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Abstract
Purpose of Review Although females are at relatively greater risk for a variety of disorders, including depression, the biologi-
cal mechanisms underlying this striking health disparity remain unclear. To address this issue, we highlight sex differences in 
stress susceptibility as a  key mechanism potentially driving this effect and describe the interacting inflammatory, hormonal, 
epigenomic, and social-environmental mechanisms involved.
Recent Findings Using the Social Signal Transduction Theory of Depression as a theoretical framework, women’s elevated 
risk for depression may stem from a tight link between life stress, inflammation, and depression in women. Further, research 
finds hormonal contraceptive use alters cortisol and inflammatory reactivity to acute stress in ways that may increase depres-
sion risk in females. Finally, beyond established epigenetic mechanisms, mothers may transfer risk for depression to their 
female offspring through stressful family environments, which influence stress generation and stress-related gene expression.
Summary Together, these findings provide initial, biologically plausible clues that may help explain the relatively greater 
risk for depression in females vs. males. Looking forward, much more research is needed to address the longstanding under-
representation of females in biomedical research on the biology of stress and depression.
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Introduction

Experiencing major life stressors, such as a relationship 
breakup or persistent job insecurity, increases a person’s risk 
for developing numerous physical and mental health prob-
lems, including depression [1•, 2•]. However, despite simi-
lar rates of exposure to many stressor types, this risk is not 
shared equally by males and females, with females having 
much higher rates of depression compared to males follow-
ing the pubertal transition. Indeed, the Centers for Disease 
Control and Prevention (CDC) recently reported that 57% 
of high-school aged females experienced persistent feelings 
of sadness or hopelessness in 2021, which is nearly twice 
the rates reported by their male peers [3]. These data are 

consistent with years of research showing that women are 
nearly twice as likely as men to develop depression follow-
ing puberty [4].

Although men and women are approximately equally 
likely to experience most types of stressors, women more 
often face specific interpersonal life events that increase 
the risk for developing depression [5•]. The Social Signal 
Transduction Theory of Depression was the first theory to 
describe the full set of psychosocial and biological mecha-
nisms through which interpersonal stressors, in particular, 
lead to depression [2•], and how sex differences in suscep-
tibility to stress influence these processes [5•]. Here, we 
use the Social Signal Transduction Theory framework to 
discuss sex differences in susceptibility to stress and depres-
sion throughout the lifespan, along with the inflammatory, 
hormonal, and intergenerational mechanisms through 
which stress differently influences depression risk between 
the sexes. In doing so, we highlight the types of empirical 
studies needed to mechanistically understand how stressful 
experiences impact women differently than men, leading 
to their relatively greater risk of depression. We hope that 
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elucidating mechanisms driving these associations will pave 
the way for novel therapeutic approaches that effectively tar-
get the stress-related mechanistic processes causing women 
to experience elevated rates of depression compared to men.

Social Signal Transduction Theory 
of Depression

According to the Social Signal Transduction Theory of 
Depression, the human brain works closely with the immune 
system to keep the body safe from harm. It does this by 
surveying the external environment for potential threats and 
engaging protective psychological, biological, and behav-
ioral systems to avoid or combat perceived threats. These 
threats vary in intensity and source and can be physical (i.e., 
threat of violence), social (i.e., exclusion), or environmen-
tal (i.e., resource scarcity). When a threat is detected, the 
body activates the sympathetic nervous system, hypotha-
lamic–pituitary–adrenal (HPA) axis, and innate immune 
system, which results in elevated inflammatory activity, in 
addition to other biobehavioral effects. Although the activa-
tion of this stress response is highly adaptive and improves 
the odds of survival in the face of actual danger or injury, 
when stress responses are activated frequently or for pro-
longed periods of time, the activation can become health 
damaging [6, 7].

Consistent with the biological mechanisms proposed 
by the Social Signal Transduction Theory of Depression 
[2•, 5•], the body of evidence supporting a link between 
interpersonal stressors, inflammation, and depression has 
grown steadily over the years (e.g., [8•]). For example, in  
adolescent girls who are at high risk for psychopathology, 
greater interpersonal life stressor exposure predicted greater 
increases in depression over time, but only for those with 
a more pronounced proinflammatory response to an acute 
laboratory-based social stressor [9••]. Indeed, women, 
compared to men, are more likely to experience inflammation-
induced shifts in mood and behavior, including greater feelings 
of social disconnection and loneliness when even transiently 
inflamed [10], which increases their risk of depression (for a 
review, see ref. [11]). In one study [10], researchers induced 
inflammation in the lab by administering an endotoxin to 
male and female participants. Endotoxin exposure increased 
inflammation, social disconnection, and depressed mood for 
both sexes; however, these effects were stronger for females 
compared to males. Although in general, women have been 
found to have an elevated susceptibility to social stressor-
related depression, these effects depend, in part, on when 
stressors occur, the specific type of stressor experienced, and 
individual differences in the individual’s stress susceptibility, 
genetic predispositions, and the presence of psychosocial  

resources (e.g., optimism, social support) that can buffer one 
from the negative effects of stress.

Sex Differences in Stress Susceptibility 
Across the Lifespan

Developmentally, early life stressor exposure has a signifi-
cant impact on an individual’s stress reactivity and subse-
quent mental health outcomes, especially during two key 
developmental windows. First, stress begins to impact neural 
and HPA axis development in utero [12]. Maternal glucocor-
ticoid levels influence the development of the fetus, often 
in sex-differentiated ways. For example, males exposed to 
high levels of maternal glucocorticoids have higher rates 
of attention deficit disorder and autism than females or 
males exposed to lower levels of maternal glucocorticoids 
[13]. However, females with elevated maternal glucocorti-
coid exposure have higher rates of anxiety and depression 
and exhibit elevated HPA axis reactivity later in life [14]. 
Although the effects of maternal stress are often observed 
in males during childhood, effects in females are more likely 
to emerge with the onset of puberty [15].

The second critical window of development during which 
time stressor exposure has an outsized impact on later health 
outcomes is from birth until about age six. During this time, 
exposure to major acute and especially chronic stressors 
promotes the development of a proinflammatory phenotype 
[16]. Although males are theorized to be more susceptible 
to their early life environmental conditions than females due 
to their developmental inflexibility [15], the inflammatory 
effects of early life stressor exposure persist more strongly 
in females throughout the lifespan [17, 18]. And, as alluded 
to above, one of the main mechanisms through which stress 
causes poor mental and physical health outcomes is inflam-
mation [19•, 20].

But How? Mechanisms Underlying Sex 
Differences in Stress Susceptibility

Given the role that inflammation plays in depression, sex dif-
ferences in basal inflammatory activity—as well as inflam-
matory reactivity to social stressors—provide a biologically 
plausible explanation for women’s greater susceptibility to 
depression relative to men. Compared to men, women gen-
erally have higher basal inflammatory activity [21], with 
the proinflammatory properties of estradiol [21] likely driv-
ing this sex difference. The effects of sex steroid hormones 
on inflammation are complex and pleiotropic; however, 
estradiol has been found to increase risk for inflammation-
related disorders and promote neuroinflammation in many 
concentrations [21–24] (see also ref. [5•] for more detailed 
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discussion of biological mechanisms through which estra-
diol impacts inflammation and immune function).

Functionally, estradiol-induced elevated inflammation 
levels in women following puberty is theorized to be adap-
tive in that inflammation protects females and their offspring 
from pathogenic threats. However, elevated inflammatory 
activity also likely contributes to the greater prevalence of 
many female-dominated pathologies. For example, simi-
lar to rates of depression, women are also twice as likely 
as men to develop autoimmune diseases [25], most of  
which are marked by elevated inflammation. Sensitization  
of the immune system through chronic or repeated stressor expo-
sure can contribute to autoimmunity, and associations between  
inflammation and autoimmunity are driven through several 
signaling pathways, including NF-κB and proinflammatory 
cytokine signaling [26–28]. That the proinflammatory prop-
erties of estradiol might influence depression risk also helps 
to explain why girls exhibit outcomes associated with early 
life stressor exposure during the pubertal transition, when 
estradiol levels rise and begin to fluctuate cyclically. Boys, 
on the other hand, tend to exhibit outcomes associated with  
early life stressor exposure earlier in life [15].

Beyond the impacts of elevated inflammation, pubertal-
onset depression in girls is also influenced by psychosocial 
factors that shift during the pubertal transition, when girls 
face new societal expectations about their gender and sexu-
ality, and neurobiological changes. For example, they may 
feel increasingly self-conscious and experience new types 
of social interactions. Girls who reach puberty prior to their 
peers are especially susceptible to stress-induced depression 
during this time [29], when they often feel isolated from 
social support networks and their peers. Further, elevated sex 
steroid hormone levels and cyclically changing sex steroid 
hormone levels during the pubertal transition are associated 
with neurobiological changes that may contribute to elevated 
depression rates in girls. Progesterone and its byproduct allo-
pregnanolone alter GABA functioning [30, 31], whereas 
estradiol has been found to impact the serotonin system in 
ways which contribute to depressive symptoms [32, 33].

Sex steroid hormones also impact the HPA axis. Ele-
vated estradiol levels are associated with a blunted corti-
sol response to stress, which itself can result in unchecked 
and elevated inflammatory activity in response to stressors, 
as cortisol typically serves an anti-inflammatory role in 
response to acute stress. However, we know strikingly lit-
tle about the biological processes associated with acute and 
chronic stress responses in women and girls, as women and 
female animals were excluded from pre-clinical and clinical 
trials until the 1990s [34]. Around that time, Kirschbaum 
and colleagues [35•] made the groundbreaking discovery 
that men exhibit elevated cortisol reactivity following stress 
compared to naturally cycling women, who exhibit higher 
cortisol reactivity following stress compared to women using 

hormonal contraceptives. Although hormonal mechanisms 
were suggested, they were not assessed, nor were they fol-
lowed up on.

More than 20 years later, researchers have yet to deter-
mine why or how sex differences in cortisol responses to 
acute stressors reliably occur, or how hormonal contracep-
tive use blunts cortisol reactivity. A recent review [36•] 
found that even today, females are underrepresented in 
human acute stress research, and that within studies that did 
include women, many did not investigate sex differences in 
stress-related processes or account for hormonal contracep-
tive use or menstrual cycle phase. This research gap has 
occurred even though these hormonal influences have been 
known to impact stress reactivity for the past 30 years (e.g., 
[35•, 37, 38, 39•, 40••, 41, 42]).

Given the lack of knowledge about female stress biol-
ogy more generally, it is unsurprising that researchers know 
very little about the mechanisms through which at least 
some types of hormonal contraceptives impact HPA axis 
reactivity in at least some women. Hormonal contracep-
tives prevent pregnancy by delivering synthetic sex steroid 
hormones (i.e., progestins), which, unlike endogenous sex 
steroid hormones, are nonspecific in their binding affinity 
and bind with sex steroid hormone receptors, glucocorti-
coid receptors, and mineralocorticoid receptors alike. This 
binding promiscuity results in hormonal contraceptive use 
having a wide range of unanticipated side effects, which, in  
some women, include mood-related symptoms.

These effects have significant public health significance 
given that hormonal contraceptive use is widespread [43] 
and that most women in America use hormonal contraceptives 
for at least some period of their reproductive aged years 
[44]. Moreover, many women use hormonal contraceptives 
during adolescence, when unanticipated side effects may be 
stronger [45•, 46•]. Indeed, a population-based investigation 
using public health data in Denmark found that hormonal 
contraceptive users, but especially adolescent users, are 
more likely to develop depression compared to non-users 
[47]. Building on this finding, a recent study uncovered that 
doctors in Denmark with high rates of hormonal contracep-
tive prescriptions to adolescent girls have patients who sub-
sequently develop depression at higher rates than do doctors 
with lower rates of hormonal contraceptive prescriptions to 
their adolescent patients [48••].

Although these studies indicate that hormonal contracep-
tive use is associated with elevated depression risk in women 
and that doctors’ prescribing habits may be contributing to 
this association, these studies were not designed to elucidate 
biological mechanisms through which hormonal contracep-
tives influence depression risk. However, recent empirical 
research has begun to explore these mechanisms by investi-
gating associations between hormonal contraceptive use and 
inflammatory reactivity to the Trier Social Stress Test. In 
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one recent study, for example, researchers found that levels  
of the key inflammatory cytokine interleukin-6 (IL-6) rose 
alongside cortisol in naturally cycling women; in women 
using hormonal contraceptives, however, the key inflamma-
tory cytokine tumor necrosis factor-α (TNF-α) rose alongside 
cortisol, and rises in cortisol in this group were, in turn, asso-
ciated with more negative affect in hormonal contraceptive  
users following psychosocial stress [40••]. This research 
suggests that hormonal contraceptive use may alter women’s 
stress reactivity in ways that make them less able to psycho-
logically manage the stress they experience. Over time, these 
effects could elevate depression risk for at least some women 
using hormonal contraceptives. Given that there are many 
individual differences and moderating factors affecting bio-
logical mechanisms through which hormonal contraceptive 
use could increase women’s risk for depression, additional 
research is needed to better understand for which women 
hormonal contraceptive use increases depression risk and 
why. Such research could also explore hormonal contracep-
tive or non-hormonal contraceptive options that decrease, as 
opposed to increase, women’s risk of developing depression.

Beyond inflammatory and hormonal mechanisms that 
contribute to sex differences in stress susceptibility and 
depression risk, environmental factors influence these sex 
differences as well. For girls, more so than boys, having a 
depressed mother is a strong predictor of developing depres-
sion by age 20 [49]. Research seeking to understand how a 
mother’s depression risk is transferred to her daughter found 
that those with depression have a tendency to experience or 
generate more stressors in their lives (i.e., stress generation) 
[49]. This shared family environment, marked by frequent or 
severe stressors, in turn, has been found to predict daughters’ 
acute stressor exposure and depressive symptoms [50••].

Environmental conditions such as early life stressor expo-
sure also influence the expression of key inflammatory (e.g., 
the conserved transcriptional response to adversity [51, 52•]) 
and HPA axis-related genes. Emerging research exploring 
the transcriptomic mechanisms through which chronic early 
life stress and mother’s depression history interact to influ-
ence the expression of these gene sets in adolescent girls has 
found that girls with depressed mothers exhibit dysregulated 
HPA axis-related gene expression patterns regardless of 
chronic stress exposure, a pattern also found in girls without 
depressed mothers but who have experienced chronic early 
life stress [53•]. These results suggest that maternal depres-
sion increases girls’ risk for dysregulated HPA axis gene 
expression, even in the absence of early life chronic stress 
exposure, highlighting one potential pathway through which 
maternal stress and depression can be passed from mother 
to daughter, beyond genetic contributions.

Although stressful family environments are one way 
stress and depression are passed down from one generation  
to the next, genetic and epigenetic factors that are also shared  

between mother and daughter further contribute to the 
intergenerational transfer of depression risk. For example, 
Meaney’s landmark research on stress-related epigenetic 
changes in rats demonstrated that chronic stressor exposure 
causes decreased maternal sensitivity and the methylation 
of stress-related genes, which can in turn affect both off-
spring behavior and stress reactivity [54]. Indeed, one way  
in which maternal stressor exposure has a stronger impact 
on female vs. male offspring depression risk is through the 
maintenance and exacerbation of these methylation pat-
terns. Specifically, female fetuses have higher and more 
stress-reactive levels of DNA methyltransferase than male 
fetuses, which promotes the continuation of methylation of 
stress-related genes [55]. Despite advances in sequencing 
technologies that allow for sequencing of the genome, epi-
genome, and transcriptome, a straightforward mechanism 
for intergenerational transfer of stress and trauma has yet to  
be discovered [56, 57•].

Additional Empirical Research Is Needed

In Fig. 1, we highlight some of the most important overlap-
ping mechanisms contributing to high rates of depression in 
women and girls. To more fully understand sex differences 
in stress susceptibility and sex differences in depression risk, 
there are a few key empirical gaps that must be addressed. 
First, although the National Institutes of Health (NIH) now 
emphasizes the need to include women and female animals 
in clinical research [e.g., 57], decades of research on the 
topics reviewed herein have been conducted using only men 
and male animals. Although it is tempting to assume females 
and males only biologically differ in ways influenced by sex 
steroid hormone levels, or that female biology is just male 
biology with pregnancy and hormones added to the mix, 
such notions require empirical evidence and are unlikely 
to be true. As such, basic science research is needed that 
specifically assesses stress-related biological processes in 
women and female animals, and how these processes lead 
to both physical and psychological pathologies.

Moreover, although the inclusion of women and females 
in federally funded research has improved dramatically in 
the last 30 years, diseases that are female-dominated are 
underfunded relative to their disease burden compared to 
those that are male-dominated [58••] (see ref. [59•] for 
visualization). Basic, mechanistic research aimed at better 
understanding women’s stress-related biology is neither sexy 
nor very fundable at present, even though it will advance our 
understanding of health and disease for everyone. For exam-
ple, understanding the female-specific processes in the etiol-
ogy of depression will help to elucidate which causal factors, 
processes, or symptoms are characteristic of depression as a 
whole, characteristic of female depression, or characteristic 



161Current Psychiatry Reports (2024) 26:157–165 

1 3

of male depression. By understanding which processes are 
sex-specific, prevention and treatment efforts will ultimately 
become more efficacious for both sexes.

Further, researchers must be willing to design studies that 
can not only uncover sex differences and sex similarities 
but also elucidate mechanisms driving these differences and 
similarities. Indeed, many studies that assess both men and 
women do not test or report differences by biological sex. 
And when they do, it is often because sex was added to 
a hypothesized model as a covariate, a sex difference was 
found, and now sex differences are being reported as effects. 
While better than ignoring sex entirely, testing for sex differ-
ences as an afterthought, without careful study design, will 
not meaningfully move the field forward.

Studies that do not consider potential sex differences 
in study design run a few risks. First, there is the risk of 
imbalanced group sizes of males and females, which can 
decrease statistical power to detect true effects and increase 

the odds of erroneous effects being detected in small groups 
which are attributable to individual differences as opposed 
to sex differences. Second, if all participants are scheduled 
the same, without accounting for sex-specific factors such 
as cycle phase and hormonal contraceptive use, sex differ-
ences can be erroneously amplified or minimized. Instead, 
we need well-designed studies aimed at uncovering the 
mechanistic factors—whether they involve sex steroid hor-
mones, gene expression, environmental factors, all of these 
(or other undiscussed mechanisms)—driving sex differences 
in depression risk following stress.

Researchers must exercise precision and attention to 
details when designing these studies, and the cumulation 
of results from many studies with different methodolo-
gies will be needed. Animal models are invaluable for 
carefully investigating potential biological mechanisms, 
although they do not always translate well to human mod-
els of depression. When using human participants, in 

Fig. 1  Overlapping mechanisms contributing to high rates of female 
depression. Maternal depression, environmental influences, and hor-
monal mechanisms interact with each other to contribute to elevated 

inflammation and dysregulated hypothalamic–pituitary–adrenal 
(HPA) axis reactivity, which, in turn, contribute to elevated rates of 
depression for women and girls compared to men and boys
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turn, it is vital to ask participants to report their sex (male 
vs. female), as opposed to gender (man vs. woman), when 
investigating sex as a construct (although the intersecting 
effects of sex and gender are also in need of further inves-
tigation). It is also important to account for the many fac-
tors known to influence sex differences in stress reactivity 
and depression risk. For example, research with female 
participants should account for menstrual cycle phase 
and hormonal contraceptive use (see ref. [60] for recom-
mendations), and given the lack of knowledge of causal 
associations, should use care when modeling these factors 
as covariates in the associations between sex, stress, and 
depression risk, in the event that these factors are actu-
ally more accurately modeled as mediators or colliders 
[61]. Measuring the impact of sex steroid hormones on 
stress-related processes is a key first step. However, the 
generation and testing of theoretical, biologically plausi-
ble pathways through which sex steroid hormone levels 
influence stress-related processes is also needed. Studies 
using multi-omics approaches that enable researchers to 
quantify tens of thousands of analytes from a single blood 
sample are well-suited for research into biological mecha-
nisms driving sex differences in susceptibility to depres-
sion risk as well [62]. Further, research that uses the onset 
of hormonal contraceptive use as a natural experiment to 
better understand the impact of sex steroid hormones on 
stress reactivity and depression risk in an intensive lon-
gitudinal design will help to reveal mechanistic effects of 
hormonal contraceptive use and sex steroid hormones on 
mood and depression risk.

Finally, care must be taken by researchers when com-
municating results—both from basic science and applied 
research—as they pertain to sex differences in stress sus-
ceptibility. Ineffective science communication with eye-
catching headlines (e.g., “Do hormones drive women’s 
votes?”; “UTSA prof suggests women vote with their 
vaginas” [63, 64]) can result in censorship of unfavora-
ble findings, validation of sex-based discrimination, and 
slowed empirical progress. For example, research report-
ing that women’s sex steroid hormones or cycle phases 
influence their moods and behaviors, without appropriate 
context, contributes to the public stereotype that women 
and females are fickle or dominated by their hormonal 
states. This stereotype has been used to justify the exclu-
sion of female animals from basic science research for 
decades. However, recent research has found that male 
mice actually exhibit more erratic behavior than do 
female mice, with estrus cycle phase having only a neg-
ligible effect on female behavior [65••]. Beyond care-
ful science communication, careful research design will 
increase researchers’ confidence in their results, which 

can then be translated into novel therapeutic targets to 
treat and prevent depression, ideally in sex-specific ways.

Conclusion

In conclusion, despite women experiencing nearly twice 
the rates of depression compared to men, we know far 
less about the psychobiological pathways through which 
psychopathology develops in females vs. males. Under-
standing potential sex-specific mechanisms through which 
women and girls are more likely to develop depression 
following stressful life experiences compared to men and 
boys will improve our understanding of the etiology of 
depression for both sexes and has the potential to improve 
our understanding of other stress-related diseases as well. 
Inflammatory processes, sex-steroid hormone and hormo-
nal contraceptive effects on HPA axis reactivity to stress, 
and genomic and epigenomic processes—along with their 
interactions with social-environmental conditions—are 
likely biological mechanisms through which sex differ-
ences in stress susceptibility and increased risk for depres-
sion emerge. Precisely elucidating these mechanistic path-
ways will allow for more effective and targeted depression 
treatments, interventions, and prevention measures for 
those at high risk. We hope that this review inspires both 
basic science and applied research that uncovers targeta-
ble, female-specific, stress-related biological mechanisms 
through which life stressors are translated into elevated 
risk for depression in girls and women.

The time to improve our understanding of female biol-
ogy and mental health is now, and doing so will help to 
greatly improve the lives of the roughly 50% of individu-
als on the planet who have been left behind by empirical 
research thus far.
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