontiersin.org 12 May 2022 | Volume 16 | Article 797755

https://doi.org/10.1016/j.neuroscience.2010.08.055
https://doi.org/10.1002/1878-0261.13030
https://doi.org/10.1002/1878-0261.13030
https://doi.org/10.1016/j.psyneuen.2020.104776
https://doi.org/10.1016/j.bandc.2009.06.003
https://doi.org/10.1016/j.bandc.2009.06.003
https://doi.org/10.1017/S1461145713000102
https://doi.org/10.1017/S1461145713000102
https://doi.org/10.1542/peds.2008-2598
https://doi.org/10.1016/j.jad.2019.04.054
https://doi.org/10.1016/j.jad.2019.04.054
https://doi.org/10.1016/j.neuron.2015.05.018
https://doi.org/10.1002/dev.21941
https://doi.org/10.1002/dev.21941
https://doi.org/10.1002/dev.21777
https://doi.org/10.1523/JNEUROSCI.1424-08.2008
https://doi.org/10.1523/JNEUROSCI.1424-08.2008
https://doi.org/10.1128/MCB.01891-08
https://doi.org/10.2741/2019
https://doi.org/10.1073/pnas.94.10.5308
https://doi.org/10.1073/pnas.94.10.5308
https://doi.org/10.1080/13880209.2019.1702704
https://doi.org/10.1080/13880209.2019.1702704
https://doi.org/10.1016/j.psyneuen.2012.01.002
https://doi.org/10.1016/j.cellsig.2010.01.010
https://doi.org/10.31887/DCNS.2019.21.4/ebinder
https://doi.org/10.3390/brainsci10030169
https://doi.org/10.3390/brainsci10030169
https://doi.org/10.1016/j.neuroscience.2016.02.009
https://doi.org/10.1016/j.brainresrev.2007.08.005
https://doi.org/10.1002/bies.201600050
https://doi.org/10.1111/adb.12270
https://doi.org/10.1016/s0166-2236(00)01661-1
https://doi.org/10.1016/s0166-2236(00)01661-1
https://doi.org/10.1371/journal.pmed.1003642
https://doi.org/10.1016/j.pneurobio.2009.01.009
https://doi.org/10.1016/j.pneurobio.2009.01.009
https://doi.org/10.1016/j.ygcen.2013.11.014
https://doi.org/10.1016/j.biopsych.2009.10.016
https://doi.org/10.1186/2042-6410-4-20
https://doi.org/10.1016/j.jad.2020.07.111
https://doi.org/10.7150/ijbs.9311
https://doi.org/10.7150/ijbs.9311
https://doi.org/10.1016/j.brainres.2006.04.066
https://doi.org/10.1016/j.biopsych.2009.12.030
https://doi.org/10.1016/j.coph.2011.04.012
https://doi.org/10.1017/S1461145708009012
https://doi.org/10.1016/j.neuroscience.2005.04.023
https://doi.org/10.1016/j.neuroscience.2005.04.023
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-797755 May 12, 2022 Time: 15:1 # 13

An et al. Stress, Sex, and Mood Disorders

Toledo-Rodriguez, M., and Sandi, C. (2011). Stress during adolescence increases
novelty seeking and risk-taking behavior in male and female rats. Front. Behav.
Neurosci. 5:17. doi: 10.3389/fnbeh.2011.00017

Torres-Berrío, A., Issler, O., Parise, E. M., and Nestler, E. J. (2019). Unraveling the
epigenetic landscape of depression: focus on early life stress. Dialogues Clin.
Neurosci. 21, 341–357. doi: 10.31887/DCNS.2019.21.4/enestler

van den Hove, S., McGlade, J., and Depledge, M. H. (2011). EU innovation must
benefit society. Nature 474:161.

Vai, B., Serretti, A., Poletti, S., Mascia, M., Lorenzi, C., Colombo, C., et al. (2020).
Cortico-limbic functional connectivity mediates the effect of early life stress
on suicidality in bipolar depressed 5-HTTLPR∗s carriers. J. Affect. Disord. 263,
420–427.

van Bodegom, M., Homberg, J. R., and Henckens, M. J. A. G. (2017). Modulation
of the hypothalamic-pituitary-adrenal axis by early life stress exposure. Front.
Cell. Neurosci. 11:87. doi: 10.3389/fncel.2017.00087

Van den Bergh, B. R., Van Calster, B., Smits, T., Van Huffel, S., and Lagae, L.
(2008). Antenatal maternal anxiety is related to HPA-axis dysregulation and
self-reported depressive symptoms in adolescence: a prospective study on the
fetal origins of depressed mood. Neuropsychopharmacology 33, 536–545. doi:
10.1038/sj.npp.1301450

Van Pett, K., Viau, V., Bittencourt, J. C., Chan, R. K., Li, H. Y., Arias, C., et al. (2000).
Distribution of mRNAs encoding CRF receptors in brain and pituitary of rat
and mouse. J. Comp. Neurol. 428, 191–212. doi: 10.1002/1096-9861(20001211)
428:2&lt;191::aid-cne1&gt;3.0.co;2-u

Veenema, A. H., Blume, A., Niederle, D., Buwalda, B., and Neumann, I. D.
(2006). Effects of early life stress on adult male aggression and hypothalamic
vasopressin and serotonin. Eur. J. Neurosci. 24, 1711–1720. doi: 10.1111/j.1460-
9568.2006.05045.x

Verhaeghe, R., Gao, V., Morley-Fletcher, S., Bouwalerh, H., Van Camp, G., Cisani,
F., et al. (2021). Maternal stress programs a demasculinization of glutamatergic
transmission in stress-related brain regions of aged rats. Geroscience. [Epub
ahead of print]. doi: 10.1007/s11357-021-00375-5

Vijayendran, M., Beach, S. R., Plume, J. M., Brody, G. H., and Philibert, R. A. (2012).
Effects of genotype and child abuse on DNA methylation and gene expression at
the serotonin transporter. Front. Psychiatry. 3:55. doi: 10.3389/fpsyt.2012.00055

Wang, H., Meyer, K., and Korz, V. (2013). Stress induced hippocampal
mineralocorticoid and estrogen receptor β gene expression and long-term
potentiation in male adult rats is sensitive to early-life stress experience.
Psychoneuroendocrinology 38, 250–262. doi: 10.1016/j.psyneuen.2012.06.004

Wang, J., Song, C., Gao, D., Wei, S., Sun, W., Guo, Y., et al. (2020). Effects of
Paeonia lactiflora extract on estrogen receptor β, TPH2, and SERT in Rats with
PMS Anxiety. Biomed Res. Int. 2020:4690504. doi: 10.1155/2020/4690504

Wang, Q., Shelton, R. C., and Dwivedi, Y. (2018). Interaction between early-life
stress and FKBP5 gene variants in major depressive disorder and post-traumatic
stress disorder: a systematic review and meta-analysis. J. Affect. Disord. 225,
422–428. doi: 10.1016/j.jad.2017.08.066

Weiser, M. J., Foradori, C. D., and Handa, R. J. (2008). Estrogen receptor beta in
the brain: from form to function. Brain Res. Rev. 57, 309–320. doi: 10.1016/j.
brainresrev.2007.05.013

Wiechmann, T., Röh, S., Sauer, S., Czamara, D., Arloth, J., Ködel, M., et al.
(2019). Identification of dynamic glucocorticoid-induced methylation changes

at the FKBP5 locus. Clin. Epigenetics 11:83. doi: 10.1186/s13148-019-0
682-5

Wochnik, G. M., Rüegg, J., Abel, G. A., Schmidt, U., Holsboer, F., and
Rein, T. (2005). FK506-binding proteins 51 and 52 differentially regulate
dynein interaction and nuclear translocation of the glucocorticoid receptor
in mammalian cells. J. Biol. Chem. 280, 4609–4616. doi: 10.1074/jbc.M40749
8200

Xu, J., Wang, R., Liu, Y., Liu, D., Jiang, H., and Pan, F. (2017). FKBP5 and
specific microRNAs via glucocorticoid receptor in the basolateral amygdala
involved in the susceptibility to depressive disorder in early adolescent
stressed rats. J. Psychiatr. Res. 95, 102–113. doi: 10.1016/j.jpsychires.2017.
08.010

Yohn, C. N., Gergues, M. M., and Samuels, B. A. (2017). The role of 5-HT receptors
in depression. Mol. Brain 10:28. doi: 10.1186/s13041-017-0306-y

Yrondi, A., Arbus, C., Bennabi, D., D’Amato, T., Bellivier, F., Bougerol, T., et al.
(2021). Relationship between childhood physical abuse and clinical severity of
treatment-resistant depression in a geriatric population. PLoS One 16:e0250148.
doi: 10.1371/journal.pone.0250148

Yuan, H., Mischoulon, D., Fava, M., and Otto, M. W. (2018). Circulating
microRNAs as biomarkers for depression: many candidates, few finalists.
J. Affect. Disord. 233, 68–78. doi: 10.1016/j.jad.2017.06.058

Zannas, A. S., Wiechmann, T., Gassen, N. C., and Binder, E. B. (2016).
Gene-Stress-Epigenetic Regulation of FKBP5: clinical and Translational
Implications. Neuropsychopharmacology 41, 261–274. doi: 10.1038/npp.2015.
235

Zhang, Y., Leung, D. Y., Nordeen, S. K., and Goleva, E. (2009). Estrogen inhibits
glucocorticoid action via protein phosphatase 5 (PP5)-mediated glucocorticoid
receptor dephosphorylation. J. Biol. Chem. 284, 24542–24552. doi: 10.1074/jbc.
M109.021469

Zucchi, F. C., Yao, Y., Ward, I. D., Ilnytskyy, Y., Olson, D. M.,
Benzies, K., et al. (2013). Maternalstressinducesepigeneticsignaturesof
psychiatricandneurologicaldiseasesintheoffspring. PLoS One 8:e56967.
doi: 10.1371/journal.pone.0056967

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 An, Guo, Wu, Fu, Li, Zhang, Li, Cui, Yang, Zhang and Zhao.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 13 May 2022 | Volume 16 | Article 797755

https://doi.org/10.3389/fnbeh.2011.00017
https://doi.org/10.31887/DCNS.2019.21.4/enestler
https://doi.org/10.3389/fncel.2017.00087
https://doi.org/10.1038/sj.npp.1301450
https://doi.org/10.1038/sj.npp.1301450
https://doi.org/10.1002/1096-9861(20001211)428:2&lt;191::aid-cne1&gt;3.0.co;2-u
https://doi.org/10.1002/1096-9861(20001211)428:2&lt;191::aid-cne1&gt;3.0.co;2-u
https://doi.org/10.1111/j.1460-9568.2006.05045.x
https://doi.org/10.1111/j.1460-9568.2006.05045.x
https://doi.org/10.1007/s11357-021-00375-5
https://doi.org/10.3389/fpsyt.2012.00055
https://doi.org/10.1016/j.psyneuen.2012.06.004
https://doi.org/10.1155/2020/4690504
https://doi.org/10.1016/j.jad.2017.08.066
https://doi.org/10.1016/j.brainresrev.2007.05.013
https://doi.org/10.1016/j.brainresrev.2007.05.013
https://doi.org/10.1186/s13148-019-0682-5
https://doi.org/10.1186/s13148-019-0682-5
https://doi.org/10.1074/jbc.M407498200
https://doi.org/10.1074/jbc.M407498200
https://doi.org/10.1016/j.jpsychires.2017.08.010
https://doi.org/10.1016/j.jpsychires.2017.08.010
https://doi.org/10.1186/s13041-017-0306-y
https://doi.org/10.1371/journal.pone.0250148
https://doi.org/10.1016/j.jad.2017.06.058
https://doi.org/10.1038/npp.2015.235
https://doi.org/10.1038/npp.2015.235
https://doi.org/10.1074/jbc.M109.021469
https://doi.org/10.1074/jbc.M109.021469
https://doi.org/10.1371/journal.pone.0056967
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Sex Differences in Depression Caused by Early Life Stress and Related Mechanisms
	Introduction
	5-Ht
	Studies on Humans
	Studies on Animals

	Sex Hormone
	Studies on Animals

	Hypothalamic Pituitary Adrenocortical Axis Function
	Development of Hypothalamic Pituitary Adrenocortical Axis and Sex Differences
	Sex Differences in the Amount and Function of CRH and CRHR
	Studies on Humans
	Studies on Animals

	Sex Differences in the Level and Function of ACTH
	Studies on Humans

	Differences in CORT and Glucocorticoid Receptor
	Studies on Humans
	Studies on Animals


	Genes and Epigenetics
	Conclusion and Expectation
	Author Contributions
	Funding
	References


