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Abstract

Glucocorticoids are steroid hormones that regulate diverse cellular functions and are essential to
facilitate normal physiology. Yet, stress-induced levels of glucocorticoids result in several
pathologies including profound reproductive dysfunction. Compelling new evidence indicates
glucocorticoids are crucial to the establishment and maintenance of reproductive function. The
fertility promoting or inhibiting activity of glucocorticoids depends on timing, dose, and
glucocorticoid-responsiveness within a given tissue, which is mediated by the glucocorticoid
receptor. The glucocorticoid receptor gene and protein are subject to cellular processing,
contributing to signaling diversity and providing a mechanism by which both physiological and
stress-induced levels of glucocorticoids function in a cell-specific function. Understanding how
glucocorticoids regulate fertility and infertility may lead to novel approaches to the regulation of
reproductive function.
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INTRODUCTION

Glucocorticoids are essential for stress adaptation through regulation of metabolic activity,
behavior, and reproduction, in which trade-offs are made between immediate survival and
future offspring. Stress-induced levels of glucocorticoids mediate this process through direct
and indirect actions on the hypothalamic-pituitary-gonadal axis (HPG). Interestingly, the
presenting complaint of the first Cushing’s syndrome (see glossary) patient in 1912 was
secondary amenorrhea. However, the molecular mechanisms by which high levels of
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glucocorticoids suppress fertility are complex and have yet to be fully discovered. Moreover,
basal glucocorticoid levels are critically important for the establishment and maintenance of
fertility, as evidenced in patients with Addison’s disease that present with premature ovarian
failure and oligospermia [1, 2]. Our current understanding of glucocorticoid signaling in the
context of reproductive physiology is limited. Notably, a balance between low and high
levels of glucocorticoids differentiates between fertility and infertility and elucidating the
molecular mechanisms governing this shift is a potential new direction for future research.

Circulating levels of glucocorticoids are a function of the activation status of the
hypothalamic-pituitary-adrenal (HPA) axis (Box 1). The biological effects of glucocorticoids
are determined by serum concentrations in concert with relative expression of the 118-
hydroxysteroid dehydrogenase isoenzymes (11p-HSD) and the glucocorticoid receptor
(gene: NR3C1; protein: GR), a ligand-dependent transcription factor (Box 2). The
transcriptional activity of GR demonstrates profound diversity, stimulating or suppressing
the expression of 10-20% of all genes in the human genome (Box 3) [3]. Identifying which
genes are targets of GR regulation in reproductive tissues will provide a basis for
understanding the mechanisms by which glucocorticoids regulate reproduction and a
framework for the complex regulatory networks. Establishing which signaling networks are
associated with stress-induced infertility will ultimately provide new avenues for therapy.
Here, we review recent findings of glucocorticoid action in the reproductive system,
summarizing historical data and highlighting new insights where research is ongoing.

Glucocorticoid actions in the hypothalamus and pituitary: recent
developments

The hypothalamus and pituitary preside over reproductive physiology by acting as a central
terminal for the input and output of endocrine signals [4]. Gonadotropin-releasing hormone
(GnRH) is synthesized and secreted by the hypothalamus, which then crosses through the
hypophyseal portal system into the anterior pituitary. In the pituitary, GnRH induces the
synthesis and release of follicle-stimulating hormone (FSH) and luteinizing hormone (LH)
from the gonadotropes, which trigger testosterone release from the testis and estradiol and
progesterone release from the ovaries. A feedback loop exists by which testosterone inhibits
the secretion of GnRH and therefore FSH and LH production. In females, ovarian estradiol
also exerts negative feedback on the hypothalamus and pituitary. However, during the late
follicular phase of the menstrual cycle, rising levels of estradiol from the follicle triggers a
switch from negative to positive feedback on the hypothalamus resulting in increased GnRH
secretion. During the luteal phase of the menstrual cycle, rising levels of progesterone
negatively feedback to suppress activity in the hypothalamus and pituitary. At the late luteal
phase the levels of estradiol and progesterone decline, allowing gonadotrophins to again rise
and triggering the beginning of a new cycle.

Increased glucocorticoid exposure, either by stress or exogenous treatment, leads to
profound reproductive dysfunction through well-described effects in the hypothalamus and
pituitary [5-7]. Glucocorticoids modulate the HPG axis by directly inhibiting the release of
GnRH from the hypothalamus and the synthesis and release of gonadotropins from the
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pituitary. However, the signaling pathways by which this occurs are still under investigation
and are further complicated by the recent discovery of new neuropeptides, such as kisspeptin
(KISS1) and gonadotropin-inhibitory hormone (GnlH). These neuropeptides have opposing
effects on GnRH release from the hypothalamus and are responsive to high levels of
glucocorticoids. KISS1 exerts stimulatory effects on GnRH secretion through its cognate
receptor KISS-1R (also known as g-protein coupled receptor 54; GPR54) that is co-
expressed in GNRH neurons. KISS1 neurons in the anteroventral periventricular nucleus and
periventricular nucleus continuum of the preoptic area of the hypothalamus express GR,
suggesting that glucocorticoids can directly act in these neurons [8]. In mice, corticosterone
treatment diminished hypothalamic expression of KISS1 during the estradiol-induced LH
surge and decreased the activation of KISS1 neurons [9]. Impairment of KISS1 neurons
represents a newly discovered mechanism by which glucocorticoids are able to suppress the
HPG axis. GnlH (mammalian orthologue Rfamide-related peptide-3 (RFRP3)) neurons
inhibit the activity of GnRH neurons and KISS1 neurons [10]. Acute (audiovisual
imposition of a predator, hypoglycemia, or lipopolysaccharide challenge) and chronic stress
(synthetically-induced plasma cortisol levels) in sheep increase the function of GnIH
neurons and increased contacts with GnRH neurons [11]. Immobilization stress-induced up-
regulation of GnlH led to inhibition of LH release from the pituitary [12]. Adrenalectomy
blocked induction of GnlH, suggesting that glucocorticoids released in response to stress
mediated this effect. NR3C1 is coexpressed in GnlH neurons, and corticosterone treatment
in quail and a rat hypothalamic neuronal cell line increased Gn/H expression through
glucocorticoid response elements (GRES) in the Gn/H promotor [13]. Regulation of GnRH
expression and release by KISS1 and GnlH represent two novel mechanisms by which
glucocorticoids indirectly modulate reproductive functions of the hypothalamus and
pituitary.

Glucocorticoids regulate the function of organs in the reproductive tract

Ovary

In addition to the effects on ovarian cyclicity mediated through the hypothalamus and
pituitary, glucocorticoids impact ovarian physiology through regulating the functions of
granulosa cells, oocytes, cumulus cells, and luteal cells [9]. Glucocorticoids differentially
induce and repress steroidogenesis in the ovary. In rat preovulatory granulosa cells,
dexamethasone increased production of progesterone by increasing the expression of
caspase-3 and the steroidogenic proteins steroidogenic acute regulatory protein (StAR) and
cytochrome P450 cholesterol side chain cleavage enzyme [14]. Glucocorticoids (cortisol and
dexamethasone) have also been shown to decrease LH-induced StAR protein levels and
progesterone production in rat and human granulosa cells [15, 16]. These differences may
reflect differences in dose or stage of follicular development. Cortisol treatment or elevated
glucocorticoid levels due to restraint stress in mice impairs oocyte development potential,
when evaluated ex vivo [17]. Isolated mural granulosa cells demonstrated increased
apoptosis in response to elevated cortisol, which was associated with higher levels of Fas
ligand, and cumulus cells were sensitized to undergo apoptosis following serum-starved
culture conditions. Glucocorticoid exposure is also associated with decreased mRNA
expression of the NR3CI and ovarian growth factors insulin-like growth factor-1 (/GF-1)
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and brain-derived neurotrophic factor (BDNF) in mural granulosa cells. Interestingly,
culturing of /n vitro fertilized bovine oocytes increased blastocyst development rates,
indicating that the response of oocytes to glucocorticoids may be context dependent [18].
Moreover, what is known regarding the function of endogenous glucocorticoids in ovarian
physiology stems largely from exposure studies and may not represent direct functions that
occur at physiological levels in the ovary.

Uterus, placenta, and labor

Glucocorticoid regulation of uterine biology has historically been described in terms of the
antagonistic effects glucocorticoids on estrogen action and only recently been explored as an
independent regulator of uterine function. Dexamethasone blocks estrogen-induced uterine
growth and proliferation in mice, reducing the number of implantation sites when
administered prior to estradiol-induced implantation [19, 20]. Gene ontology analysis of
dexamethasone and estradiol regulated genes in the mouse uterus indicates that cell cycle
and embryonic development are among the top regulated networks [21]. Dexamethasone
administration in mice also uniquely regulates the expression of genes whose functions are
related to cellular development, growth and proliferation, and signaling. In the neonatal
mouse uterus, dexamethasone inhibits epithelial cell proliferation through both GR-
dependent and -independent mechanisms [22]. Decidualized human endometrial cells also
demonstrate a unique GR-dependent transcriptome enriched for Kriippel-associated box
domain containing zinc-finger proteins, a family of transcriptional repressors [23].
Interestingly, GR signaling is responsible for repressing global expression of trimethylated
H3K9 levels during stromal cell differentiation, suggesting that GR can both directly
regulate gene expression and globally alter transcription through regulation of histone
moadifications in human uterine cells.

The placenta is developmentally plastic and therefore responsive to multiple stimuli,
including altered glucocorticoid levels. Dexamethasone administered during early
placentation inhibits proliferation, migration, and invasion of trophoblasts, induces placental
oxidative damage, and manifests as reduced placental and fetal size [24]. Maternal
administration of glucocorticoids reduces placental weight and is associated with reduced
expression of proliferative markers and increased expression of apoptotic factors [25, 26]. In
animal models of maternal prenatal stress, increased glucocorticoid levels are correlated
with intrauterine growth restriction. Fetal growth restriction mediated through excess
endogenous corticosterone or synthetic dexamethasone exposure results in altered placental
transporter function and glucose transport and reduced expression of pro-angiogenic factors
[27, 28]. Glucocorticoid exposure at the maternal-fetal interface is in part regulated through
the expression of the 11p-HSD isoenzymes in discrete maternal and fetal compartments
[29]. Dysregulated expression of the 11p-HSD isoenzymes by glucocorticoid excess further
potentiates the adverse effects of high levels of glucocorticoid on placental function.
Interestingly, expression of the NR3C1 translational isoforms varies between term and
preterm human placenta and with prenatal glucocorticoid exposure, suggesting a mechanism
by which changes to the GR protein profile may also mediate the response to increased
glucocorticoids [30].
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Studies conducted on animals and pregnant woman have indicated the importance of
glucocorticoid signaling for the initiation of labor [31, 32]. In sheep, glucocorticoids drive
the shift to an estrogen-primed contractile myometrium through the induction of the
placental enzyme cytochrome P450 17ahydoxylase (P450c17), adrenal
dehydroepiandrosterone sulfate (DHEAS) in humans [31]. Once the myometrium has
achieved an estrogen-primed state, prostaglandins critically stimulate myometrial
contractions, induce cervical ripening, and trigger fetal membrane rupture. Glucocorticoids
contribute to the synthesis of prostaglandins by stimulating the production of
cyclooxygenase-2 (COX-2) in human amnion cells and ovine placental trophoblast cells [33,
34]. During parturition, cortisol also contributes to the rupture of fetal membranes by
inducing prostaglandins and inducing apoptosis in the amnion epithelial cells [35].
Intravenous dexamethasone improved the Bishop score of the cervix and reduced the length
of time between labor induction and active labor in women. However, synthetic
glucocorticoids administered preterm for fetal lung maturation do not induce labor, which
may denote differential responses dependent on the extent of myometrial priming.

Fetal development in utero

Testis

It is well appreciated that the in utero environment directly contributes to physiological
disorders that manifest postpartum (DOHaD hypothesis). Fetal exposure to high levels of
glucocorticoids is believed to be a major contributor to early-life programming of adult onset
disease. Data supporting the role of stress and elevated glucocorticoids in fetal programming
has been documented in many species and thoroughly reviewed [36-41]. Interestingly
programming of the HPA axis in response to prenatal stressors demonstrates sex-specific
differences [42]. A systematic review of human studies concluded that the placenta of
female offspring altered permeability to maternal glucocorticoids through regulation of the
11B-HSD enzymes in response to maternal stress [42]. Maternal exposure to dexamethasone
in rats results in sexually dimorphic behavior in offspring, associated with structural changes
to neuronal populations [43, 44]. In mice, the cardiovascular and renal renin-angiotensin-
aldosterone systems also respond to elevated prenatal corticosterone in a sexually-dimorphic
manner, potentially through altering adrenal function [45— 47]. Epigenetic factors may also
play a key role in the glucocorticoid-driven effects of fetal programming, including altered
methylation status of GR following neonatal dexamethasone exposure [48]. It is important to
recognize the timing of exposure when considering the correlation between animal models
and human fetuses. Development in the prenatal and early postnatal rodent is more similar to
the first two trimesters of human pregnancy, and therefore may not accurately model the
response in humans during the third trimester. Synthetic analogs of glucocorticoids are
routinely administered during the third trimester to women at risk of early or late preterm
delivery, therefore elucidating the long-term effects of late term glucocorticoid exposure is
more accurately evaluated in a human population than a rodent model.

Both physiological and stress-induced levels of glucocorticoids also mediate testicular
functions. Adrenalectomy in male rats demonstrated that homeostatic levels of adrenal
hormones, including glucocorticoids, are required to maintain steroidogenesis,
spermatogenesis, and sperm maturation [49]. Testosterone production increased following
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adrenalectomy in rats, which was prevented by glucocorticoid replacement [50]. Decreased
spermatid number following adrenalectomy was rescued by concurrent dexamethasone
treatment, indicating that adrenally produced hormones are responsible for maintaining
sperm production. Interestingly, glucocorticoid replacement exacerbated morphological
defects evident in the seminiferous tubules of adrenalectomized males, which may reflect
differences between the endogenous and synthetic hormone. Alternatively, other endocrine
hormones produced by the adrenal gland such as mineralocorticoids and epinephrine could
be responsible for the maintenance of testicular morphology or morphology within the
seminiferous epithelium could be sensitive to glucocorticoid dose. High levels of circulating
glucocorticoids, related to stress, Cushing’s disease, or exogenous hormone treatment,
suppress male fertility through repressing the expression of steroidogenic enzymes, inducing
testicular oxidative stress, reducing the testicular response to gonadotropins, and prompting
apoptosis of Leydig and germ cells [5]. Elevated glucocorticoids may also control Leydig
cell number through the induction of cell cycle arrest, as was demonstrated following
dexamethasone treatment in the R2C rat Leydig tumor cells /n vitro [51]. Understanding the
physiological range of adrenal steroids which supports male fertility is critical in patients
who undergo adrenalectomy, have Addison’s disease or Cushing’s syndrome.

Mouse models for uncovering GR actions

Whole-body GR-null mice exhibit perinatal lethality due to defects in lung maturation and
subsequent respiratory failure, which precludes the study of reproductive function in these
mice [52]. Investigators have made use of tissue transplant studies from embryonic GR-null
mice into syngeneic hosts, but this method is limited by the types of tissues that can be
transplanted and endpoints which can be measured. The advent of Cre-lox technology
allowed researchers to investigate the cell autonomous versus indirect effects of GR in
tissues that critically support reproductive function. However, models which have
investigated the direct actions of glucocorticoids are limited. Currently in the reproductive
system, the tissue- or cell-type specific functions of GR have been evaluated in the uterus,
Sertoli cells, mammary epithelial cells, and prostate epithelial cells [53-56].

Conditional ablation of uterine NR3CI demonstrated the direct actions of glucocorticoids in
early pregnancy, indicating that glucocorticoid signaling is critical to establishing uterine
receptivity and the subsequent endometrial remodeling that occurs during decidualization.
[53]. The immune response likely plays a key role in establishing endometrial receptivity
[57], and genes related to the inflammatory response and immune cell trafficking were
substantially dysregulated in the absence of uterine GR [53]. Thus, GR can locally
coordinate the immune response in early pregnancy, thereby contributing to endometrial
receptivity. Moreover, the expression of genes known to contribute to proper implantation
was altered when NR3C1 was conditionally ablated from the uterus, suggesting that uterine
glucocorticoid signaling may be necessary for the molecular framework that decides uterine
receptivity. Glucocorticoid signaling in the uterus may also be required for the cell-fate
decision of stromal cells during decidualization, although the direct gene targets of GR that
regulate cell proliferation or apoptosis in the uterus have yet to be determined. Deletion of
NR3C1 in the Sertoli cells through the use of anti-Mullerian hormone (AMH) Cre also
produced a profound phenotype, where GR was determined to be required for Sertoli cell
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maintenance [54]. Although male Sertoli cell-specific NR3C1 knockout mice are fertile, the
numbers of Sertoli cells and stage-specific spermatocytes/spermatids were significantly
reduced. The Sertoli cell NR3CI-knockout model also revealed that glucocorticoid signaling
in Sertoli cells mediates testicular steroidogenesis and critically maintains endocrine
feedback pathways. The uterine and Sertoli cell transgenic mouse models have proven that
glucocorticoids play a homeostatic role in regulating fertility and also provide a direct link
between the stress response and fertility.

Prior to the creation of a tissue-specific model of glucocorticoid action in mammary
epithelial cells, researchers utilized mice harboring a deletion in the NR3C1 gene (GRYIM),
which was reported to prevent GR transcriptional regulation through direct DNA-binding,
and tissue-transplant techniques from GR-deficient mice [58, 59]. In the viable GRY™ mice,
mammary gland development was impaired due to reduced ductal epithelial cell
proliferation in virgin mice, although mammary gland differentiation and milk production
during pregnancy was normal [59]. The GRYM mutant maintains transcriptional regulation
through protein:protein interactions, and direct transactivation by the GRY™ mutant has been
described for some genes, indicating that the mechanisms of GR action in the mammary
gland remain poorly understood in this model [60]. Embryonic mammary buds from mice
with a disrupted second exon of NR3C1 were transplanted into the cleared mammary fat pad
of three-week-old recipient mice to circumvent perinatal lethality and study the role of GR
in mammary gland development [52, 58]. These transplants displayed abnormal ductal
morphogenesis in virgin mice but no defects in development during pregnancy, lactation, or
involution. However, the exon 2 hypomorph yields a ligand-responsive truncated GR
fragment, which suggests studies with this model were unable to fully appreciate the
functions of GR [61]. Transgenic mice with a mammary epithelial cell-specific deletion of
NR3CI late in pregnancy exhibited defects in lobuloalveolar development due to reduced
cell proliferation, although expression of milk proteins and milk secretion was not affected
[55]. Interestingly, none of the /n vivo models of disrupted glucocorticoid signaling in the
mammary gland demonstrated defects in milk protein production compared to previous
experiments which determined that glucocorticoids are essential to the transcription of milk
protein genes and support milk secretion [62]. The differences in observed phenotypes may
reflect the limits of current transgenic models, and may be resolved with targeted deletion of
NR3CI in other mammary cell types.

The prostate expresses GR and the direct actions of glucocorticoid signaling in prostate
physiology are not well understood. A prostate epithelial-specific NR3C1 knockout was
created using Probasin Cre to determine the cell-specific role of glucocorticoids in the
prostate [56]. Deletion of prostate epithelial NR3CZ demonstrated that glucocorticoid
signaling in epithelial cells is not required for prostate development or for the prostate’s
morphological response to the presence or absence of androgens. This model showed that
glucocorticoid-mediated prostate epithelial cell hyperplasia results from paracrine actions of
GR originating in the stroma and not direct signaling within the epithelial cells. These
studies suggest that the actions of glucocorticoids vary by prostate cell-type, which likely
will be important for interpreting results from human prostate cell lines /in vitro and
understanding the role of GR in prostate cancer.
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Changes to the bioavailability of glucocorticoids have been modeled through the creation of
whole-body and tissue-specific 118-HSD | and Il knockout mice and rats [63-67]. These
models have provided insights into the consequence of intrauterine glucocorticoid excess
during pregnancy. In the mouse, 218-HSDI! is expressed in the stromal cells of the
endometrium and the labyrinthine zone of the placenta, the primary site of maternal-fetal
exchange where maternal blood flows over embryo-derived trophoblasts [68]. Therefore,
impaired expression of 118-HSD |1 exposes both the placenta and the fetus to locally high
levels of glucocorticoids. 728-HSD //null mice weigh less at birth, which was correlated
with reduced fetal capillary development accompanied by lower placental expression of the
angiogenic factors vascular endothelial growth factor A (Vegfa) and peroxisome proliferator-
activated receptor gamma (Ppary), decreased expression of glucose transporter 3 (S/c2a3,
GLUTS3), reduced placental transport of glucose to the offspring, and smaller placentas [69].
The free transfer of maternal glucocorticoids through the placenta in the absence of 11p-
HSD Il indicates that glucocorticoid overexposure is detrimental to placentation and
placental function. The role for physiological levels of cortisol has not been determined.

It is important to note that tissue-specific deletion of NR3CI has been accomplished through
the use of several unique floxed contructs which excise different exons of NR3C1. For
instance, exon 3 floxed mice were used to create the Sertoli cell, mammary epithelial cell,
and prostate epithelial cell knockout mice, and the uterine knockout model utilized mice
with exon 3 and 4 floxed [70, 71]. Exon 2 floxed mice have been generated by two groups,
though this model has not been utilized to develop tissue-specific knockouts of GR in the
reproductive system [72, 73]. Zebrafish have also been utilized to study the actions of GR.
Reported models include the use of morpholinos and a transgenic model harboring a point
mutation in the DNA binding region [74, 75]. In both zebrafish models, disruption to GR
signaling alters embryo development and adult physiology, although assessment of fertility
was not reported. Zebrafish offer a promising alternative model for studying glucocorticoid
signaling in the reproductive tract [76]. New gene editing techniques will expand our
understanding of glucocorticoid signaling through the ability to insert, delete, or replace
DNA at precise regions of the genome and enable researchers to use other experimental
animal models (Box 4).

Reproductive immunology: immuno-modulatory actions of glucocorticoids

Endometrial receptivity and successful pregnancy require immune adaptations that precede
embryo implantation and allow the semi-allogenic fetus to be tolerated (Figure 1A). During
the menstrual cycle and increasingly in early pregnancy, immune cells are recruited to and
activated in the endometrial compartment in a tightly regulated manner [77-79]. Conditional
ablation of MNR3C1 in the mouse uterus determined that glucocorticoid signaling in the
endometrium is essential for appropriate immune cell recruitment [53]. Studies that utilize
exogenous glucocorticoid administration have also demonstrated effects on immune cell
number and function in the uterus [57]. Importantly, a variety of immune cells are present in
the uterus that work to create the dynamic immune response essential for implantation and
tolerance. Disturbances to this immune balance likely contribute to the pathogenesis of
miscarriage, preeclampsia, or preterm labor. Direct actions on immune cells and indirection
actions through signaling networks in the endometrium represent two mechanisms by which
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glucocorticoids can regulate the uterine immune system. Uterine natural killer (UNK) cells,
stemming from resident and recruited populations, are the predominant immune cell
population in the uterus at implantation representing approximately 70% of all leucocytes
[80, 81]. During early pregnancy, uNK cells regulate trophoblast invasion and the vascular
changes that support placental development. uNK cells express GR, and uNK cell-mediated
cytotoxicity is sensitive cortisol treatment [82, 83]. Prednisolone treatment in women with
recurrent miscarriage is associated with reduced numbers of uNK cells, although a link
between the glucocorticoid-mediated reduction in uNK cell numbers and pregnancy success
was not demonstrated [84]. Moreover, uNK cells differ in function from circulating natural
killer cells and the specific effects of glucocorticoids on each of these populations have not
been investigated.

Infiltrating monocytes that develop into macrophages and uterine resident myeloid cells
constitute the second largest population of immune cells in the uterus during early pregnancy
[85]. Macrophages exist as two distinct subpopulations, an MI “proinflammatory” phenotype
and an M2 phenotype linked to tissue remodeling, immunosuppression, and angiogenesis
[86]. Endometrial macrophages are skewed toward the M1 phenotype during the peri-
implantation period and polarized toward the M2 phenotype post-implantation [87, 88].
Human endometrial macrophages express GR during the secretory phase, corresponding to
the period of uterine receptivity and implantation, menstrual phase, and at term, although the
function of glucocorticoid signaling in macrophages is not well understood [89, 90].
Macrophage-specific NR3C1 knockout mice have been generated using LysM Cre
recombinase, although no associated infertility has been reported [91].

Dendritic cells control the innate adaptive immune response, but mouse studies suggest they
also contribute to uterine receptivity. Selective ablation of CD11c™ dendritic cells in the
murine uterus caused implantation failure, impaired stromal cell decidualization, and altered
angiogenesis, indicating that dendritic cells are important for the initiation of pregnancy
[92]. Dendritic cells are antigen presenting cells and play a key role in determining tolerance
or rejection of the blastocyst. Regulatory T cells are critical to maintaining tolerance at the
maternal-fetal interface and are generated from the CD4* T cell through antigen presentation
in the thymus or in the uterus. Depletion of regulatory T cells in mice leads to pregnancy
loss and fetal resorption [93]. The relative abundance of another derivative of the CD4* T
cell, Th17 cells, has been associated with miscarriage, although the importance of this
immune cell type in normal pregnancy has not been investigated [94]. Moreover, the
physiological effects of glucocorticoids on dendritic cells, regulatory T cells, or Th17 cells
in the endometrium have not been studied. Dendritic cell-specific NR3CI knockout mice
have been utilized in models of sepsis and arthritis but have not been evaluated for functions
relating to fertility [95, 96]. T cell-specific ablation of NR3CI has been reported, although
Cre recombinase activity occurs early in T-cell development and prevents discriminating the
contribution of glucocorticoid signaling among T cell subtypes [91].

Much like the uterus during pregnancy, immune cells present in the testis mediate the
process of spermatogenesis through a delicate balance of inflammation and
immunotolerance (Figure 1B) [97]. The testis is an immunoprivileged site by virtue of the
blood-testis barrier, systemic immune tolerance and local immunosuppression, which
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protects the immunogenic germ cells from provoking an immune response [98]. However,
effective local innate immunity is required to prevent bacterial or viral infections in the
testis. Cells of both the innate and adaptive immune response reside within the interstitial
space of the testis and are able to interact with the steroidogenic Leydig cells and the
seminiferous tubules where spermatogenesis occurs. Under physiological conditions, subsets
of dendritic cells and regulatory T cells mediate tolerance to germ cells. Under inflammatory
conditions, however, proinflammatory cytokines produced by macrophages, dendritic cells,
and effector T cells disrupt the blood-testis barrier and induce apoptosis of germ cells. To
date, there are no studies in humans or mouse models which assess the impact of
glucocorticoids on immune cells in the testis. Endocrine regulation of the testicular immune
system by androgens suggests that glucocorticoids may also have indirect effects on immune
cell functions.

In the peripheral immune system glucocorticoids demonstrate a variety of direct actions on
immune cell development and function, which may influence the relative pool of immune
cells able to be recruited to the reproductive tract [99]. Glucocorticoids prevent the
generation of immature dendritic cells from monocytes and inhibit differentiation of
immature dendritic cells into mature dendritic cell /n vitro[100, 101]. High serum
glucocorticoid levels induced by psychoactive drug administration were shown to associate
with rapid accumulation of mature natural killer cells in the peripheral circulation /n vivo
[102]. Glucocorticoids also induce robust apoptosis of T and B cells, mature dendritic cells,
basophils, and eosinophils [103]. Glucocorticoids also regulate the immune system by
impacting the function of immune cells. For example, glucocorticoids inhibit the
transcription of pro-inflammatory cytokines and chemokines in macrophages and drive
macrophages toward the M2 phenotype [57]. Dexamethasone can also induce components of
the inflammasome to sensitize the innate immune response in macrophages [104]. The
nature of the response to glucocorticoids in the immune system is dependent on
physiological or stress-induced levels of hormone and the duration of the stimulus,
suggesting that the immune response governing reproduction is regulated in part through
physiological glucocorticoid signaling and sensitive to hormone fluctuations.

Concluding Remarks

Stress-induced activation of the HPA axis or administration of exogenous glucocorticoids
produces adverse effects on male and female fertility and negatively impacts /n utero
development. In models of adrenal insufficiency, the absence of glucocorticoids is also
associated with reduced fertility and disturbances to fetal growth. However, basal
physiological concentrations of glucocorticoids are supportive to all stages of reproduction,
indicating dose is critically important to outcome. The timing of glucocorticoid exposure
may also dictate whether glucocorticoid signaling promotes or inhibits fertility. The tipping
point between supportive and adverse effects is not clear (Key Figure). For example,
exogenous glucocorticoids are clinically utilized during in vitro fertilization (IVF) and in
patients with recurrent miscarriage with the rationale that the immunomodulatory actions of
glucocorticoids improve the intra-uterine environment [105, 106]. Following conception,
women may receive glucocorticoids during pregnancy as treatment for asthma, autoimmune
diseases, or adrenal insufficiency or for the management of preterm labor [107-109].
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Glucocorticoid use during preterm labor critically improves neonatal outcomes through
enhanced fetal development. However, exposure to exogenous or stress-induced levels of
glucocorticoids during the window of receptivity or during fetal development may attenuate
the maternal immune system required to establish pregnancy and alter fetal development /n
utero. Evidence from animal studies demonstrates that prenatal exposure to synthetic or
stress-induced levels of glucocorticoids leads to reduced fetal growth and dysfunction of the
cardiovascular, metabolic, endocrine, nervous, and reproductive systems in adults [26]. The
effects of overexposure are dependent on dose and type of glucocorticoid and determined by
gestational age at exposure. In humans, prenatal glucocorticoid exposure is associated with
higher blood pressure and insulin levels and mild behavioral defects, although it is difficult
to separate the effects of glucocorticoid exposure from the impact of premature birth [110].
Given the clear benefits to fetal survival, prenatal glucocorticoids are part of the standard
management for women who present with preterm labor. However, the additional benefit of
repeated treatment or the long-term consequences of exposure during early pregnancy
remain uncertain and call for further investigation (see Outstanding Questions).

Other deficits in our current understanding of glucocorticoid functions in the reproductive
system stem from a lack of knowledge regarding the sites of direct GR action and the cross-
talk of glucocorticoids with other nuclear receptors. Glucocorticoids and estrogens have
demonstrated antagonistic actions in the uterus [19, 20]. The presence of estradiol with
dexamethasone alters GR recruitment to target genes in immortalized uterine cells and is
dependent on estrogen receptor-a (ERa) [111]. It is not clear whether this molecular
antagonism is a result of direct interference with GR-DNA interactions, and the biological
significance of GR-ER cross-talk is not well understood. Glucocorticoids bind with a low
affinity to PR, and similarly progesterone weakly binds GR [112, 113]. The abortifacient
drug RU486 acts as both an anti-progestin and antiglucocorticoid, which prevents
discriminating between the GR- and PR-mediated effects in the uterus [114]. Cells in culture
have provided a genetically tractable model to dissect the relative contribution of GR and
PR, and propose cross-talk between progesterone and GR in cells of the reproductive tract
[115-118]. New techniques utilizing cell-specific knockdown or targeted genome editing /n
vivo will help clarify the specific roles of glucocorticoids in normal reproductive physiology
and stress-induced infertility. By identifying the GR target genes in tissues of the
reproductive tract and framing that data in reference to the published ChlP-seq databases, we
will begin to provide a picture of the regulatory networks that orchestrate fertility.
Additionally, future studies should assess the contribution of the NR3CZ isoforms, post-
translational modifications, and single nucleotide polymorphisms in the heterogeneity of
stress responses among individuals. In the placenta, GR isoform expression varied between
women who delivered with no complications at term and those who delivered preterm [30].
Context-specific expression provides insight in the molecular mechanisms by which stress
impacts individuals uniquely. This knowledge is increasingly important to identify new
avenues of treatment for infertility and potential new mechanisms to enhance fertility in
agricultural species.
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11B-hydroxysteroid dehydrogenase isoenzymes (11p-HSD)

enzymes which catalyze the interconversion of active glucocorticoids (11-oxoreductase
activity) and their inactive metabolites (11-B-dehydrogenase activity). The type | isoenzyme
demonstrates both 11-p-dehydrogenase and 11-oxoreductase activities and the type Il
isoenzyme has only 11-p-dehydrogenase activity.

Addison’s disease
severe or total deficiency of the hormones made in the adrenal cortex. Also known as
primary adrenal insufficiency or hypocortisolism.

Adrenalectomized
surgical removal of the adrenal glands (bi- or unilateral)

Bishop score

a pre-labor cervix score used to predict the response to labor induction or chance of
spontaneous labor. A low Bishop score is associated with a greater probability that induction
of labor will fail

Blood-testis barrier (BTB)

a physical barrier within the seminiferous tubules formed by tight junctions, adherens
junctions, and desmosome junctions between adjacent Sertoli cells. The BTB forms an
immunological barrier that segregates the basal and adluminal compartments

Chromatin Immunoprecipitation-sequencing (ChlP-seq)

a method to identify genome-wide DNA binding sites for proteins. Proteins crosslinked to
chromatin are isolated by antibody immunoprecipitation. Enriched DNA binding sites are

sequenced and mapped to a reference genome. Sequencing identifies location and quantity
of sites bound by a protein

Cre-lox technology

system for creating tissue-specific or inducible knockout mouse models by catalyzing the
recombination of two loxP recognition (floxed) sites introduced into the gene of interest
with tissue-specific/inducible expression of the cre enzyme

Cushing’s syndrome

a disorder resulting from prolonged exposure to elevated levels of the endogenous
glucocorticoid cortisol. Cushing’s syndrome often results from exogenous glucocorticoid
use, but can also be caused by pituitary adenomas and adrenal tumors

DOHabD (Developmental Origins of Health and Disease) hypothesis
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theory, previously known as the Fetal Origins Hypothesis, based on David Barker’s analysis
of epidemiological studies in the early 1900’s that states that environmental factors
encountered by a developmentally plastic organism early in life influence health and disease
outcomes throughout adulthood

Glucocorticoid response element (GRE)

a short palindromic sequence of DNA consisting of two 6-bp sequences separated by a three
nucleotide spacer which GR recognizes and binds to directly regulate transcription. 5’
RGRACANNNTGTYCY3’ R= purine (A or G) Y= pyrimidine (C or T), n= any nucleotide

Inflammasome

a multiprotein intracellular complex that activates caspase enzymes leading to the processing
and secretion of pro-inflammatory cytokines in response to pathogenic microorganisms and
sterile stressors

Negative glucocorticoid response element (hnGRE)

related DNA sequences bound by GR distinct to the transrepression activities of
glucocorticoids. The nGRE motif is tolerable to single base-pair mutations and contains a 0—
2 base pair spacer between inverted repeated motifs

Post-translational modification

chemical modifications to a protein, including phosphorylation, glycosylation,
ubiquitination, nitrosylation, methylation, acetylation, lipidation, and proteolysis, which
increase the functional diversity of the proteome. Post-translational modifications can occur
at many stages in the life of a protein and can also be reversible

Single nucleotide polymorphism (SNP)

a DNA sequence variation at a single nucleotide that is appreciable within a population. The
variation may be a substitution, deletion, or insertion. SNPs are found within genes, in non-
coding regions of DNA, and in the intergenic regions. When occurring within a gene, the
SNP may lead to an amino acid substitution. SNPs can be associated with traits or diseases
or have no known function
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Outstanding Questions Box

The ovarian hormones and their receptors regulate reproductive functions
prior to and during pregnancy. Many /n vitro studies have demonstrated
dynamic molecular interplay in GR and ER binding, and glucocorticoids and
estrogen regulate many common genes. What role does GR play in mediating
estrogen responses, if any?

Glucocorticoid sensitivity in the reproductive system may also be mediated by
the relative expression of the 11-B-hydroxysteroid dehydrogenase isoenzymes
and MR. Do glucocorticoids signal through MR in the normal physiology of
reproduction or the pathologies of adverse events? Could 11-BHSD be a
therapeutic target in women?

What are the signaling pathways regulated by glucocorticoids during
parturition in humans and could our knowledge of these improve pregnancy
outcomes?

Antenatal corticosteroid administration for fetal maturation is critical for
survival in preterm delivery. Recent updates have shown that antenatal
corticosteroids may be beneficial in late preterm birth (34— <37 weeks) and
should now be considered in treatment. What is the magnitude of benefits or
risk of long-term effects in this population?

How is glucocorticoid signaling in reproduction impacted by environmental
exposures? Are there tissue-specific effects or long-term consequences? The
stress response to environmental compounds may represent a new adaptive
mechanism to incorporate exposures into reproductive fitness.
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Trends Box

Glucocorticoids exhibit both central and peripheral regulation of the
reproductive axis.

Within reproductive organs, basal glucocorticoids contribute to reproductive
function, while stress-induced levels induce suppression of reproductive
function.

Transgenic animal models have aided in the discovery of the tissue-specific
functions of glucocorticoids. However, studies in reproductive tissues are
needed.

Immune cells play an active role in male and female fertility, and
administration of glucocorticoids or stress may disrupt the immune system
resulting in reproductive dysfunction.
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Box 1
Glucocorticoid Production and Bioavailability

Glucocorticoids are steroid hormones synthesized and released by the adrenal cortex
under the regulation of the HPA axis. The production of glucocorticoids by the HPA axis
is pulsatile, demonstrating both circadian and ultradian rhythms. Corticotrophin-releasing
hormone (CRH) and arginine vasopressin are secreted from the parvicellular neurons of
the hypothalamus into the pituitary portal circulation, which stimulates
adrenocorticotropic hormone (ACTH) release from the anterior pituitary gland. ACTH
acts on the adrenal gland to induce steroidogenesis and the production of glucocorticoids.
Endocrine feedback loops exist where glucocorticoids inhibit CRH expression and
secretion and ACTH output [119-121]. The rhythmic secretion of glucocorticoids is
critical to the maintenance of physiological homeostasis, but acute exposures to stress
transiently induce HPA activity and glucocorticoid release.

Approximately 95% of secreted glucocorticoids circulate bound to cortisol-binding
globulin (CBG) or albumin, and therefore, expression of these binding proteins
determines the level of biologically free glucocorticoids [122, 123]. The circulating half-
life of glucocorticoids is variable (66—120 minutes) but glucocorticoids bound to CBG
have a longer half-life compared to unbound glucocorticoids [124, 125]. Unbound
glucocorticoids are highly lipophilic and able to cross the plasma membrane through
simple diffusion. In cells which express the multi-drug resistance p-glycoprotein, entry of
glucocorticoids to the intracellular compartment can be restricted by active transport out
of the cell [126]. Within the cell, interconversion of glucocorticoids to the active (cortisol
and corticosterone) or inactive (cortisone and 11-dehydrocorticosterone) forms by 11p-
HSD | and 11 controls ligand availability to GR [127]. Collectively, the biological activity
of glucocorticoids is a balance between synthesis and secretion, diffusion and transport,
and metabolism and clearance.
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Box 2
The Glucocorticoid Receptor: Structure and Regulation

The molecular response to glucocorticoids is mediated by intracellular GR. GR is a
member of the nuclear receptor superfamily of ligand-dependent transcription factors
[128]. All members of this superfamily share a similar domain structure; an N-terminal
transactivation (AF1) domain, a central DNA-binding domain (DBD), and a C-terminal
ligand-binding domain (LBD) (Figure I). In addition to comprising the ligand-binding
pocket, the LBD also contains sequences important for receptor dimerization and nuclear
localization, and a second transactivation domain (AF2), which mediates ligand-
dependent interactions with coregulators. The DBD and the LBD are separated by a small
flexible hinge region, which plays a role in ligand-binding mediated conformational
changes.

Human GR is the product of one gene (NMR3C1) consisting of nine exons. Exon 1 forms
the 5"-untranslated region of human GR, and exon 2 encodes the NTD, which is poorly
conserved and therefore the most variable domain among nuclear receptors. The DBD,
the most conserved region in the nuclear receptor family, is comprised of exons 3 and 4,
and exons 5-9 encode the hinge region and LBD. Alternative splicing of the NR3CI gene
primarily from the C’-terminal end produces the human GRa, GRB, GRy, GR-A, and
GR-P transcriptional isoforms [129-132]. Research has mainly focused on glucocorticoid
signaling through GRa and GRp, which are identical proteins through amino acid 727
that diverge in their C-terminal exon 9. GRp lacks sequences that encode helices 11 and
12 of the LBD and is therefore, unable to bind glucocorticoids [133]. GRp was thought to
function primarily as a dominant negative regulator of GRa,, but genome-wide
transcriptional analysis of overexpressed human GRp indicates it maintains inherent
transcriptional activity [130, 134, 135]. The sequence of GR-ydiffersfromGR-a by the
inclusion of an arginine residue between exons 3 and 4 of the DBD from the use of an
alternative intronic splice donor site [132]. This single amino acid insertion demonstrates
the functional importance of this region, as the transcriptional activity of GR-y is
significantly reduced [136, 137]. Interestingly, differences in the DBD of GR-vy alter
DNA binding sequence specificity and result in a unique transcriptome [138, 139]. The
GR-A and GR-P isoforms contain incomplete LBDs and relatively little is known about
their functions /n vivo [131, 140]. Each GR transcriptional splice variant is capable of
generating additional isoforms through alternative translation initiation mechanisms
[141]. In exon 2, eight highly conserved AUG start codons generate the GR-A, -B, -C1, -
C2, -C3, -D1, -D2, and -D3 isoforms. These translational isoforms have distinct tissue
distribution and subcellular localization, regulate unique genes, and differentially regulate
the cellular response to glucocorticoids [142-144].
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Box 3
Glucocorticoid Receptor Signaling

Once in the cytoplasm, glucocorticoids bind GR resulting in a conformational change,
un-masking of the nuclear localization signals, and subsequent nuclear translocation of
the glucocorticoid-GR complex. Classically, glucocorticoids were thought to act
exclusively through the genomic actions of activated GR. Recent evidence indicates
glucocorticoids can also act through signaling cascades secondary to the conformational
change of the glucocorticoid-GR complex or through extranuclear glucocorticoid
receptors, though the identity of the membrane-associated GR remains unknown [145—
147]. In the nucleus, ligand-bound GR mediates the genomic actions of GR by regulating
gene transcription in direct and indirect mechanisms. Direct transcriptional regulation
requires binding of GR homodimer complexes to well-defined GREs. However, motif
analysis of GR chromatin immunoprecipitation sequencing (ChlP-seq) data sets
evaluating GR-bound regions indicates <42% of binding peaks contain a high-stringency
motif match [148]. This suggests that GRE binding is not a requirement for DNA
association. Alternatively, the glucocorticoid-GR complex can directly bind distinct
negative GREs (nGRE) to inhibit gene transcription [149]. GR association with DNA
can also occur through mechanisms of indirect gene regulation by GR that involve
interactions with other DNA-bound transcription factors (protein:protein tethering) or
through cooperative binding with other transcription factors at neighboring sites
(composite regulation). DNA- or complex-bound GR recruits cofactors which facilitate
converting the signal into transcriptional activity via RNA polymerases or by regulating
paused elongation complexes [150].

GR is constitutively expressed in almost all cells, but the actions of glucocorticoids
demonstrate tissue- and cell-type specific diversity. The glucocorticoid response is
determined by many factors including the availability of glucocorticoids and the
sensitivity to glucocorticoids in a target tissue. The relative level of GR and the relative
expression of the isoforms can determine the response to glucocorticoids in a given tissue
or cell [151]. GR is subject to various post-translational modifications, which can
mediate subcellular trafficking, promoter specificity, cofactor interaction, receptor
stability, and turnover [152]. At specific gene loci, the response to glucocorticoids is
regulated by the recruitment of cofactors, which can act in varying mechanisms,
including: remodeling the chromatin, facilitating the assembly of transcriptional
machinery, or modifying histones or other components of the transcription factor
complex [153-156]. These coregulators of GR function maintain tissue-specific
expression [157, 158]. The unique transcriptional profiles of GR also rely on distal
enhancers that loop to the promoter of target genes and open regions of chromatin, which
are highly cell-type specific [159, 160]. Individual glucocorticoid sensitivity has been
associated with single nucleotide polymorphisms in NR3CI that alter protein stability,
ligand binding affinity, transactivating capacity, and interactions with co-activators or co-
repressors [161]. Polymorphisms in the genes that encode the 11-B- hydroxysteroid
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dehydrogenase isoenzymes have been identified and may also contribute to
glucocorticoid sensitivity [162-164].
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Box 4
Insights from non-classical models

In most vertebrates studied, the exon length and amino acid sequence of the NR3C1 gene
is well conserved and the HPA response to a physiological stressor is intact [165].
Therefore, studies describing the impact of stress on reproductive fitness may provide
insight into the evolutionarily conserved mechanisms linking fertility to glucocorticoid
signaling. Fertility in both male and female cheetahs is sensitive to the physiological
stress that accompanies captivity. Living arrangements on-exhibit compared to off-exhibit
increased glucocorticoid concentrations, reduced total mobile sperm numbers in males,
and decreased ovarian cyclicity in females [166, 167]. Heat stress leads to infertility in
dairy cows by inhibiting follicular development. Specifically, heat stress dramatically
alters gene expression, reduces estrogen synthesis, and induces apoptosis in the follicle
supporting granulosa cells [168]. In male zebra finches, fasting-increased levels of
glucocorticoids were associated with decreased testicular parameters, including lower
testosterone and expression of steroidogenic enzymes, in the absence of hypothalamic
input, indicating that glucocorticoids integrate the cues from stress directly in the testis in
this species [169]. As seen in rodent models, a single exposure to dexamethasone
decreased serum testosterone and expression of genes involved in cholesterol synthesis
and steroidogenesis in the stallion testis [170]. Dexamethasone exposure in breeder
roosters decreased testosterone, sperm motility, and sperm viability [171]. Further
evidence for a conserved mechanism of glucocorticoid regulation of steroidogenesis was
demonstrated in the three-spot wrasse, Halichoeres trimaculatus [172]. In this species,
prolonged exposure to cortisol induced female to male sex change and repression of
plasma estradiol. Deciphering the mechanisms by which stress impacts fertility in other
species is not only important to understanding the origin of infertility in humans but also
essential to alleviating the financial consequences of infertility in agricultural species.
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Figure 2, Key Figure. Impact of glucocorticoids on reproductive physiology
The impact of glucocorticoids on reproductive physiology is dependent on dose and timing.

Both excess and insufficient levels of glucocorticoids result in reproductive dysfunction,
though occurring through differing pathophysiology. The timing of exposure also dictates
the relative benefit or harm of glucocorticoid exposure. The example is provided in which
early exposure to high levels of glucocorticoids may inhibit endometrial receptivity,
although physiological levels of glucocorticoids may be required for this process. Excess
glucocorticoid exposure during early is associated with reduced placental weight and fetal
size. However, glucocorticoid signaling in the third trimester is required for fetal
development. Timing of exposure also plays a role in fetal programming of postnatal
development, with more profound influence occurring as a result of elevated glucocorticoids
during the first and second trimester.
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