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Early-life exposures to environmental insults can misprogram development and increase metabolic 
disease risk in a sex-dependent manner by mechanisms that remain poorly characterized. Modifiable 
factors of increasing public health relevance, such as diet, psychological stress, and endocrine-
disrupting chemicals, can affect glucocorticoid receptor signaling during gestation and lead to sex-
specific postnatal metabolic derangements. Evidence from humans and animal studies indicate that 
glucocorticoids crosstalk with sex steroids by several mechanisms in multiple tissues and can affect 
sex-steroid–dependent developmental processes. Nonetheless, glucocorticoid sex-steroid crosstalk has 
not been considered in the glucocorticoid-induced misprogramming of metabolism. Herein we review 
what is known about the mechanisms by which glucocorticoids crosstalk with estrogen, androgen, 
and progestogen action. We propose that glucocorticoid sex-steroid crosstalk is an understudied mech-
anism of action that requires consideration when examining the developmental misprogramming of 
metabolism, especially when assessing sex-specific outcomes.
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As proposed by the Developmental Origins of Health and Disease (DOHaD) hypothesis, the 
environment is known to affect fetal development and induce physiological changes that 
can increase disease risk later in life. Central to organismal survival, normal physiology is 
dependent on glucose homeostasis, yet glucose regulation is susceptible to developmental 
misprogramming through disruption of multiple tissues and hormonal axes [1, 2]. Fetal pro-
gramming of glucose intolerance was initially documented as a result of famine in the early 
studies that supported the DOHaD hypothesis [3]. Subsequent research has shown that 
fetal exposures to less-severe environmental insults increase metabolic disease risk later 
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in life and can do so in a sex-dependent manner by mechanisms that remain insufficiently 
characterized [1, 4]. Prenatal insults may alter the development and postnatal function of 
key metabolic tissues, or can alter the development of tissues that secondarily affect tissues 
that regulate glucose homeostasis. Work detailing the epigenetic mechanisms by which en-
vironmental insults disrupt cellular development is ongoing [5]. Understanding the mech-
anistic origins of this developmental misprogramming is essential because the long-term 
metabolic health of those who are developmentally compromised is likely more susceptible 
to the panoply of modern metabolic disease risk factors, including unhealthy diets, seden-
tary lifestyles, circadian disruptions, and environmental pollution. Currently, nearly 10% 
of the US population has diabetes [6], and approximately 463 million people suffer from the 
disease globally [7]. Additionally, the contribution of insulin resistance and diabetes to the 
pathogenesis of other devastating diseases with growing incidence and societal burden is 
becoming increasingly apparent, including cancer [8] and Alzheimer disease [9]. Thus, un-
derstanding the mechanistic bases of metabolic misprogramming holds immense potential 
for early risk assessment, mitigation, disease treatment, and even prevention of multigen-
erational disease inheritance.

1. Misprogramming of Metabolism by Glucocorticoids

Regulated in a circadian, ultradian, and stress-related manner, glucocorticoids (GCs) play 
an important role in maintaining various metabolic and homeostatic functions essential 
for life. GCs elicit their actions in large measure by binding to the glucocorticoid receptor 
(GR), a member of the nuclear receptor superfamily that is encoded by the NR3C1 gene, 
which through alternative splicing and translation gives rise to several GR isoforms [10]. 
Whereas less is known about many of the translation isoforms, GRα is the most studied 
splicing isoform and will be the focus of this review. GR signaling is an important target 
for the developmental misprogramming of metabolism because GCs adjust fetal develop-
ment in response to adverse environmental conditions to maximize survival [11]. Late in 
gestation, GCs promote the maturation of fetal tissues, including those that control glucose 
and lipid homeostasis postnatally, such as the liver, adipose tissue, pancreatic β cells, and 
skeletal muscle [12, 13]. Animal models of developmental overexposure to GCs demonstrate 
numerous metabolic derangements, including glucose intolerance, decreased insulin sen-
sitivity, reduced β-cell mass, alterations in circulating lipids and adipokines, increased he-
patic lipid accumulation, and exaggerated hepatic glucose production (reviewed in [11, 14]). 
Furthermore, many traditional intrauterine growth restriction animal models have been 
used to study the developmental origins of metabolic disease result in fetal overexposure to 
GCs; these include models employing calorie restriction, protein restriction, and uterine ar-
tery ligation (reviewed in [15]). Collectively, these data indicate that multiple perturbations 
can disrupt regulated endogenous GC action, potentially resulting in alterations in meta-
bolic homeostasis that promote derangements in glucose and lipid homeostasis later in life.

A.  Public Health Relevance of Developmental Glucocorticoid Receptor Disruption

Aberrant overactivation of GR signaling during fetal development by factors of public 
health relevance are increasingly associated with the developmental misprogramming 
of metabolism. For example, human studies and animal models both reveal that chronic 
psychological stress during pregnancy leads to fetal GC excess and increases the later-life 
risk of diabetes and obesity in offspring (reviewed in [1]). Antenatal exposure to pharma-
cological GCs administered to accelerate lung development and augment the survival of 
preterm infants has been suggested to lower HOMA-β (homeostatic model assessment-β) 
during early adulthood [16] and reduce insulin sensitivity [17], and thus may increase the 
offspring’s long-term metabolic disease risk as has been documented in animal models [11]. 
More studies are needed to comprehensively assess the extent to which antenatal GC treat-
ment affects the metabolic health of aged adults, especially because pharmacological GC 

https://doi.org/10.1210/jendso/bvaa087


doi: 10.1210/jendso/bvaa087 | Journal of the Endocrine Society | 3

treatment during pregnancy is also used in some elective cesarean deliveries and as prophy-
laxis for women with certain previous pregnancy complications [18, 19].

The potential influence of environmental anthropogenic GR modulators is also being 
increasingly recognized. The relevance of environmental GR modulators is supported by 
studies that have found widespread GR-modulating activity from household dust samples 
[20] as well as water samples from various countries [21-25]. This GR-modulating ac-
tivity has been attributed both to the presence of widely prescribed pharmacological GR 
agonists that migrate into the environment as well as to environmental toxicants with 
GR-modulating activity. Endocrine-disrupting chemicals (EDCs) are defined as exogenous 
chemicals, or mixtures of chemicals, that interfere with any aspect of hormone action [26]. 
Developmental exposures to a variety of EDCs have been shown to promote later-life met-
abolic derangements in human and animal studies, including glucose intolerance, insulin 
resistance, altered β-cell function, obesity, and hepatic lipid accumulation [27]. Whereas the 
capacity of EDCs to modulate sex-steroid and thyroid hormone action has been recognized 
for decades [26], the ability of several of these toxicants to modulate GR signaling is only 
now becoming clear [28]. A  recent study found that a mouse model of perinatal expo-
sure to the GR-activating fungicide tolylfluanid increased hepatic phosphoenolpyruvate 
carboxykinase expression and hepatic glucose production selectively in male offspring [29]. 
An extensive assessment of EDCs that disrupt GR activity and GC homeostasis has re-
cently been published [30]. Collectively, these data indicate that multiple factors of public 
health relevance may induce long-term adverse effects on metabolic health by aberrantly 
overactivating GR signaling during fetal development.

B.  Developmental Glucocorticoid Exposure Promotes Sex-Specific Metabolic 
Misprogramming

Whereas most studies assessing metabolic outcomes following prenatal GC overexpo-
sure in animal models have examined outcomes in male offspring only, the few studies 
that have interrogated offspring in males and females have found evidence for sex-
specific outcomes. Observed male-specific outcomes following prenatal treatment with 
the synthetic glucocorticoid dexamethasone (DEX) include increased expression of 
phosphoenolpyruvate carboxykinase [31] and higher circulating insulin levels [31, 32]. 
One study found that prenatal DEX exposure potentiated diet-induced hepatic stea-
tosis mediated in part by an underactive growth-hormone axis, an effect observed in 
female offspring only [33]. Although more studies are needed to assess the extent of sex-
specificity in outcomes related to glucose and lipid homeostasis following prenatal GC 
overexposure, these examples of sex-specific metabolic derangements coupled with nu-
merous reports of sex differences in other end points following prenatal GC overexposure 
(eg, hypothalamic-pituitary-adrenal responsivity and cardiovascular function; reviewed 
in [34]) suggest there is sex-specificity in the misprogramming of development by GCs 
that merits further investigation.

C.  Missing Links: Glucocorticoid Sex-Steroid Crosstalk in Metabolic Programming

Critically, GC-induced misprogramming of metabolism has predominantly been studied 
in the context of GR activation, with minimal consideration given to crosstalk with sex-
steroid hormones. This neglect belies clear evidence of interactions between these endo-
crine axes. First, GCs modify circulating sex-steroid levels during fetal development and 
adulthood, which in turn modulates sex-steroid effects by altering activation of their own 
receptors. Second, GCs can directly alter androgen, estrogen, and progestogen action by 
modulating cellular sex-steroid receptor signaling and gene transcription, as shown in 
adult-derived human and murine tissues in vitro and ex vivo (Figs. 1-3). Importantly, a sub-
stantial number of studies have shown that disrupting androgen or estrogen action during 
fetal development by treatment with native sex steroids, exposure to EDCs, or via other 
stressors that modulate endogenous sex-steroid levels all can result in later-life metabolic 
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derangements, which often show sex specificity [35-38]. Thus, GC sex-steroid crosstalk has 
important implications relevant to DOHaD and the in utero programming of metabolic 
disease risk.

The mechanisms by which crosstalk between GCs and sex steroids during fetal devel-
opment contribute to the misprogramming of metabolic physiology have not been directly 

Figure 1. Summary of proposed G and estrogen cellular crosstalk mechanisms from multiple 
tissues. A, Gs upregulate SULTE1, which reduces estrogen bioavailability by sulfation in 
human and mouse hepatocytes, and human breast cancer MCF-7 cells [43]. B, Estrogen pro-
motes GR proteasomal degradation by upregulating p53 and the E3 ubiquitin ligase Mdm2 in 
MCF-7 cells [44]. C, Estrogen upregulates PP5, which reduces G action by dephosphorylating 
GR Ser-211 in breast cancer cell lines [45]. D, GR inhibits ER transcription assembly for some 
genes. DNA-bound ER is bound by GRs DBD. AP-1 and FOXA1 assist in GR-ER association 
in breast cancer cell lines [47, 49]. GR SUMOylation is needed for destabilization of tran-
scription complexes in certain enhancers [49]. E, Co-treatment results in increased chro-
matin accessibility and unique ER and GR genome binding and consequent gene expression 
not observed during either single hormone treatment in breast and uterine cancer cell lines 
[50, 51, 62]. F, Estrogen inhibits GR target gene expression for some genes, characterized 
by lower chromatin accessibility and consequent lower GR, FOXA1/2, and transcription ma-
chinery binding to GBRs in human uterine cells [59, 60]. DBD, DNA-binding domain; DEX, 
dexamethasone; E, estrogen; ER, estrogen receptor; G, glucocorticoid; GBR, glucocorticoid-
binding region, GR, glucocorticoid receptor; p, phosphate; PP5, protein phosphatase 5; 
SULT1E1, estrogen sulfotransferase; S, sulfate.
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explored, but these interactions are likely significant because fetal GC overexposure 
disrupts sex-steroid action in the developing fetus and has lasting effects on reproductive 
parameters in animal models [39] (Fig. 4). Importantly, how GC-induced misprogramming of 
the hypothalamic-pituitary-gonadal (HPG) axis contributes to metabolic misprogramming 
has not been directly tested. The reported sex-specific metabolic outcomes following de-
velopmental GC overexposures suggests that disruption of sex hormone action is one po-
tential mediator of GC programming of sex-specific outcomes. Herein we review what is 
known about the mechanisms by which GCs modulate estrogen, androgen, and proges-
togen signaling. We propose that GC sex-steroid crosstalk is an understudied endocrine 
mechanism of toxicity that needs to be considered in studies assessing developmental 
misprogramming, especially when assessing sex-specific metabolic phenotypes.

2. Glucocorticoid and Estrogen Receptor Crosstalk

Crosstalk between GR and estrogen receptor (ER) signaling has been established in nu-
merous cell types from different species, including humans, rats, and mice. Although 3 es-
trogen receptors have been described, including ERα, ERβ, and the G protein-coupled ER, 
this section will focus on ERα because most crosstalk studies to date have focused on ERα. 
ER and GR have been shown to affect each other’s action both by altering receptor and li-
gand availability as well as by modulating each other’s genomic binding and transcriptional 
end points. This section outlines the current state-of-knowledge regarding GR and ERα 
crosstalk to contextualize how a common transcriptional mechanism of hormonal commu-
nication that is currently understudied during fetal development can lead to a better under-
standing of developmental misprogramming by aberrant GR signaling.

Work describing the nature of GR-ER crosstalk reviewed herein is based on breast cancer 
cell models as well as uterine and hepatic tissue, although GR/ERα crosstalk in different 
brain regions has also been reported [40-42]. Despite clear differences in function and de-
velopmental origin among these tissues, evidence of crosstalk between GR and ER has 
consistently been evident. In the ERα-positive breast cancer cell line MCF-7, along with 
mouse livers and human hepatocytes, GCs inhibit estradiol (E2) from binding to ERs by 
upregulating estrogen sulfotransferase (SULT1E1) and inducing estrogen inactivation via 
sulfation [43]. Likewise, E2 promotes the proteasomal degradation of GR in MCF-7 cells by 
upregulating p53 and the E3 ubiquitin ligase Mdm2 [44]. E2 can further reduce GR activity 
by decreasing the activating phosphorylation of GR at Ser-211 via upregulation of protein 
phosphatase 5 in an ERα-dependent manner [45].

Apart from crosstalk at the ligand and receptor level of action, GR and ERα also in-
fluence each other’s binding to chromatin and consequential control of gene expression. 
Indeed, a large overlap of DNA-binding sites for ERα, androgen receptor (AR), and GR 
have been identified in male breast tumors [46]. The potent pharmacological GR agonist 
DEX inhibits E2-mediated MCF-7 proliferation and downregulates ERα target gene ex-
pression by promoting GR recruitment to ERα-binding regions, causing the destabilization 
of the ERα transcriptional complex [47]. The observed direct interaction between GR and 
ERα is mediated through the GR DNA-binding domain (DBD), and the binding of GR to 
ER binding sites was shown to be mediated by activator protein 1 (AP-1) and the pioneer 
factor Forkhead Box A1 (FoxA1) [47]. The widespread expression of FoxA1 and AP-1 during 
development suggests that GR binding to ER binding sites may occur during development 
as well. Another study found that the co-regulator interaction domain of the ERα ligand-
binding domain (LBD) was necessary for the co-recruitment of GR to the estrogen response 
element (ERE)-rich array in an in vitro model, suggesting that co-regulator proteins also 
contribute to GR-ERα crosstalk [48]. Furthermore, ligand-bound SUMOylated GR can re-
press ER-activated genes by inhibiting the recruitment of the mega transcription factor 
complex to ERα-bound enhancers [49].

DEX has the ability both to inhibit and potentiate ERα target gene expression, indicating 
that the transcriptional outcome of GR-ERα crosstalk is gene specific [48]. Co-treatment 
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with E2 and DEX resulted in ERα-assisted loading of GR that was dependent on AP-1 [50]. 
Another study found similar results in MCF-7 cells, in which ERα and GR co-activation 
promoted GR chromatin association with ER and AP-1 response elements as well as with 
FoxO response elements [51]. This study provided important evidence of DEX and E2 
co-treatment enhancing ERα target gene expression [51]. Interestingly, the extent of ERα 
and GR crosstalk may go beyond altering known genes regulated by each hormone receptor 
alone. For example, in addition to reducing ER chromatin binding at some sites, DEX and 
E2 co-treatment also gave rise to GR and ERα binding at sites previously not identified in 

Figure 2. Summary of proposed G and androgen cellular crosstalk mechanisms from mul-
tiple tissues. A, T can increase G bioavailability by upregulating 11β-HSD1 gene expression 
in omental adipose tissue from children [94]. B, DEX promotes the inactivation of DHT into 
3α/β-diol in human preadipocytes [92, 93]. C, AR signaling suppresses GR gene expression in 
human prostate cancer and suppresses GR transactivation in CV-1 monkey kidney fibroblasts 
[86, 87]. D, DHEA upregulates and preferentially directs splicing of GR messenger RNA to-
ward the β isoform in human promyelocytic THP-1 cells [85]. E, GR upregulates AR-target 
genes in absence of T in prostate cancer cells [79, 80]. F, AR promotes GR-dependent gene 
expression in 3T3-L1s, brown adipose, and prostate cancer cells [80, 82, 95]. G, GR inter-
feres with some AR-transcriptional end points in co-treatment in prostate cancer cells 
[80]. H, AR and GR may inhibit each other by forming heterodimers [83]. A, androgen; 
AR, androgen receptor; ARE, androgen response element; DEX, dexamethasone; DHEA, 
dehydroepiandrosterone; DHT, dihydrotestosterone; G, glucocorticoid; GR, glucocorticoid re-
ceptor; GRE, glucocorticoid response element; p, phosphate; T, testosterone.
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mouse mammary epithelial cell lines in the absence of co-treatment [50]. Although this study 
did not assess gene expression, another study in human uterine endometrial cancer cells 
showed that simultaneous activation of GR and ERα gave rise to differentially expressed 
genes that were unique to the DEX and E2 co-exposure condition [52].

In addition to crosstalk in liver tissue and breast cancer cells, GCs are known to antagonize 
uterotrophic estrogen action [53-55]. DEX decreases estrogen-stimulated insulin-like growth 
factor 1 (IGF-1) gene expression [56] and inhibits the proinflammatory and bactericidal ac-
tivity of E2 in the rat uterus [57, 58]. Reciprocally, E2 can prevent GR from binding to gene 
promoters and consequently inhibit gene expression by promoting ERα binding to GREs and 
decreasing polymerase 2 occupancy [59] as well as by reducing recruitment of pioneer factors 
FoxA1/2 to GREs in human endometrial cancer cell lines [60]. In human uterine leiomyoma 

Figure 3. Summary of proposed glucocorticoid and progesterone cellular crosstalk mechan-
isms from multiple tissues. A, P can bind to GR and act as an agonist or antagonist, de-
pending on G bioavailability [104-133]. B, PR can modulate G bioavailability by regulating 
the expression of 11β-HSD1 and 11β-HSD2 [137-139]. C, GR action can suppress proges-
terone production by upregulating placental CRH [140, 141]. D, GR can downregulate PR-A 
expression [136]. E, GR and PR can bind and regulate common genes separately [102, 135]. 
F, GR and PR can co-regulate common genes when both reports are activated [102]. G, GR 
and PR-A may physically interact as a form of antagonism or agonism [102, 125, 136]. CRH, 
corticotropin-releasing hormone; DEX, dexamethasone; G, glucocorticoid; GR, glucocorticoid 
receptor; p, phosphate; P, progesterone; PR, progesterone receptor.
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and myometrium cell types, approximately 97% of the examined genes that were simulta-
neously regulated by DEX and E2 had similar expression patterns, while a few genes were 
identified as antagonistically regulated by DEX and E2 [61]. Likewise, co-treatment of DEX 
and E2 in the human uterine endometrial cancer cell line ECC1 resulted in only 5.2% of the 
co-regulated genes antagonistically regulated [52]. In the human endometrial adenocarcinoma 
Ishikawa cell line, DEX and E2 co-treatment resulted in a transcriptional profile that was 
most similar to that of E2, in part because GR adopted a chromatin-binding profile more sim-
ilar to that of ERα [62]. Thus, GCs and estrogens crosstalk in numerous ways to antagonize 
each other’s actions or to cooperate and drive transcription.

Emerging evidence suggests there is crosstalk between GR and other ERs besides ERα. 
In the ERα-negative A549 lung epithelial cell line, bisphenol A–induced suppression of the 
GR target gene ENaCγ was attenuated with the ER antagonist ICI  182780, suggesting 
that ERβ mediated this inhibitory effect, although more definitive studies are needed to 
validate this conclusion [63]. Furthermore, DEX has been shown to downregulate ERα and 
upregulate ERβ in cultured human adipose tissue [64].

The mechanisms explaining these different gene- and tissue-specific end points remain 
to be characterized, and the findings described in cancer cell lines need to be validated in 
metabolic tissues. However, the diverse evidence of GR-ERα crosstalk in multiple tissues 
suggests that GR-ERα crosstalk may be a common method of controlling the function of 
tissues sensitive both to GCs and estrogens. Whereas the individual developmental im-
pact of GCs and estrogens have been studied extensively in the context of DOHaD, the 

Figure 4. Schema of proposed sex-specific developmental misprogramming following 
developmental GR disruption. Exposure to psychological stress, pharmacological GCs, or 
GR-disrupting endocrine-disrupting chemicals during fetal development lead to increased 
endogenous GCs and/or alter GR signaling activity in the developing fetus. This leads to dis-
rupted fetal sex-steroid levels and/or disrupted sex-steroid transcriptional activity, which can 
have organizational effects on metabolic tissues during development and activational effects 
on metabolic tissues later in life. The end results of these effects are sex-specific develop-
mental outcomes in the offspring. GC, glucocorticoid; GR, glucocorticoid receptor.
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implications of GR-ERα crosstalk for DOHaD is a fertile area for exploration given that 
ERs and GR are expressed in fetal tissues critical for metabolic function, including skeletal 
muscle, liver, and adipose tissue [65-68].

3. Glucocorticoid and Androgen Receptor Crosstalk

GCs crosstalk with androgen signaling by lowering circulating androgen levels as well as 
by directly modulating cellular AR transcriptional end points. GCs suppress circulating tes-
tosterone (T) levels in men when administered exogenously [69-72] as well as in men with 
Cushing syndrome [73, 74]. In addition to suppressing the HPG axis, there are numerous 
cellular mechanisms by which GCs modulate androgen action (Fig. 2). The DBDs of the AR 
and GR have a high degree of amino acid sequence similarity, including a conserved P-Box, 
which allows them to bind similar, sometimes even identical, hormone response elements 
[75-77]; however, GR is unable to bind a subset of androgen-response elements [76, 78]. The 
functional overlap between AR and GR is evident in castration-resistant prostate cancer, 
in which GR activity regulates a different yet considerably overlapping transcriptome that 
renders androgen-deprivation therapy ineffective [79]. About one-third to one-half of the 
AR-binding regions overlap with GR-binding regions in antiandrogen-resistant xenograft 
tumors and GR-expressing LNCaP-1F5 cells [79, 80]. The presence of ligand-bound AR also 
influences genomic GR binding activity; liganded GR can antagonize AR transcription in 
the presence of androgens, but GR can promote AR transcriptional end points in the ab-
sence of androgens [77, 80]. Although the extent of overlap in chromatin binding and tran-
scription between GR and AR in non–prostate cancer tissues needs to be assessed, these 
results coupled with the structural similarities between the receptors suggest that GR has 
the ability to crosstalk with AR at the genomic level.

Depending on the DNA binding sequence, both AR and GR can either promote transcription 
or interfere with transcriptional activity [81, 82]. GR’s inhibitory effects on AR transcription 
is probably not due to competition for DNA binding, because DEX and dihydrotestosterone 
(DHT) co-treatment actually results in increased AR chromatin binding [80]. One possible 
way by which AR and GR inhibit each other’s transcriptional activity at specific genes may 
be by forming heterodimers at GREs [83]. Coactivators for each hormone receptor likely also 
play a role in crosstalk between GR and AR because SRC-1, the coactivator for several ste-
roid hormone receptors including GR, can inhibit AR transactivation [84]. Another possible 
mechanism of AR-mediated GR antagonism is through alternative splicing, as has been 
shown in monkey kidney fibroblasts in which the weak androgen dehydroepiandrosterone 
was shown to upregulate and preferentially direct splicing of GR messenger RNA into the β 
isoform, which is known to inhibit the expression of some GRα-regulated genes [85]. Apart 
from genomic crosstalk, AR signaling suppresses GR gene expression in prostate cancer 
[86]; however, whether AR suppresses GR expression in other tissues requires testing. The 
anabolic steroid oxandrolone antagonized GR transactivation in an in vitro monkey kidney 
CV-1 cell luciferase model without affecting cortisol binding to GR [87]. This effect was AR 
dependent, and interestingly, the dichlorodiphenyltrichloroethane metabolite dichlorodiph
enyldichloroethylene, a known antiandrogenic EDC, also suppressed GR transactivation. 
This suggests that AR-modulating EDCs may affect GR end points as well.

Crosstalk between AR and GR has also been reported in metabolic tissues such as pan-
creatic β cells, adipose tissue, and the liver. One study suggested that AR decreases DEX-
induced β-cell apoptosis in the INS-1 model [88]. GR was shown to upregulate AR expression 
and promote nuclear AR translocation during adipogenesis in human preadipocytes while 
concurrently decreasing AR transcriptional activity [89]. It is possible that the DEX-mediated 
upregulation of AR during adipogenesis results from the prodifferentiation effects of GR, and 
that DEX-mediated repression of AR transcriptional activity is needed to promote fat cell 
development because androgens inhibit adipocyte differentiation [90, 91]. In support of this, 
DEX promotes the inactivation of DHT into 3α/3β-androstanediol during human preadipocyte 
differentiation [92, 93]. This suggests that some crosstalk mechanisms may be specific to 
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certain developmental windows. T can upregulate 11β-hydroxysteroid dehydrogenase 1 (11β-
HSD1) in omental adipose tissue from children [94], suggesting that AR crosstalk with GR 
can also be mediated by altering tissue GC availability because 11β-HSD1 catalyzes the 
activation of GCs from inactive precursors. DHT and corticosterone co-treatment in white 
and brown adipose tissues resulted in amplified upregulation of GR-dependent genes that 
were not upregulated with DHT alone, whereas AR antagonism decreased GR transcrip-
tional activity in adipose and the liver [95]. Finally, androgens were shown to sensitize mice 
to GC-mediated lipid accumulation and insulin resistance, suggesting that androgen action 
cross-talks with GCs in metabolically important tissues [96].

Overall, multiple mechanisms of crosstalk between GCs and androgens have been re-
ported in several tissues in mouse models and humans (Fig.  2). Although GR-AR cross-
talk is a current clinical focus in prostate cancer research, not much is known about the 
physiological relevance of GR-AR crosstalk during fetal development or its relevance to 
DOHaD, even though GR and AR are both co-expressed in multiple fetal tissues, including 
the fetal liver and muscle among others [97, 98]. It is possible that GC-mediated disruption 
of normal androgen-dependent end points during the male fetal T surge may contribute to 
sex differences in the development of multiple tissues, including those that regulate glucose 
homeostasis postnatally.

4. Glucocorticoid and Progesterone Receptor Crosstalk

Progestogens are known to oppose GC action in different physiological settings, including 
in bone formation and lactation; however, they can also induce GC-like effects, such as im-
munosuppression during pregnancy [99]. These cell-type specific effects can be attributed 
to several crosstalk mechanisms that depend on the similarity of GR and the progesterone 
receptor (PR) and are likely influenced by cellular bioavailability of GCs. PR has 2 known 
nuclear isoforms, PR-A and PR-B, in addition to several alternatively spliced truncated 
isoforms whose function is not well understood [100]. PR-B possesses 164 additional amino 
acids at the amino terminus compared to PR-A, and is known to act as an activator of tran-
scription, whereas PR-A has been shown to function as a dominant negative transrepressor 
of PR-B in a cell- and gene-specific context; however, it may also induce transcription in 
some contexts [100, 101]. Progesterone (P4) can also act through membrane progestogen 
receptors and PR membrane components [100].

PR is the sex-steroid receptor with the highest similarity to GR. The sequence homology 
between the DBD of PR and GR is 90%, which allows both receptors to share chromatin-
binding sites [102, 103]. The LBDs are 55% homologous, allowing P4 to bind GR with sig-
nificantly higher affinity when compared to T or E2, but with relatively weak affinity in 
comparison to GCs [104]. As such, P4 and synthetic PR modulators can elicit cellular effects 
by binding to GR [100, 105-107]. Synthetic GCs (including DEX) and endogenous GCs (eg, 
corticosterone) can also bind to PR [105, 108, 109]. Although the binding affinity of cortisol 
appears to be weaker compared to these GCs, it may still induce biological effects through 
PR [110].

Evidence from in vitro experiments employing doses of P4 in the micromolar range in the 
absence of GCs suggest that P4 is able to act as a GR agonist in physiological settings when 
endogenous P4 levels are the highest, such as pregnancy. Evidence for P4 acting as a GR 
agonist in female reproductive tissues has been shown in human primary myometrial cells 
in which P4 inhibits interleukin-1β–driven cyclooxygenase 2 (COX-2) expression [111, 112], 
and in rat luteal cells in which it inhibits 20α-hydroxysteroid dehydrogenase [113]. GR 
agonism by P4 is thought to contribute to immune suppression during pregnancy [114]. 
This concept is supported by studies showing GR-mediated suppression of several immune 
processes by P4, such as nitric oxide production in murine peripheral mononuclear cells and 
macrophages [115, 116], interferon-γ expression in mouse natural killer cells and human 
uterine natural killer cells [117], and IL-6 levels in bone marrow–derived dendritic cells [118] 
as well as by inducting murine T-cell apoptosis [119]. One study found that P4 upregulated 
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the proinflammatory cytokine IL-12p40 in the human ectocervical epithelial cell line Ect1/
E6E7 by activating GR, suggesting that the direction of P4 immunomodulatory effects are 
cell specific [120]. While the results of these studies are likely relevant to tissues with high 
11β-HSD2 expression and consequently low GC bioavailability, studies showing that P4 can 
antagonize GR action when coadministered with GCs also emphasize the capacity of P4 to 
modulate GR signaling in the presence of endogenous GCs.

As a partial agonist for GR, P4 can antagonize GC action by preventing full GR induction 
by GCs [104, 121, 122]. Evidence that sufficiently high concentrations of P4 outcompete 
GCs for GR binding has been suggested as one potential mechanism by which P4 prevents 
GC-mediated bone loss [123]. In human chorion, amnion, and placental tissue, competi-
tion for GR by P4 has been suggested to antagonize GC-mediated prostaglandin synthesis 
by maintaining prostaglandin dehydrogenase activity and inhibiting COX-2 expression 
[42, 124, 125]. P4 competition for GR has also been suggested to antagonize GC action in 
rat fetal and human lung epithelial cells [126, 127] and in adipose tissue [128-133]. More 
studies are needed to test the extent to which high endogenous P4 levels during gestation 
or during the luteal phase of the menstrual cycle interfere with GC by preventing GC-GR 
binding, rather than by other mechanisms.

Studies using the human breast cancer cell line T47D/A1-2, which has been transfected 
with GR to induce similar expression levels as PR, have shown that PR and GR can regulate 
common genes by distinct mechanisms [102, 134, 135]. Independent treatments of DEX or 
the synthetic PR ligand R-5020 both upregulated and downregulated common genes in ad-
dition to regulating distinct genes [135]. These results suggest that PR and GR regulate dis-
tinct sets of genes that overlap; however, the extent that GR induction by R-5020 contributed 
to the overlapping gene set was not assessed. ChIP-sequencing after treatment with equal 
concentrations of either hormone showed that, in addition to having unique chromatin 
binding sites, PR and GR share common binding sites [102]. Co-treatment experiments in 
this study revealed various examples of gene-specific regulation, including additive chro-
matin binding of each receptor and consequent gene upregulation, GR-mediated inhibition 
of PR genomic binding and gene expression, and reciprocal decreases in chromatin binding 
of both receptors. More studies are needed to assess the extent to which PR and GR cross-
talk by these mechanisms in non-cancer tissues that express normal levels of both receptors.

Additional mechanisms of crosstalk have been proposed in a variety of human and murine 
tissues. In CV-1 fibroblasts, overexpression of PR-A inhibited GR activity by mechanisms 
that did not require P4 binding to PR-A or PR-A binding to DNA [101]. Limited evidence 
suggests that PR-A and GR can physically interact as a form of antagonism or agonism 
[102, 125, 136]. GR-mediated downregulation of PR-A expression may be one common 
mechanism of crosstalk, as shown in mouse lung [136]. Modulation of circulating P4 and 
GC levels may be another mechanism of crosstalk because P4 can regulate GC metabolizing 
enzymes such as 11β-HSD1 [137, 138] and 11β-HSD2 [139], whereas GC-induced placental 
corticotropin-releasing hormone production can reduce human trophoblast P4 production 
[140, 141]. Like endogenous GCs, P4 can also bind to corticosteroid-binding globulin [142], 
potentially altering GC levels and bioavailability.

The overall evidence of GCs and P4 crosstalk in several tissues by numerous mechanisms 
suggests that aberrant GC action during fetal development has the potential to disrupt de-
velopmental PR action. More studies are needed to understand the role that PR plays in the 
development of key metabolic tissues and how developmental disruption of PR by aberrant 
GC exposure alters PR-mediated developmental processes. Because PR is also known to 
crosstalk with AR and ER [99], studies are needed to test how GC-mediated disruption of 
fetal T levels or ER activity can disrupt PR action during fetal development.

5. Sex-Steroid and Glucocorticoid Action During Fetal Development

Levels of maternal estrogens, P4, and cortisol increase during gestation and peak near 
term to maintain a successful pregnancy (Fig. 5) [143, 144]. Fetal levels of sex steroids and 
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cortisol peak at different gestational periods and induce drastic organizational changes in 
the developing fetus (Fig. 5) [11, 145-147]. Fetal GCs are known to peak toward the end of 
gestation in a variety of mammalian species, including humans, when they stimulate the 
maturation of tissues in preparation for postnatal life [11, 147]. Aberrant GC activation 
during development consistently leads to later life adverse health outcomes, including met-
abolic defects in numerous species (reviewed in [11, 148, 149]).

The action of sex steroids on the developing fetus is known to be instrumental in the es-
tablishment of physiological sex differences. With the exception of fetuses affected by gonadal 
dysgenesis, fetal T in males peaks during midgestation in humans and toward the end of ges-
tation in rats [150]. Increased T levels in male fetuses during the masculinization window and 
during neonatal development are known to establish sexually dimorphic traits in reproduc-
tive organs and the brain (reviewed in [151, 152]). Although T levels are markedly higher in 
developing males, tissue-specific aromatization of androgens to estrogens is common during 
development and mediates sex-specific differences in developmental outcomes [153]. Thus, 
androgen and estrogen action are both important for sex-specific development. Although male 
and female fetuses are exposed to the same amount of P4, sex differences in fetal P4 action 
may contribute to sex differences in brain development because PR expression has been re-
ported to be higher in the male hypothalamus, including the medial preoptic area (MPOA) 
in neonatal mice and rats, and the ventromedial nucleus (VMN) in neonatal mice [154]. The 
higher PR expression in the neonatal male hypothalamus has been attributed to upregulation 
by ERα action induced by aromatized T [155]. Thus, disruption of either sex steroid class 
during fetal development may alter sex-specific end points. Given the extensive evidence of 
GC crosstalk with AR, ERα, and PR, aberrant GR activation during these early develop-
mental windows may be an underappreciated disruptor of sex-steroid–dependent develop-
mental outcomes, which may lead to sex-specific consequences.

6. The Role of Sex Steroids and Glucocorticoids in Sex-Specific Fetal 
Programming of Metabolism

GR-driven developmental misprogramming of the HPG axis may alter how sex steroids 
regulate metabolism in a sex-specific manner. Sex differences in fat distribution, lipid 

Figure 5. Maternal and fetal patterns of cortisol, P4, E2, and T during human pregnancy. Levels 
of each hormone are shown relative to its basal gestation levels. Maternal patterns are shown in 
solid lines; fetal patterns are shown as shaded areas. This figure was modified [11, 143-147] to 
capture normal patterns of maternal and fetal hormone changes during gestation, disruptions 
that may alter endocrine crosstalk that results in sex-specific misprogramming of development 
and potential long-term health consequences. E2, estradiol; P4, progesterone; T, testosterone.
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metabolism, insulin sensitivity, and glucose metabolism are well known and have been 
reviewed extensively [152, 156]. Although numerous factors contribute to sex differences 
in metabolism, including societal pressures and sex chromosome complement [157, 158], 
this section will focus on differences in circulating sex steroids [151]. Sex steroids regulate 
numerous aspects of glucose and lipid homeostasis (reviewed in [159, 160]). E2 is suggested 
to protect against insulin resistance in women by increasing insulin sensitivity. Conversely, 
lower T levels in men are associated with increased visceral adiposity and decreased in-
sulin sensitivity. Although its effects on metabolism are less clear, P4 has been shown to 
modulate β-cell insulin secretion alone or by modulating E2 action, and P4 has also been 
shown to decrease insulin sensitivity [161]. Thus, developmental insults that disrupt the 
function of the HPG axis later in life, such as elevated fetal GC levels or inappropriate 
GR signaling activation, have the potential to disrupt glucose homeostasis by altering the 
metabolism-regulating activational effects of sex steroids. Additionally, GC-mediated dis-
ruption of sex-steroid action on peripheral tissues during development may lead to sex-
dependent disruption in the organization of metabolic tissues.

Sex steroids are known to regulate the sexual differentiation of reproductive organs and 
the brain, yet little is known about how sex steroids influence the development of periph-
eral metabolic tissues. However, recent work suggests that androgens and estrogens con-
tribute to the development of key metabolic tissues [162-164]. One recent study showed 
that sex differences in hepatic metabolism in mice can be programmed by neonatal es-
trogen action [162]. Furthermore, girls on average have a lower body weight, more adi-
posity, and increased circulating insulin compared to newborn boys [165-168], suggesting 
that peripheral tissues undergo sex-specific organizational changes in utero and are thus 
sensitive to hormonal disruptions during development. As such, the molecular machinery 
for sex-steroid action is present during fetal and neonatal development. ARs are expressed 
in the human fetal liver [169], and ER expression displays sex-specific differences in the 
mouse liver late in gestation and during neonatal life [162, 163]. Additionally, estrogen 
signaling in white adipose progenitors inhibit differentiation into brown adipose [164], fur-
ther suggesting that estrogen action during early development can induce organizational 
changes in adipose tissue in a sex-dependent manner. Whether estrogen action is involved 
in the early development of other tissues that control glucose homeostasis needs further 
study, but work in zebrafish demonstrates ER activation in the developing pancreas [65]. 
Additionally, sex-steroid–metabolizing enzymes such as aromatase [169-171], SULT1E1 
[172, 173], and enzymes responsible for synthesizing the more potent androgen DHT [169] 
are expressed in the fetal liver. Whether tissue-specific disruption of sex-steroid metabolism 
contributes to the differential programming of peripheral metabolic tissues requires fur-
ther study. Importantly, GCs upregulate aromatase in fetal hepatocytes [174, 175], whereas 
DEX upregulates SULT1E1 expression in adult mouse and human hepatocytes, and conse-
quently decreases circulating E2 in mice [43]. Collectively this suggests that fetal GC over-
exposure may affect fetal circulating estrogen levels and impact estrogen-dependent fetal 
development.

Interestingly, disruption of estrogen, androgen, or GC signaling results in adverse meta-
bolic outcomes later in life (reviewed in [35]), further emphasizing the importance of these 
hormone classes in the normal development of metabolic physiology. Inhibition of ERα ac-
tivity during fetal development by inhibiting aromatase in baboons results in later life in-
sulin resistance [176, 177], whereas prenatal exposure to ERα- and AR-disrupting EDCs is 
associated with adverse metabolic outcomes in population-based and animal studies [27]. 
Prenatal overexposure to androgens leads to metabolic perturbations in female offspring 
characterized by increased adiposity, impairments in insulin secretion, and/or insulin re-
sistance in mice, rats, sheep, and monkeys [178-182]. Further work is needed to determine 
how aberrant sex-steroid action leads to these metabolic perturbations. Direct AR, ERα, or 
PR modulation in key metabolic tissues could lead to organizational misprogramming that 
results in disease. Alternatively, aberrant sex-steroid action could alter the development 
of reproductive or neuronal end points that increase susceptibility to metabolic disease by 

https://doi.org/10.1210/jendso/bvaa087


14 | Journal of the Endocrine Society | doi: 10.1210/jendso/bvaa087

changing eating behavior or sex hormone levels during adulthood. Nonetheless, there is 
robust evidence showing that aberrant GR activation disrupts sex-steroid action during 
development. Whether GR disruption results in sex-specific adverse outcomes by altering 
sex-steroid action during the establishment of sex differences of key metabolic tissues re-
mains to be studied.

The potential effects of developmental disruption of PR action on metabolic 
misprogramming is largely speculative because of limited understanding of the role that PR 
plays in the development of key metabolic tissues. Higher neonatal expression of PR in male 
rodent MPOA and VMN, hypothalamic areas involved in maintaining lipid and glucose ho-
meostasis in addition to controlling sexual behavior and other functions [1, 183], suggests 
that developmental PR disruption may alter the development of these regions and promote 
sex-specific alterations in postnatal metabolism. Because higher PR expression in the MPOA 
and VMN of male fetuses has been attributed to increased ERα action by aromatized fetal T, 
disrupting fetal T levels or ERα expression by aberrant GC action may alter the male devel-
opment of these hypothalamic areas [155]. Whether there are sex-specific differences in PR 
expression in other developing tissues critical for controlling postnatal metabolism requires 
further study. Additionally, the effects that gestational GC overexposure have on adult P4 
levels needs further investigation because gestational GC overexposures have been asso-
ciated with increased apoptosis in fetal ovaries and lasting alterations in the HPG axis as 
discussed later. Thus, abnormal programming of P4 secretion in women may alter glucose 
homeostasis during adulthood given its influence on insulin secretion and insulin sensi-
tivity [161]. Studies are needed to verify these hypotheses and to assess the extent to which 
developmental PR disruption can contribute to sex-specific misprogramming of metabolism.

7. Evidence for Developmental Sex-Steroid Disruption by Aberrant 
Glucocorticoid Receptor Activation

Early-life GC overexposure from psychological stress or pharmacological GC treatments in 
animal models disrupts the normal T surge during early development and alters androgen-
dependent developmental outcomes in a sex-dependent manner [39]. Early studies showed 
that maternal exposure to psychological stress or exogenous GCs during the last trimester 
decreased fetal androgen action, as evidence by decreased anogenital distance and lowered 
testes weight at birth as well as “feminized” sexual behavior during adulthood in male off-
spring [184-186]. Subsequent studies suggested that these phenotypes were established 
during fetal development since prenatal treatments with pharmacological GCs (DEX, 
betamethasone, or prednisone) as well as chronic stress during late gestation blunted ges-
tational T in mice and rats [187-190]. Critically, the 2 studies that longitudinally measured 
fetal T during pregnancy showed that stress increased fetal T at gestational day 17 and 
decreased T during gestational days 18 to 19, when fetal T typically peaks [188, 189]. The 
impact of these time-dependent alterations in fetal T on development need more detailed 
assessments. Subsequent studies showed that gestational GC overexposure inhibited male 
genital development in fetal sheep and mice [191-193], suggesting that gestational GC over-
exposure can interfere with the development of reproductive organs by altering fetal T and/
or by inappropriately activating GR signaling in these tissues directly. Interestingly, as op-
posed to males, gestational GC overexposure appears to have androgenic effects on female 
fetuses. Stressful life events have been associated with increased anogenital distance at 
birth in female infants [194] and “masculinized” play behavior in young girls [195]. In an-
imal studies, prenatal stress has been shown to increase fetal T in female mice [196]. The 
nature behind sexually dimorphic effects of gestational GC overexposure on fetal andro-
genic action requires further study.

Critically, the GC-induced fetal misprogramming of reproductive organs appears to have 
effects on the HPG axis that persist into adulthood. Developmental overexposure to GCs 
altered anogenital distance [197-201], delayed puberty [202, 203], and affected reproductive 
organ weights, function, and sperm parameters [204-206] in rats. Importantly, the most 
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consistent finding from all these studies was that the different GC overexposure paradigms 
resulted in approximately 40% to 50% reductions in circulating T in male offspring during 
adulthood. Notably, prenatal DEX exposure during late gestation in rats amplified the devel-
opmental alterations in male reproductive organs relative to antiandrogenic phthalate ex-
posure alone, including the severity of hypospadias, incidence of cryptorchidism, reductions 
in anogenital distance, and lower plasma T concentrations [207]. Although none of these 
studies assessed metabolic parameters in the affected offspring, low T in males is known to 
impair glucose homeostasis based on the various roles that androgens play in glucose and 
lipid control [160]. Similar GC overexposure paradigms in studies that tested for metabolic 
end points have demonstrated reduced insulin sensitivity and impaired glucose tolerance 
[31, 208-211]. Thus, reductions in later-life circulating T in males may be one mechanism by 
which developmental GC overexposures can derange metabolism in a sex-specific manner.

Unfortunately, few studies have assessed circulating sex steroids in female offspring 
following developmental overexposure to GCs. One study showed that maternal stress in 
guinea pigs increased T levels in female offspring during adulthood [212], whereas prenatal 
DEX led to reduced circulating follicle-stimulating hormone and luteinizing hormone in 
peripubertal rats [213] and lower serum E2 in adult female offspring [214]. The most con-
sistent results reported in female offspring were alterations in the onset of puberty and 
variations in the length of estrus stages [215-220] as well as decreased numbers of healthy 
primordial follicles [221, 222], likely due to the proapoptotic action of DEX reported on human 
and rat fetal ovaries [223, 224]. Thus, developmental GC overexposure has the ability to 
disrupt later-life processes in female offspring that depend on sex-steroid action. Critically, 
decreased circulating T in men, in contrast with increased circulating T in women, has been 
associated with type 2 diabetes risk [225, 226]. Given that prenatal GC overexposure in an-
imal models has been shown to decrease T in adult males and increase T in adult females, 
thorough assessments should test whether these outcomes are consistent in humans. Acute 
stressful events during gestation in humans and rodent models decrease circulating P4 
levels, and can induce premature birth and or miscarriage [227-229]. Interestingly, male 
offspring have a higher rate of premature birth [230]. The links between GR/PR crosstalk 
and prematurity should be explored, especially, because premature birth is associated with 
a higher risk of metabolic disease later in life [231, 232].

Work from other animal models that resulted in fetal GC overexposure further supports 
the idea that abnormal crosstalk between GCs and sex steroids during development leads 
to the misprogramming of metabolism. For example, gestational caloric and protein restric-
tion increase fetal GC exposure while also leading to derangements in metabolic and repro-
ductive health (reviewed in [1, 15, 233]). These gestational exposures likely misprogram 
development differently from psychological stress or pharmacological GC treatments be-
cause they increase gestational T levels [234-236]. More work is needed to fully understand 
how these dietary models misprogram metabolism in the offspring, but given that reproduc-
tive perturbations are observed throughout the lifespan of the offspring, they likely involve 
alterations of the HPG axis (reviewed in [233]). Thus, several animal models that increase 
fetal GC exposure lead to similar metabolic and reproductive phenotypes in the offspring, 
some of which exhibit sex specificity. Further work is needed to understand the mechanisms 
by which GCs and sex steroids crosstalk during development and how these interactions 
contribute to adverse metabolic phenotypes.

8. Misprogramming of Neuroendocrine Pathways Controlling  
Sex-Specific Metabolic Outcomes

GC-mediated disruption of sex-steroid action in the hypothalamus and/or anterior pitui-
tary may lead to postnatal sex-specific derangements in metabolism. The neuroendocrine 
system undergoes substantial sex-specific organizational changes induced by sex steroids 
during early development, including in regions that control glucose and lipid homeostasis 
such as the hypothalamus and anterior pituitary [4, 237]. For example, differences in growth 
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hormone (GH) secretion by sex are established by organizational effects of neonatal sex-
steroid exposure and are then activated by sex hormones after the onset of puberty (reviewed 
in [238, 239]). After puberty, females continuously secrete GH, which leads to persistent acti-
vation of hepatic signal transducer and activator protein 5b (STAT5b), whereas males display 
pulsatile GH secretion leading to differences in downstream GH signaling and consequen-
tial sex differences in hepatic gene expression and metabolic function (reviewed in [240]). 
Partial masculinization of the GH-IGF-1 axis and consequential liver function have been 
reported in female mice developmentally overexposed to T [241, 242]. In contrast, estrogen 
is known to masculinize neural pathways [243]. Intriguingly, exposure to the estrogenic 
EDC bisphenol A also results in the “partial masculinization” of the GH/IGF-1 axis [244], 
underscoring how disruption of sex-steroid action can disrupt a developmental pathway that 
regulates sex-specific metabolic function postnatally. It is possible that overactivation of GR 
signaling during early development can alter the sex-specific development of neuroendocrine 
pathways that are mediated by sex steroids and lead to sex-specific outcomes in glucose and 
lipid homeostasis, although this hypothesis needs further testing. Interestingly, one study 
showed that prenatal DEX exposure increased hepatic steatosis in female rat offspring only, 
at least in part via a reduction in hypothalamic GH-releasing hormone and consequential 
GH action [33]. More work is needed to assess how GR signaling overactivation affects sex-
steroid action in neuroendocrine regions that control postnatal metabolism and how these 
alterations can lead to defects in glucose and lipid homeostasis.

9. Future Directions

In line with previous analyses [245], the evidence outlined herein presents the current 
understanding of the multiple mechanisms by which GCs crosstalk with sex steroids in 
various tissues. In developed tissues and adult animals, GC sex-steroid crosstalk leads to 
physiologically important effects on reproductive capacity, cancer risk, and metabolic func-
tion. Our understanding of how GR sex-steroid crosstalk operates during fetal develop-
ment is mainly limited to GC overexposure studies that have shown reductions in fetal T 
levels, alterations in reproductive development, and persistent effects on the HPG axis. 
We suggest that abnormal GR signaling activation can disrupt sex-steroid action in key 
metabolic tissues during development as well, either by altering sex-steroid levels or by 
directly interfering with AR, ER, or PR transcriptional end points, ultimately resulting in 
organizational changes that affect metabolic health later in life. Given that sex-specificity 
in metabolic outcomes following developmental GC overexposure is a commonly observed 
phenotype that remains incompletely understood, further studies examining GC sex-steroid 
crosstalk are essential for enhancing our understanding of sex-specific metabolic program-
ming. The exciting findings that tissue co-stimulation with GCs and either androgens or 
estrogens alters the regulation of genes that are not regulated by either hormone alone 
warrants further study to clarify the molecular mechanisms by which co-exposures mod-
ulate gene expression. Furthermore, the ability of GCs and sex steroids to induce unique 
gene signatures only in the presence of each other warrants investigating how sex steroids 
and GCs synergize in fetal and neonatal tissues to regulate development. This is especially 
important since our basic understanding of how sex steroids regulate the development of 
peripheral metabolic tissues remains limited [89, 162-164, 246]. Thus, studying GC sex-
steroid crosstalk is imperative to advancing our understanding of basic mammalian de-
velopment, but it is also important to better appreciate how disruptions in each of these 
hormone classes affects development. Further work is needed to understand the outcomes 
of prenatal GC overexposures in fetuses with atypical sex-steroid profiles, as seen with chil-
dren born with differences in sexual development. While this review focuses on metabolic 
misprogramming, interrogating how environmental and pharmacological GCs as well as 
prenatal stress crosstalk with sex steroids is essential for understanding the development 
of outcomes in other areas of health that have been shown to exhibit sex-specific differences 
resulting from perinatal insults.
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From the perspective of environmental health, consideration of GC sex-steroid crosstalk 
is especially salient for EDC screens and regulatory assessments of chemical safety. In an-
imal models, careful and uniform management of animal stress, a trigger of endogenous 
GC release, is essential for studying EDCs affecting estrogenic and androgenic end points 
given the antagonistic effects of GCs that have been reported. Further, in vitro screens for 
sex-steroid– and GC-disrupting activity should account for transcriptional crosstalk. The 
genomic binding and transcriptional overlap that GR exhibits with AR, ER, and PR as 
well as the ability of AR and ER to promote assisted loading with GR during co-exposures 
could result in significantly higher activity than when studying one chemical or pathway 
in isolation. Critically, the dose-response of co-treatments should be evaluated to ascertain 
how GCs and sex steroids fundamentally alter transcriptional end points and physiolog-
ical outcomes across exposure ranges. This is relevant to EDC screening efforts because 
the activity of one type of EDC (eg, estrogenic) in the environmental context of a high- or 
low-interacting hormone (eg, GC) may elicit very different outcomes. For example, higher 
EDC exposures in animal models can possibly raise endogenous GC levels and obscure 
sex-steroid–dependent phenotypes if these endogenous GCs antagonize sex-steroid ac-
tion. Thus, measurements of endogenous GCs and GC-related outcomes in animal models 
examining sex hormone–disrupting EDCs should be a standardized practice to better 
understand nonlinear responses relevant to assessing safe and acceptable levels of EDC 
exposures [247, 248].

Furthermore, crosstalk of EDCs that exhibit affinity both to GR and a sex-steroid re-
ceptor with an opposing function should be considered because it is possible that one 
chemical can have strong endocrine-disrupting actions at lower doses mediated by one re-
ceptor that may be blunted by antagonism through a separate nuclear receptor at higher 
concentrations. The similarities between the PR and GR LBDs and the resulting potential 
for ligands to bind both receptors with different affinities should be accounted for when 
testing GR- or PR-active EDCs in tissues expressing both receptors. This same logic applies 
to the mineralocorticoid receptor, which has even greater similarity to GR than PR but 
is beyond the scope of the present review [103]. In all of these instances, crosstalk be-
tween these hormone classes or differential activation of different receptors may be possible 
mechanisms for the nonmonotonic dose-response relationships for some EDCs. In addition, 
the issue of GC sex-steroid crosstalk is fundamentally important for understanding the bio-
logical impact of exposure to chemical mixtures in which various components may modulate 
signaling through these intersecting signaling cascades. Furthermore, given the increasing 
recognition that allostatic load plays an important role in the pathogenesis of metabolic 
diseases [249], models of concordant exposure to EDCs modulating estrogenic or androgenic 
signaling with excess endogenous, environmental, or pharmacological GCs may illuminate 
metabolic misprogramming events that promote the development of human diseases and 
their sex-specific manifestations.

10. Conclusions

Evidence from animal studies strongly support the capacity of GCs to disrupt sex-steroid ac-
tion during fetal development. Interestingly, the same exposure doses or stress paradigms 
that have resulted in altered sexual development have been shown to induce metabolic dys-
function during adulthood in animals, and these metabolic outcomes often show differences 
by sex. How the sex-steroid–disrupting actions of prenatal GC overexposure lead to sex 
differences in metabolic outcomes has not been explored. Studies focused on metabolic end 
points generally do not measure sex hormone end points in their studies, making it difficult 
to unravel how disruptions of sexual reproduction and metabolism are connected, despite 
the definite influence of sex steroids on insulin sensitivity, insulin secretion, and adiposity 
[159, 160]. The role that sex steroids play in the development of organs that are essential 
in regulating glucose and lipid homeostasis remains incompletely understood, yet estrogen- 
and androgen-overexposure studies consistently show adverse metabolic outcomes in animal 
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studies. Furthermore, EDCs that disrupt estrogen and/or androgen action have been shown 
to misprogram metabolism in animal studies and some epidemiological studies. Considering 
hormone crosstalk during development is necessary to mechanistically illuminate how me-
tabolism is misprogrammed by EDC exposures and how sex-specific outcomes arise.
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