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Introduction

Major depressive disorder (MDD) is the 
number one cause of disability worldwide, with women 
having twice the risk of men.1 Furthermore, depression 
is comorbid with other chronic medical conditions, in-
cluding obesity and metabolic syndrome (MetS),2 with 
higher prevalence of the comorbidity among women. 
MDD is more severe among comorbid obese than 
nonobese depressed individuals, with poorer weight 
loss outcomes and increased risk for cardiovascular 
disease (CVD). The comorbidity of MDD and obe-
sity/MetS contributes substantially to increased medi-
cal expenditures, reaching about $245 billion in the 
United States alone3 and is associated with premature 
death.
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Major depressive disorder (MDD) is the number one 
cause of disability worldwide and is comorbid with 
many chronic diseases, including obesity/metabolic 
syndrome (MetS). Women have twice as much risk for 
MDD and comorbidity with obesity/MetS as men, al-
though pathways for understanding this association 
remain unclear. On the basis of clinical and preclinical 
studies, we argue that prenatal maternal stress (ie, ex-
cess glucocorticoid expression and associated immune 
responses) that occurs during the sexual differentia-
tion of the fetal brain has sex-dependent effects on 
brain development within highly sexually dimorphic 
regions that regulate mood, stress, metabolic function, 
the autonomic nervous system, and the vasculature. 
Furthermore, these effects have lifelong consequences 
for shared sex-dependent risk of MDD and obesity/
MetS. Thus, we propose that there are shared biologic 
substrates at the anatomical, molecular, and/or genetic 
levels that produce the comorbid risk for MDD-MetS 
through sex-dependent fetal origins.            
© 2016, AICH – Servier Research Group Dialogues Clin Neurosci. 2016;18:.425-435
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 A number of studies demonstrated fetal risk factors for 
MDD4-6 and obesity/MetS,7 with final common pathways 
involving disruption of maternal-fetal hypothalamic-pi-
tuitary-adrenal (HPA)-axis development (ie, “prenatal 
stress” models of chronic disease). The conceptualiza-
tion of prenatal stress includes obstetric conditions (eg, 
preeclampsia, fetal growth restriction), maternal overnu-
trition or undernutrition, and other environmental and 
psychological exposures that cause maternal secretion of 
glucocorticoids and subsequent immune dysregulation. 
The pathways through which these stressors impact fetal 
growth and brain development are not well understood, 
but probably involve genetic and epigenetic mechanisms 
mediated by hormones, growth factors, and/or markers 
of immune function that cross the placenta. 
 We argue that prenatal stress disruptions occurring 
during key gestational periods have sex-dependent ef-
fects on brain development within highly sexually di-
morphic regions that regulate mood, stress, metabolic 
function, the autonomic nervous system (ANS), and 
others. Brain regions implicated in mood, ANS, me-
tabolism, and CVD function include the hypothalamic 
paraventricular nucleus (PVN), central/medial amyg-
dala, hippocampus, periaqueductal gray, medial and or-
bital prefrontal cortices, and anterior cingulate cortex. 
These brain regions are morphologically and function-
ally sexually dimorphic8-12 (Figure 1). Thus, as shown in 
clinical and preclinical studies, prenatal maternal stress 
(ie, excess glucocorticoid expression and associated im-
mune disruption) that occurs during the sexual differ-
entiation of the fetal brain will produce lifelong, shared 
risk for sex differences in MDD-MetS by altering the 
development of common pathways. Previous critical re-
views by our team argued this case for MDD-CVD.13,14 

We believe there are shared biologic substrates at the 
anatomical, molecular, and/or genetic levels that pro-
duce comorbid risk for these disorders that have fetal 
origins and are sex-dependent (Figure 2).   

Clinical evidence

Epidemiology 

In 2012, MDD became the leading cause of morbidity 
and mortality worldwide, surpassing ischemic heart dis-
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Figure 1.  Sexually dimorphic subcortical (A) and cortical (B) regions 
in stress and mood circuitries. Shared neural circuitry impli-
cated in mood, stress, metabolic function, and the autonomic 
nervous system, highlighting regions with relatively dense 
distribution of gonadal and/or adrenal hormone receptors. 
In women, regions larger in volume relative to cerebrum size 
include orbitofrontal cortex, anterior cingulate cortex, and 
hippocampus, whereas in men, regions larger relative to cere-
brum size include amygdala and hypothalamus. OFC, orbito-
frontal cortex; vmPFC, ventromedial prefrontal cortex. 

  Based on reference 11: Goldstein JM, Seidman LJ, Horton NJ, et al. 
Normal sexual dimorphism of the adult human brain assessed by in 
vivo magnetic resonance imaging. Cereb Cortex. 2001;11(6):490-497. 

Selected abbreviations and acronyms
ANS autonomic nervous system
AT1 angiotensin II type 1
CVD cardiovascular disease
GC glucocorticoid
HPA hypothalamic-pituitary-adrenal
HPG hypothalamic-pituitary-gonadal
IL interleukin
MDD major depressive disorder
MetS metabolic syndrome
PVN paraventricular nucleus
RAS renin-angiotensin system
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ease, with almost 20% prevalence in women. Similarly, 
rates of adult obesity increased dramatically between 
1999 and 2004 and reached 41% in 2015.3 More women 
suffer from comorbidities with MDD than men, with 
women being 62% more likely to have multiple con-
ditions. Although men have higher rates of comorbid 
CVD-MetS, women have higher rates of depression, 
anxiety disorders, and pain comorbid with CVD and 
MetS. Thus, understanding the sex-dependent mecha-
nisms that underlie these associations is important for 
the development of novel therapeutics to address the 
call for precision medicine.  
 Obesity (body mass index ≥30.0), when comorbid 
with MDD,15 is associated with greater severity16 and 
worse outcomes among those taking antidepressants17 
and/or during weight loss treatment. The literature sug-
gests that the comorbidity of MDD-obesity/MetS may 
be stronger among, and perhaps limited to, women.18 
The rate of obesity is higher for women than men, and 
among women, those with MDD are more likely than 
nondepressed women to develop obesity.19 Given the 
public health crisis regarding obesity-related health 
conditions and expenditures, it is important to under-

stand sex differences in pathways leading to obesity-
related health diseases. 
 CVD (which is associated with obesity/MetS) is a 
major cause of mortality worldwide, with higher preva-
lence in men (40.5%) than women (35.5%),20 although 
CVD is the number one cause of death among women 
in the United States. Furthermore, as with MetS, wom-
en have an almost twofold higher prevalence than men 
of comorbid MDD-CVD, which is predicted to be the 
number one cause of disability worldwide by 2020.13,14 
MDD also leads to a higher death rate among women 
with CVD. 
 MetS is a cluster of metabolic dysfunction com-
prising central obesity, dyslipidemia, impaired glucose 
metabolism, and hypertension.21 Approximately 30% 
of the US population exhibits MetS,22 which confers a 
twofold increased risk for CVD.20 Although the preva-
lence of MetS is similar (around 32%) among men and 
women (in contrast to CVD prevalence), its individual 
components vary by sex, with higher proportions of hy-
pertriglyceridemia, hypertension, low high-density lipid 
levels, and hyperglycemia in men and higher propor-
tions of central adiposity in women.23 Thus, understand-
ing the impact of sex on MetS may provide etiologic 
clues as to the nature of the comorbidity of MDD and 
CVD, and it may be one reason why there is a high-
er death rate from CVD among women, even though 
CVD prevalence is lower than in men.

Role of HPA and HPG steroid hormones

Dysregulation of HPA and HP-gonadal (HPG) axes has 
been independently implicated in the pathogenesis of 
both MDD and obesity/MetS. Cushing syndrome, char-
acterized by excess cortisol (glucocorticoid; GC), has a 
higher prevalence among women and is associated with 
cardiometabolic complications, including obesity, im-
paired glucose tolerance, and hypertension.24 The HPA 
overactivity observed among obese compared with lean 
patients is associated with abdominal obesity, MetS, and 
high blood pressure.25 Obese women have higher corti-
cotropin-releasing hormone (CRH)-stimulated cortisol 
levels than men,25 even though men have higher levels 
of basal cortisol than women. 
 Studies linking the association of stress and GC re-
sponse with the development of obesity/MetS in hu-
mans are limited because of a lack of longitudinal data 
and difficulty in assessing subtle changes in local tissue 
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Figure 2.  Fetal antecedents to sex differences in comorbidity of depres-
sion and metabolic syndrome. This figure illustrates a prenatal 
stress-immune model of sex differences in the comorbidity of 
depression and metabolic syndrome emphasizing maternal 
hypothalamic-pituitary-adrenal–axis dysregulation (elevated 
glucocorticoids and proinflammatory expression) during ges-
tation that impacts development of hypothalamic-pituitary-
adrenal circuitry in the fetus in sex-dependent ways, with 
lifelong consequences for mood/anxiety, the endocrine and 
autonomic nervous systems, growth and metabolism, vascu-
lar structure and function, and insulin resistance. F, female; 
HPA, hypothalamic-pituitary-adrenal; M, male.



C l i n i c a l  r e s e a r c h

via autocrine and paracrine mechanisms. GCs promote 
adipocyte differentiation and proliferation26 where 
visceral adipocytes have high GC receptor distribu-
tion. There are some genetic polymorphisms in gluco-
corticoid receptors associated with alterations in GCs, 
obesity,27 and comorbid obesity-MDD,28 although their 
roles are unclear. Proposed mechanisms linking HPA 
activity and obesity/MetS include alterations in GC me-
tabolism in adipose tissue depots29 and interactions of 
cortisol with high-fat diet and key appetite-regulating 
hormones, such as leptin and ghrelin (see below).  
 In response to an energy deficit, cortisol rises and fa-
cilitates food intake and fat deposition.30 Among obese 
women, cortisol is decreased or similar to healthy-
weight women, increased after food intake31 or in re-
sponse to social stress,32 and decreased after weight loss. 
Mechanisms explaining these findings include direct 
central nervous system action in tissues with high GC 
receptor concentration,33 in regions that are sexually di-
morphic and regulate mood. Therefore, we suggest that 
disruptions in the development of these regions will 
produce multiple systemic endocrine and metabolic ef-
fects.13,14 
 The PVN, the key relay station for HPA activity, 
develops differently in male and female brains,34 is the 
most highly vascularized central nervous system re-
gion,35 and is important for regulating homeostatic, neu-
roendocrine, and behavioral functions associated with 
MDD.36-38 Furthermore, the PVN is an essential compo-
nent of brain circuitries important for feeding and en-
ergy balance and can regulate the ANS, which is critical 
for healthy cardiovascular responses. Thus, understand-
ing the role of the PVN may be critical for understand-
ing the impact of HPA activity on sex differences in the 
comorbidities among MDD, MetS, and CVD.14  
 Gonadal steroids are also associated with MetS and 
CVD. Abnormalities in estradiol levels among obese 
women compared with healthy-weight women may be 
decreased, elevated, or show no differences.39 Estrogens 
affect body weight and food intake, which vary with re-
productive age. Premenopausal women demonstrated 
decreased food intake during the follicular phase, and 
during postmenopause, estrogen levels are reduced 
and circulate proportionally to body fat.40 Estrogen 
receptors are found in food reward regions41-44 and act 
to suppress appetite and increase energy expenditure. 
Hyperandrogenic conditions in women (hirsutism and 
polycystic ovary syndrome) are associated with CVD, 

insulin resistance, visceral fat accumulation, and MetS,45 
but low circulating testosterone in men is associated 
with obesity, type 2 diabetes, and MetS.46 Thus, dys-
regulation of gonadal steroid levels is associated with 
cardiometabolic phenotypes in women and men. The 
presence of comorbid MDD and insulin resistance was 
underscored by recent findings from a large population 
study (n=12 231) using the Northern Finland Birth Co-
hort from 1966, which demonstrated the emergence of 
comorbid MDD and insulin resistance in women only 
after menopause, but in men, onset occurred at an ear-
lier age.47

 There is a very long history of studies of HPA dys-
regulation associated with MDD, in particular, height-
ened cortisol levels, that may become blunted among 
those with long-term, recurrent MDD. However, these 
studies will not be reviewed here, given extensive re-
views elsewhere.48-52 In brief, depressive symptoms can 
occur in the face of endogenously elevated cortisol 
(Cushing syndrome) or of exogenously administered 
corticosteroids.53 Patients treated with corticosteroids 
can develop MDD.54 Human studies demonstrate con-
sistent HPA-axis dysregulation associated with MDD, 
including elevated plasma and cerebral spinal fluid 
cortisol levels and 24-hour urinary cortisol levels, high 
cerebral spinal fluid CRH levels, blunted responses to 
CRH administration, and lack of negative feedback 
suppression by dexamethasone.
 HPG deficits in MDD52 include lower estradiol lev-
els,38,55 and adjunctive estradiol has been found effective 
in treating MDD among women.56 This observation has 
been reviewed elsewhere so will not be reviewed here. 
In brief, women’s reproductive variability and aging are 
related to mood fluctuations and MDD.57-60 In women, 
MDD incidence increases with puberty,61 late luteal 
phase,62 and long-term use of oral contraceptives,63 after 
childbirth64 and after menopause.65 Population studies 
demonstrated that ovarian dysfunction precedes MDD 
onset.58 Aside from estradiol abnormalities, deficits 
have been found in luteinizing hormone and pituitary 
function.55,58,66

 The comorbidity between MDD, HPA-HPG-axis 
dysregulation, and MetS risk is not surprising from 
the perspective of the brain circuitry involved. MDD 
involves hypothalamic nuclei central/medial amygdala, 
hippocampus, anterior cingulate cortex, and medial and 
orbitofrontal cortices67-70—regions that are dense in glu-
cocorticoid and sex steroid hormone receptors71-73 and 
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that can relay information that regulates metabolic and 
cardiac function through the ANS. Reduced gray-matter 
volume has been noted within several of these regions 
in MDD patients, including the anterior cingulate,74,75 
orbitofrontal cortex,74,75 prefrontal cotex,74,76 insula,75 
putamen,74 caudate nucleus,74 and hippocampus74,76,77 
and adjacent temporal lobes,75,76 as demonstrated in re-
cent large meta-analyses focused on volumetric74 and 
cortical thickness75,76 indices. More nuanced analyses 
have revealed effects of medication on the amygdala, 
in which decreases in amygdala volume are associated 
with some specificity to nonmedicated status.78 In the 
hippocampus, volumetric variation has been associated 
with clinical state, with reduced hippocampal volume 
evident in first-episode depression,79 currently de-
pressed but not remitted patients,80 recurrent MDD, or 
prolonged (>1 year) illness duration.81,82 These findings 
suggest a critical link between lowered mood state and 
hippocampal structural integrity that is potentially re-
lated to abnormal HPA-axis feedback on glucocorticoid 
receptors in the hippocampus. Differences in results 
from studies identifying brain abnormalities in MDD 
are, in part, a function of methodological variability 
across studies, such as MDD chronicity (eg, acute versus 
chronic disability), sex and age of subjects, sample sizes, 
and/or measurement of brain regions. However, there is 
consistent evidence that deficits in these brain regions 
originating during fetal development have had lifelong 
consequences for sex differences in the risk for MDD-
MetS comorbidity, dependent on brain region and age 
of assessments.

Appetite-regulating hormones  

One pathway through which mood and metabolic func-
tion co-occur may be related to the overlap of brain re-
gions that regulate mood, HPA, HPG, and ANS. These 
areas are dense with receptors for ghrelin and leptin, 
two peptides that are involved in hunger and satiety.83 
Ghrelin is a potent orexigenic peptide, with levels ris-
ing sharply before meals and falling to nadir within an 
hour after eating.84 Ghrelin receptors are located in the 
substantia nigra, ventral tegmental area, raphe nuclei, 
hypothalamic nuclei (PVN, arcuate, and ventromedial), 
and hippocampus85; direct ghrelinergic projections con-
nect the PVN to amygdala.85 Intravenous ghrelin ad-
ministration heightens neural activation in these brain 
regions in response to food images.86 Ghrelin levels are 

decreased in obesity, and plasma ghrelin levels nega-
tively correlate with percent body fat during fasting, 
whereas increases in ghrelin occur after weight loss. 
Circulating ghrelin levels are higher among women 
than men,87 and in postmenopausal obese women, they 
are inversely related to estradiol.88 Reported ghrelin 
levels among healthy-weight persons and MDD status 
are inconsistent across studies. Among healthy-weight 
individuals with MDD, ghrelin has been reported as 
elevated, decreased,89 or similar90 to that in individu-
als without MDD. Inconsistencies in MDD studies may 
be due to the lack of control for sex, given that women 
have higher levels of circulating ghrelin than men.
 In contrast, leptin suppresses appetite by effects at 
similar hypothalamic sites, and it stimulates energy ex-
penditure. Leptin circulates in proportion to fat mass, 
signaling energy availability and satiety, and is generally 
higher among women than men, beginning in puberty,91 
even after accounting for differences in body fat distri-
bution and menopause.92 Leptin receptors are located 
within many brain regions,93 some of which are sexu-
ally dimorphic and overlap areas involved in mood and 
stress regulation. Though circulating leptin follows a 
pulsatile release pattern, decreases in leptin occur with 
fasting,94 and basal plasma leptin levels are elevated in 
obesity.94

 Recent evidence links inflammatory adipokines and 
ghrelin–growth hormone (GH) axis with obesity and 
MDD.95 Adiponectin is an anti-inflammatory peptide 
secreted by adipocytes and plays a role in fetal growth96 
and endothelial function.97 Women exhibit higher adi-
ponectin levels than men,98 and reports suggest a sex-
dependent role of adiponectin as a biomarker for CVD 
and diabetes risk.99 Low adiponectin levels are associat-
ed with depressive-like behaviors, and genetic haploin-
sufficiency of adiponectin (Adipo+/-) causes depression-
like behavior and impaired HPA-axis feedback, which 
are reversed by intracerebroventricular adiponectin 
administration.100 
 Collectively, although disruption of peptides in-
volved in appetite regulation is well documented in 
obesity, mixed findings in MDD suggest attention to 
sex and variability in weight may explain inconsisten-
cies across studies. Given the overlap of a number of 
regulatory peptides in key brain regions (eg, hypo-
thalamus, mesolimbic circuitry) and their roles in the 
pathophysiology of sex differences in MDD-obesity/
MetS, systematic designs stratifying subject groups by 
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MDD and obesity status by sex would allow for delin-
eation of shared and unshared pathways contributing 
to understanding brain abnormalities associated with 
metabolic and mood dysregulation and sex differences 
therein.

Fetal origins: mapping developmental pathways to 
comorbidity  

There is emerging evidence that alterations in HPA axis 
and stress adaptation in response to suboptimal condi-
tions in utero produce disturbances in fetal metabolism 
and development of obesity and MDD in adulthood. 
Sex differences in MDD alone and in comorbid MDD-
CVD have been reviewed elsewhere.13,14,52 Epidemio-
logical evidence shows increased incidence of obesity 
and diabetes as a result of severe maternal malnutri-
tion,101 possibly secondary to effects on early fetal pro-
gramming of the HPA axis. Obstetric complications, 
such as preeclampsia and low birth weight, have been 
found to be significant risk factors for MDD and car-
diometabolic outcomes.2,5,6 Nonetheless, beyond few 
population-level investigations, sex differences in fetal 
programming of comorbid MDD-MetS has not been 
well examined, owing largely to a paucity of longitudi-
nal datasets that are able to address these critical fetal 
developmental models that have already been estab-
lished for animals.
 Excessive maternal glucocorticoid responses to 
stress are also associated with maternal inflamma-
tory responses. Altered levels of tumor necrosis factor 
(TNF)-α, interleukin (IL)-6, IL-1β, and IL-10 in ma-
ternal sera during gestation5,7,102,103 are associated with 
preeclampsia and fetal growth restriction and adult risk 
for CVD and MDD. These cytokines are also associated 
with maternal HPA dysregulation. TNF-α, IL-1β, and 
IL-6 are the primary coactivators of HPA response, and 
their receptors are located in PVN, hippocampus, and 
pituitary. We recently reported that maternal prenatal 
immune dysregulation has an impact on sex differenc-
es in the adult offspring MDD risk.4 In fact, elevated 
IL-1, IL-6, and TNF-α have been associated with CVD 
risk104,105 and MetS.106 
 Few human studies have directly linked maternal 
markers of immune function during gestation with MetS 
risk among adult offspring by sex. However, preclinical 
studies are leading the way in mapping out pathways 
implicated in the fetal stress-immune programming of 

sex differences in the comorbidity of mood and anxi-
ety-related behaviors and cardiometabolic dysfunction 
(Figure 1). 

Preclinical evidence

In rodents, prenatal synthetic glucocorticoid (sGC) ex-
posure or inhibition of 11β hydroxysteroid dehydroge-
nase (11β-HSD; a placental enzyme that metabolizes 
GCs and acts as barrier to maternal GCs107) can cause 
long-term adult changes in cardiometabolic function 
and neuroendocrine responses to stress and anxiety- 
and depressive-like behaviors.108 As in humans, the neu-
ropeptide neurons in the PVN are key in regulating the 
HPA axis. Similarly, the ANS is controlled in part by 
preautonomic neurons located within the rat PVN that 
project to preganglionic autonomic neurons located in 
the brainstem and spinal column.109 
 The timing of prenatal stressors will have very dif-
ferent effects on physiological systems because various 
tissues and brain regions develop and mature at dif-
ferent times of gestation. Moreover, the ability to ex-
trapolate the effects of environmental perturbations in 
experimental animals to humans is complicated by dif-
ferences in gestation length and maturation rate.110,111

    
Cardiovascular system and metabolism 

Exposure to prenatal stressors, including sGC admin-
istration, dietary restriction, and inflammation, can 
program changes in cardiovascular function in male 
and female rodent offspring, with increased vascular 
sensitivity to norepinephrine,112,113 neuropeptide Y,114 
and electrical field stimulation114; increased peripheral 
resistance and reduced cardiac output115; and hyperten-
sion116,117 or hypotension altering stress responses.112,118 
In females alone, prenatal stressors resulted in enhanced 
endothelin responsiveness119 and impaired parasympa-
thetic function (although males were not tested in the 
latter).120 Adult offspring of prenatally stressed dams 
were more susceptible to elevations in blood pressure 
in response to high salt diet,121 angiotensin II,113 and 
restraint.112,114,122 As in humans, prenatal GC exposures 
in rodents are coupled with inflammatory responses, 
known to be associated with hypertension and heart 
disease. Prenatal exposure to IL-6 causes hypertension 
and enhanced cardiovascular responses to stress, with a 
greater effect in females.123 

430



Maternal prenatal stress, MDD, and obesity/MetS - Goldstein et al Dialogues in Clinical Neuroscience - Vol 18 . No. 4 . 2016

 Epigenetic changes are associated with cardiovas-
cular programming from prenatal stress. Prenatal GCs 
reduced global DNA methylation in the kidney, adre-
nal glands, and cerebellum in adult offspring.124 There is 
some evidence for increased methylation related to an 
altered renin-angiotensin system (RAS; a major regu-
lator of long-term control of blood pressure), where 
prenatal sGC altered the expression of angiotensin re-
ceptors,117,118,125 renal angiotensin II production,126 and 
plasma renin activity.127 However, the direction of the 
RAS activity in male versus female offspring varied with 
the nature or timing of prenatal stress. Enhanced RAS 
activity was observed after prenatal exposure to sGCs, 
demonstrating that acute angiotensin II type 1 (AT1) re-
ceptor blockade lowered blood pressure—partially nor-
malizing parasympathetic dysfunction—and fully nor-
malized blood pressure variability in adult male sheep 
(females not tested).120 A maternal low-protein diet 
caused corticosterone-dependent increases in angioten-
sin 1b receptor gene (AT1b) expression coupled with re-
duced methylation of the AT1b promoter.128 Importantly, 
in addition to changes in angiotensin receptor expres-
sion, inhibition of corticosterone production in utero 
prevented hypertension in these offspring.128 Prenatal 
stress also altered central RAS activity. Central infusion 
of the AT1 receptor antagonist losartan reduced blood 
pressure and heart rate in sGC-treated versus control 
male sheep (females not tested).129 Prenatal sGC expo-
sure also increased AT1 expression in brainstem of adult 
offspring129 and increased angiotensin II levels relative 
to the protective Ang(1-7) peptide levels in the dorsal 
medulla.130 Together, these studies suggest that prenatal 
stress alters the RAS by programming the expression of 
angiotensin receptors during gestation. 
 Animal studies also demonstrated that late-gesta-
tion stressors predisposed offspring to MetS in adult-
hood.131,132 Moreover, late-gestation exposure to sGC 
increased liver enzymes involved in gluconeogenesis 
in adult male, but not female, offspring127,133 and altered 
production of insulin by reducing pancreatic β-cells and 
their capacity to secrete insulin.134 Prenatal GCs also 
increased circulating triglycerides and storage of fat in 
the liver135 and decreased fatty acid uptake in visceral 
adipose tissue.136 Most of these studies were restricted 
to adult male offspring; however, we previously demon-
strated that high-fat-diet–induced hepatosteatosis was 
more profound in female offspring of dexamethasone-
treated dams, and this was coupled with sex-specific 

changes in circulating insulin-like growth factor 1 (IGF-
1).137 Taken together, these studies highlight the role of 
prenatal GC exposure, whether from prenatal stress or 
treatment with sGC, on the impact of glucose homeo-
stasis programming and risk for adult MetS. 
 In fact, prenatal stress programming of MetS may be 
initiated very early in gestation and have sex-selective 
effects expressed as different metabolic phenotypes in 
males and females. An example of this was found in 
studies of O-linked βN-acetyl glucosamine (O-GlcNAc) 
transferase (OGT). This enzyme, expressed by the pla-
centa, senses changes in maternal energy homeostasis 
and regulates epigenetic marks on chromatin.138 Early 
gestational stress reduces placental OGT, giving rise to 
changes in offspring endocrine and hypothalamic mito-
chondrial function and body weight.139,140 Reductions in 
placental OGT were only found in male placentas, sug-
gesting a pathway whereby early changes in placental 
OGT regulated sex-selective epigenetic modification of 
genes important for adult metabolism.
 Gestational stress can also foster MetS by orga-
nizing hypothalamic nuclei that control energy ho-
meostasis.141 Leptin is important for the development 
of both orexigenic and anorexigenic projections from 
the arcuate nucleus142 and acts during development to 
regulate autonomic centers controlling peripheral tis-
sues in adulthood.143 A surge of circulating leptin occurs 
in development and peaks about postnatal day (PD) 9 
to 12 in male and female rats.144 Gestational malnutri-
tion advanced the leptin surge, leading to hypothalamic 
leptin insensitivity in adult male offspring (females not 
tested),145 and delaying the postnatal leptin surge led to 
diet-induced obesity in female rats (males not tested).146 
Similarly, intrauterine growth restriction caused hyper-
leptinemia followed by leptin resistance by PD21 in fe-
male, but not male, rats,147 whereas a leptin antagonist 
increased food intake in adult male, but not female, off-
spring.148 Together, these studies suggest sex-dependent 
roles for the postnatal surge of leptin in the develop-
ment of hypothalamic regulation of energy balance in 
adulthood.

Adult behavior and neuroendocrine function

Prenatal stressors in rodents also program the HPA 
axis, causing increased stress responsiveness,149-151 and 
this is mimicked by prenatal exposure to glucocorti-
coids.152 The impact of late-gestation prenatal stress on 
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adult stress responsivity is more profound in adult fe-
male offspring,153-155 where prenatal stressors increase 
basal adrenocorticotropic hormone (ACTH) and corti-
costerone levels and the peak and duration of respons-
es to adult stressors,152,153 indicative of reductions in GC 
negative feedback. Supporting this, Tobe and colleagues 
detected increased apoptosis in the fetal female, but not 
male, PVN after long-term maternal stress,156 and this 
correlated with changes in neuroendocrine function 
and anxiolytic behaviors.153 Moreover, late-gestation 
sGCs resulted in increased anxiety and depressive-like 
behaviors in adult female, but not male, offspring,157 
suggesting potential sex-dependent pathways to sex dif-
ferences in mood and anxiety disorders. 
 A recent study provided evidence of potential sex-
dependent targets for the long-term effects of pre-
natal stress and GCs.158 In females, upregulation of 
5α-reductase and 3β-HSD in adults that were prenatal-
ly stressed was effective in reversing programming ef-
fects on the HPA-axis response to IL-1β administration. 
Thus, timing of environmental perturbations is critical 
for the sex-dependent alterations in the development 
of HPA-axis responses in adulthood, suggesting the po-
tential for sex-specific critical periods for the actions 
of perinatal GCs. Nonetheless, the system appears to 
retain sufficient plasticity to allow deficits to be over-
come by later manipulations. Given that sex-dependent 
changes can occur after prenatal perturbations, future 

studies need to determine the importance of central 
versus peripheral changes in the RAS, HPA axis, and 
metabolic markers involved and how they impact sex-
dependent long-term changes in cardiovascular, meta-
bolic, and behavioral-associated diseases.  

Conclusion

In summary, clinical and preclinical studies demon-
strate the impact of prenatal stress-immune program-
ming of sex differences in adult risk for mood and anxi-
ety and ANS, metabolic, and cardiac dysfunctions. The 
sex-dependent impact is timing specific during gesta-
tion and brain-region specific, resulting in multiple sys-
temic sex-dependent effects on HPA-HPG axes and on 
metabolic and cardiac functions, leading to sex differ-
ences in the comorbidity of MDD-obesity/MetS. Trans-
lational studies are critical to map out the specificity of 
these developmental pathways among men and women. 
The developmental nature and preclinical evidence for 
some reversibility of effects suggests optimism for early 
intervention with sex-dependent novel therapeutics. o 
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