Chapter 11
Glucocorticoid Regulation of Reproduction

Anna C. Geraghty and Daniela Kaufer

Abstract It is well accepted that stress, measured by increased glucocorticoid
secretion, leads to profound reproductive dysfunction. In times of stress, glucocorti-
coids activate many parts of the fight or flight response, mobilizing energy and
enhancing survival, while inhibiting metabolic processes that are not necessary for
survival in the moment. This includes reproduction, an energetically costly procedure
that is very finely regulated. In the short term, this is meant to be beneficial, so that
the organism does not waste precious energy needed for survival. However, long-
term inhibition can lead to persistent reproductive dysfunction, even if no longer
stressed. This response is mediated by the increased levels of circulating glucocor-
ticoids, which orchestrate complex inhibition of the entire reproductive axis. Stress
and glucocorticoids exhibits both central and peripheral inhibition of the reproduc-
tive hormonal axis. While this has long been recognized as an issue, understanding
the complex signaling mechanism behind this inhibition remains somewhat of a
mystery. What makes this especially difficult is attempting to differentiate the many
parts of both of these hormonal axes, and new neuropeptide discoveries in the last
decade in the reproductive field have added even more complexity to an already
complicated system. Glucocorticoids (GCs) and other hormones within the hypo-
thalamic-pituitary-adrenal (HPA) axis (as well as contributors in the sympathetic
system) can modulate the hypothalamic-pituitary-gonadal (HPG) axis at all lev-
els—GCs can inhibit release of GnRH from the hypothalamus, inhibit gonadotropin
synthesis and release in the pituitary, and inhibit testosterone synthesis and release
from the gonads, while also influencing gametogenesis and sexual behavior. This
chapter is not an exhaustive review of all the known literature, however is aimed at
giving a brief look at both the central and peripheral effects of glucocorticoids on
the reproductive function.
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Introduction

It is well accepted that stress, measured by increased glucocorticoid secretion, leads to
profound reproductive dysfunction. In times of stress, glucocorticoids activate many
parts of the fight or flight response, mobilizing energy and enhancing survival, while
inhibiting metabolic processes that are not necessary for survival in the moment. This
includes reproduction, an energetically costly procedure that is very finely regulated.
In the short term, this is meant to be beneficial, so that the organism does not waste
precious energy needed for survival. However, long-term inhibition can lead to persis-
tent reproductive dysfunction, even after the stressor has been removed. This response
is mediated by the increased levels of circulating glucocorticoids, which orchestrate
complex inhibition of the entire reproductive axis. The reproductive and stress sys-
tems share a common architecture with central (hypothalamic stimulation of pituitary
in both) and peripheral (gonads and adrenal respectively) components. Stress and glu-
cocorticoids exhibits both central and peripheral inhibition of the reproductive hor-
monal axis. While this has long been recognized as an issue, understanding the
complex signaling mechanism behind this inhibition remains somewhat of a mystery.
In fact, the presenting complaint of Harvey Cushing’s first patient with the syndrome
that bears his name was secondary amenorrhea. She had normal menarche at age 14,
but menses ceased two years later. What makes this especially difficult is attempting
to differentiate the many parts of both of these hormonal axes, and new neuropeptide
discoveries in the last decade in the reproductive field have added even more complex-
ity to an already complicated system. Glucocorticoids (GCs) and other hormones
within the hypothalamic-pituitary-adrenal (HPA) axis (as well as contributors in the
sympathetic system) can modulate the hypothalamic-pituitary-gonadal (HPG) axis at
all levels—GCs can inhibit release of GnRH from the hypothalamus, inhibit gonado-
tropin synthesis and release in the pituitary, and inhibit testosterone synthesis and
release from the gonads, while also influencing gametogenesis and sexual behavior.
This chapter is not an exhaustive review of all the known literature however is aimed
at giving a brief look at both the central and peripheral effects of glucocorticoids on the
reproductive function.

Reproductive Physiology: A Primer

Reproduction in mammals is a complex and precisely regulated hormonal process
that requires the coordination of both the central nervous system and the peripheral
reproductive organs for successful procreation. Negative and positive feedback signals
tightly regulate the reproductive hormonal axis, also known as the hypothalamo-
pituitary-gonadal (HPG) axis to maintain homeostasis. Perturbations in the axis,
such as those caused by stress, can therefore have profound effects on reproductive
ability, as even small changes can have large effects downstream, or even stop the
axis in its tracks. Much of this chapter is focused on research conducted in rodents,
however there are many species and sex differences in reproductive research indi-
cating that stress can exert a myriad of effects to inhibit reproduction.
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Studying the reproductive system of males offers a simpler “model” of HPG axis
to begin examining reproductive physiology, due to its relative consistency over the
lifetime post-puberty, as opposed to the cycling of female reproductive hormones
during the post-pubertal and pre-menopausal years. Gonadotropin-releasing hor-
mone (GnRH) is secreted from the hypothalamus in a pulsatile manner, crossing the
hypophyseal portal system into the anterior pituitary. In the pituitary, GnRH stimu-
lates the synthesis and release of luteinizing hormone (LH) and follicle-stimulating
hormone (FSH). LH and FSH circulate systemically to trigger testosterone release
from the testes and gametogenesis. In turn, testosterone (T), as well and LH and
FSH, negatively feedback on the axis to maintain homeostasis [1-6] (Fig. 11.1).

Females, however, present a much more complicated picture. Unlike males,
females experience hormonal surges to trigger ovulation, a phenomenon where
estrogen switches from exerting negative feedback on the axis to positive feedback
[7-12]. In rats, ovulation occurs once every 4 days. Similarly to males, GnRH is
released from the hypothalamus, and LH and FSH circulate to the ovaries to trigger
the release of estradiol (E2) and progesterone (P) as well as development of the
ovum [6, 12—14]. Estradiol from the ovaries tightly regulates the HPG axis, exerting
negative feedback onto the hypothalamus to inhibit GnRH release. However, when
the developing ovum is near completion, and ovulation is due to occur, there is a
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switch in the hormonal system. Increasing estradiol secretion from the developing
follicle triggers a change from negative to positive feedback of estradiol on the
hypothalamus, resulting in an increase of GnRH secretion and leading to a surge of
LH secretion from the pituitary to trigger ovulation [15, 16]. However, until recently
it was unknown what triggered the switch between negative and positive feedback.

Research in the last decade has shed more light on that switch during ovulation
while also revealing that the axis is not nearly as simple as it appeared. There are
currently two different hypotheses on what triggers the switch between negative and
positive feedback in the HPG axis: The first one focuses on progesterone as the
culprit, whereas the second one points to allopregnanolone. Supporting the first
hypothesis, earlier research found that the estrogen surge initiates synthesis of pro-
gesterone receptors (PRs) in the hypothalamus, indicating progesterone is just as
critical for ovulation as the estrogen surge [17-19]. However, studies on ovariecto-
mized (OVX) and andrenalectomized (ADX) rats indicate that this progesterone
does not come from the ovaries or adrenals, areas typical for steroid synthesis and
systemic release. OVX rats given a normal dose of E2 can still exhibit LH surges
[20]. Additionally, this surge can be blocked by administering trilostane, which
inhibits the enzyme 3p-hydroxysteroid dehydrogenase (3p-HSD), an enzyme criti-
cal for synthesis of progesterone [20]. This data suggests that not only is pre-LH
surge progesterone necessary for a successful LH surge, it is progesterone synthe-
sized outside of the ovary and adrenals that regulates the surge. Hypothalamic pro-
gesterone synthesis, also known as neuroprogesterone, is a likely location,
particularly hypothalamic astrocytes, which have been found to be the main source
of neuroprogesterone in the hypothalamus, as they have all the steroidogenic
enzyme machinery necessary for synthesis, regulate releasing factors and possess
both types of estradiol receptors—Era and ERp receptors, which enable them to
respond to the estradiol peak that precedes the LH surge [20-25].

While GnRH is the main coordinator of the HPG axis, secreted from the hypo-
thalamus through the hypophyseal portal system to the anterior pituitary to stimu-
late release of LH, there are many factors upstream of GnRH that can impact its
release, preventing successful ovulation. Two in particular, directly in the HPG
axis, have been recently discovered: kisspeptin (KISS1) and gonadotropin-inhibi-
tory hormone (GnlH) [26-34]. These two neuropeptides have opposing effects—
KISS1 stimulates GnRH release from the hypothalamus [35-40], while GnIH
inhibits it [30, 41-45]. A proposed mechanism of KISS1 action in the neuroproges-
terone model of the LH surge states that the peak of estradiol also triggers an
increase of progesterone receptors (PRs) on KISS1 neurons in the hypothalamus,
which respond to the neuroprogesterone secreted from the astrocytes (activated
also by estradiol to trigger the neuroprogesterone synthesis, likely through mem-
brane estrogen receptors, specifically mERa). Neuroprogesterone, binding to the
PRs on the KISS neurons, trigger the release of KISS, which then activates the
GnRH neurons, leading to increased secretion of GnRH to trigger the LH surge
from the pituitary [24, 46—48].

An alternative hypothesis for the switch between negative and positive feedback
of E2 in the hypothalamus argues that progesterone is not the driving factor of ovu-
lation, but it is a derivative of progesterone, allopregnanolone, that modulates GnRH
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release from the hypothalamus via increasing glutamate release. This in turn could
act on NMDA receptors on the GnRH neurons, stimulating GnRH release [49-51].
While it is still not clear exactly what mechanism is truly responsible for positive
feedback of E2 during ovulation, the many regulators of GnRH and GnRH itself are
all impacted by glucocorticoids, and stress can lead to a disruption of homeostasis
that results in both short-term reproductive dysfunction and long-term infertility.
Stress, whether psychological or physical, via the activation of the HPA axis, and
subsequent increase in serum concentration of glucocorticoids, can inhibit the
reproductive axis at every level, from the hypothalamus down to the ovaries or testes.
Due to how closely regulated the HPG axis is, even small interferences in the
hormonal milieu responsible for successful breeding can cause major dysfunction
in the system (Fig. 11.2). The female ovulatory system discussed above, as well as
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GnRH afferents such as GnIH and KISS, exhibit many points at which stress can
disrupt the axis and cause fertility issues. While acute stress inhibiting the repro-
ductive axis is found to be adaptive, preventing animals from breeding when times
are not optimal for raising young, chronic stress and long-term shutdown of the
reproductive axis can lead to prolonged dysfunction and infertility. In addition to
causing infertility, this hypogonadism can contribute to other medical conditions
such as osteoporosis. We will examine how stress impacts each part of the reproduc-
tive axis individually, and how this can add up to detrimental fertility issues.

Glucocorticoid Effects on the Hypothalamus

Stress causes the activation of the hypothalamic-pituitary-adrenal axis by a cascade
of hormonal release: neural signals onto the hypothalamus cause the release of
corticotropin-releasing hormone (CRH, previously known as CRF) to the hypoph-
yseal portal system, via the median eminence. CRH in turn, activates cells in the
pituitary to release adrenocorticotrophic hormone (ACTH) to the general circula-
tion. ACTH stimulates cells in the adrenal cortex to synthesize and release the third
hormone in this cascade of the glucocorticoid family, which in rodents is corticos-
terone (CORT). Stress and high glucocorticoids have a profound negative impact on
the reproductive system, and within the hypothalamus both CRH and CORT affect
GnRH and its afferents to inhibit reproductive success, as detailed in the next two
sections. As discussed above, the timing of ovulation in female rodents is highly
regulated by multiple factors controlling GnRH levels. Stress has been shown to
impact each one of these factors, combining to effectively shut down the reproduc-
tive axis from the top. A difficulty in studying the effects of stress on reproduction
is to accurately differentiate between the effects of CRH and the effects of CORT,
both elevated during stress exposure, as well as determining specifically which
level of the HPG axis is being directly affected. While it is well accepted that there
are central effects of CRH directly on GnRH, completely separating those effects
from downstream peripheral effects of CORT on GnRH is complex. Many manipu-
lations of either CORT or CRH influence the other by feedback regulation, making
the dissection of mechanisms even more difficult. In this section, we will try to dif-
ferentiate the two to better understand how stress influences reproductive success.

Direct Regulation of GnRH by Glucocorticoids

All central influences on reproduction driven by stress converge on GnRH, and an
inhibition of the GnRH signal from the hypothalamus can occur both directly on the
GnRH neuron itself and indirectly via influence on GnRH afferents. While many
peptides, steroids and neurotransmitters regulate the GnRH surge, stress and gluco-
corticoids can directly inhibit GnRH release from the hypothalamus. To regulate
LH secretion from the pituitary, GnRH is released from the hypothalamus in pulses,
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and modulation of the pulsatile release of GnRH affects downstream gonadotropin
release from the pituitary. Many types of stress have been found to affect the pulse
generator of GnRH, and both CRH and CORT have been implicated in this mecha-
nism of action [52-54]. GnRH crosses the hypophyseal portal system, a small cir-
culatory system between the hypothalamus and the pituitary, to stimulate release of
LH and FSH from the pituitary. Inhibiting the pulse generator of GnRH leads to a
decrease in GnRH secretion from the hypothalamus. However, measuring GnRH
release from the rodent hypothalamus is incredibly difficult, as the hypophyseal
portal system is small and hard to sample from. To determine whether GC’s are
inhibiting GnRH release from the hypothalamus, researchers use downstream
release of LH from the pituitary as a proxy for GnRH. If stress leads to a decrease
in LH release, it is assumed that this is due to a decrease in GnRH release from the
hypothalamus. Intracerebroventricular (ICV) administration of CRH has been
found to inhibit LH pulses in rats [55] and this response can be blocked or reversed
by administration of CRH antagonists [55, 56]. It appears that this suppression is
mediated in part by both CRH receptor subtypes, CRH-R1 and CRH-R2, however
which receptor is predominant depends on the type of stressor utilized [57-59].
CRH axon terminals directly interact with GnRH dendrites, and in vitro studies
have shown that CRH can inhibit GnRH release. Other studies have also shown that
infusing CRH into the medial preoptic area of females rats lead to a 60 % decrease
in GnRH release from the hypothalamus [60, 61]. Though many studies have used
in vitro systems to determine how GnRH can be inhibited by high CRH and CORT,
recent studies using sheep, however, which have a much larger hypophyseal portal
system than rodents, have allowed researchers to show in vivo that glucocorticoids
inhibit GnRH release in the hypothalamus. Prolonged corticosterone administration
IV caused a drop in GnRH release in the portal system of ewes [62] supporting the
long-standing theory that glucocorticoids’ central actions function to inhibit GnRH
release from the hypothalamus. Release has also been inhibited in hypothalamic
explants incubated with CORT and the glucocorticoid receptor agonist dexa-
methasone (DEX) in a dose-dependent manner [63].

Populations of GnRH neurons have been found to express both CRH receptors
(CRH-R1, R2) [64] and glucocorticoid receptors (GRs) directly in both mice and
rats [65, 66], indicating a method for which glucocorticoids (GCs) can act to directly
inhibit GnRH synthesis and release. Glucocorticoids have also been found to inhibit
GnRH transcription [67-69] and identified glucocorticoid response elements near
the GnRH gene that regulate GnRH transcription. The GT1 cell line derived from
GnRH-neurons, which synthesize and release GnRH [70, 71] express glucocorti-
coid receptors [72]. Further studies show that GCs can represses GnRH gene
expression and release from these cells [73]. Studies in vivo have shown that chronic
CORT treatment can inhibit GnRH expression, leading to a decrease in serum LH
levels [74]. This however, had no effect on FSH levels, nor did it affect gonadotro-
pin mRNA.

The effect of peripheral circulating glucocorticoids on GnRH and consequently
the LH surge is highly variable and likely dependent on the severity and length of
the stressor. In different acute stress studies glucocorticoids are shown to exert a full



260 A.C. Geraghty and D. Kaufer

spectrum of effects on the LH surge that range from complete inhibition, to little or
no effect to a positive activator of LH release. It emphasizes the importance of
comparing stress paradigms and understanding how different stressors trigger the
HPA axis. Acute stress tends to provide variable results on many different
outcomes—Ilife history, age and gender can influence this response greatly. In con-
trast, chronic stress has been consistently shown to inhibit the LH surge and ovula-
tion in the literature, indicating that while short-term stressors may exert variable
effects on reproduction, likely due to the type of stressor, long-term stress reliably
causes reproductive dysfunction.

Indirect Regulation of GnRH by Glucocorticoids

Glucocorticoids may also exert an inhibitory influence on reproduction and GnRH
output by influencing hormones upstream of GnRH, adding another level of control
over reproduction. Two hormones in particular have been recently identified
upstream of GnRH that respond directly to stress, affecting GnRH synthesis and
secretion from the hypothalamus. Kisspeptin (KISS1) and gonadotropin-inhibitory
hormone (GnIH), mentioned earlier, have opposing effects on GnRH. KISS1 is an
activator of GnRH and plays a critical role in the maintenance of the GnRH pulse
generator in the hypothalamus as well as the estrogen surge responsible for ovu-
lation. Many different types of stressors, including exposure to the endotoxin lipo-
polysaccharide, acute hypoglycemia, immobilization (restraint) stress and social
isolation, lead to downregulation of KISS1 and it’s receptor KISSIR in the popula-
tion of kisspeptin neurons in the median pre-optic area (mPOA) of the hypothala-
mus, as well as decreases in KISS1 expression in the arcuate nucleus, leading to
downstream decreases in LH secretion [75-77]. Kisspeptin neurons have been
shown to express both CRH-R and GR, implying that they could potentially respond
directly to increase in either hormones following a stress stimulus [78]. These
changes can transmit downstream into inhibition of the GnRH pulse generator,
which has been shown to rely on kisspeptin input, and ultimately translate to down-
stream inhibition of LH secretion from the pituitary.

A subset of neurons in the hypothalamus expressing kisspeptin project directly to
GnRH neurons [79-82], and has been implicated in modulation of the GnRH pulse
generator. These neurons, known as the KNDy neurons, express two other neuro-
peptides, neurokinin B and dynorphin, and strongly respond to CORT. This sub-
group offers yet another pathway in which stress via glucocorticoids can
indirectly inhibit the reproductive axis. Dynorphin, an endogenous opioid in the
brain signals through the kappa-subtype of the opioid receptor (KOR) in the
hypothalamus, and administering dynorphin to female rats has been shown to
inhibit LH pulses from the pituitary [83]. Stress has been shown to increase dynor-
phin release [84] which could lead to downstream inhibition of LH [85].
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Gonadotropin-inhibitory hormone (GnlH) is another hormone upstream of
GnRH that is regulated by stress to inhibit reproduction. GnIH was originally
discovered in birds [30] and a mammalian orthologue, Rfamide-related peptide-3
(RFRP3) has since been identified in many species including rats, mice, hamsters
and humans [26, 27, 86]. RFRP3 inhibits the GnRH pulse generator, decreasing
GnRH release from the hypothalamus and leading to decreased gonadotropin
secretion from the pituitary [41, 45, 87]. Both acute and chronic immobilization
stress in male rats were found to increase RFRP3 mRNA and peptide levels in the
hypothalamus and adrenalectomy blocked this effect, revealing that this is due to
circulating glucocorticoid levels [88]. This increase in RFRP3 by glucocorticoids
led to downstream inhibition of LH release from the pituitary. In vitro studies utiliz-
ing a cell line derived from RFRP3-ergic neurons has shown that RFRP3 neurons
express the glucocorticoid receptor (GR) and also possess two glucocorticoid
response elements (GREs) at the RFRP promoter region, further evidence pointing
to a direct regulation of RFRP3 neurons by glucocorticoids [89, 90]. RFRP3 neu-
rons in mammals can directly inhibit GnRH pulses from the hypothalamus, a
response enhanced by high glucocorticoids after stress. In female rats, research has
shown that high glucocorticoids after chronic stress can lead to an increase in
RFRP3 levels in all stages of the estrous cycle and that this increase is sustained for
at least one more estrous cycle after the stress has ceased. This increase leads to
downstream reproductive dysfunction with fewer copulatory events in females
exposed to chronic stress, lower pregnancy rates and decreased litter sizes [91]. This
new research into the effect of glucocorticoids on RFRP3 levels and long-term
reproductive dysfunction in female rodents could shed light on a more detailed
mechanism of chronic inhibition of the HPG axis and reproductive success by
glucocorticoids.

These are only a small sample of the possible indirect mechanisms of glucocor-
ticoids on GnRH secretion. Much is still not well understood about the mechanism
of action of glucocorticoids on GnRH levels, especially since there have been a slew
of novel discoveries of peptides upstream of GnRH that increases the complexity of
the regulation of reproductive neural systems by glucocorticoids. The difficulty in
measuring GnRH levels from rodents has also made it difficult to come to generate
conclusions about the mechanism of action of GCs on GnRH.

Glucocorticoid Effects in the Pituitary

While many of the stress effects on GnRH can lead to downstream pituitary dys-
function, glucocorticoids also directly influence reproduction at the level of the
pituitary. This inhibition can happen via many different mechanisms, including
modulating the sensitivity of the pituitary to changes in GnRH secretion, a decrease
in synthesis of the gonadotropes LH and FSH, as well as decreasing the secretion of
LH and FSH from the pituitary. However, the effects of glucocorticoids directly on
the pituitary in secretion and synthesis are highly variable, indicating that the type
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of stressor and duration is very important when discussing this. This variability may
stem from only looking at a part of the inhibition, such as focusing on just LH
secretion as the output, rather than examining the mechanisms of synthesis and
responsiveness of the pituitary itself.

Synthesis of LH and FSH is a highly regulated process involving not just GnRH
levels, but steroid gonadal hormones as well [92, 93]. LH and FSH are glycoprotein
heterodimers that consist of a common glycoprotein alpha-subunit (aGSU) and a
specific f-subunit for either FSH or LH (LHP and FSHf) [94]. As rat and mice
gonadotrope cells express GRs [95], it is likely that GR transcriptional regulation
influences the synthesis of these subunits, both the specific f-subunits as well as the
common alpha subunit to also regulate expression levels. Breen et.al. found that
both daily immobilization stress and CORT administration led to reduced LH-p
mRNA levels, as well as decreased LH release from the pituitary in vivo. They also
showed in vitro, using a gonadotope cell line, L T2 that CORT decreases GnRH-
induced increase in LHf mRNA levels as well as identified the LHf promoter
regions that are CORT and DEX responsive [96].

Similar to the effects seen in the hypothalamus, acute stress leads to variable
results. Several studies utilizing multiple types of acute stressors on gonadotropin
synthesis and release found that acute stress stimulated the HPG axis, leading to
increased levels of LH, prolactin (PRL) and FSH in the plasma [97, 98]. Others have
found though that acute administration of glucocorticoids can reduce the LH peak
in females [99, 100] and injection of CRH peripherally has been shown to inhibit
ovulation and block the LH surge completely [54]. Baldwin and Sawyer found that
an acute injection of DEX early in the estrous cycle of rats can delay the onset of
ovulation. Administration of LH though, in addition to DEX, can recover the ovula-
tory event, indicating that this delay of the estrous cycle is due to DEX inhibiting the
LH surge necessary for ovulation, rather than a problem within the ovary [101].
There is some debate over timing of sample collection—some studies see an initial
stimulation of LH but an inhibitory response later [102]. Collu et.al. found that after
the first 15 min of an acute stressor, female rats exhibited an increase in LH plasma
levels, however after 6 h of immobilization stress LH plasma levels in the females
had dropped below control levels, supporting the theory that the acute stimulation
of the HPG axis is only transitory [102]. Differences in the stressors, duration,
sample collection and timing of the experiment may explain the differences found
in LH release from the pituitary after acute stress and so it is hard to make concrete
conclusions about acute stress and pituitary function in reproduction.

Chronic immobilization stress, on the other hand, has been shown to reliably
reduce LH levels in both males and females [102—110]. One such study found that
chronic immobilization stress reduced plasma levels of LH, and prolactin (PRL)
with no change in FSH. However, pituitary levels of LH and FSH protein increased,
showing that synthesis and secretion are not always matched up-it appears in this
study, chronic stress did not influence synthesis, but inhibited release in some way
[109]. This difference is critical when comparing studies—most studies do not look
at both synthesis and secretion simultaneously, which may explain differences in
findings.
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Glucocorticoids can also change the responsiveness of the pituitary to GnRH
secretion. This may occur via regulation of the GnRH receptor in the pituitary, how-
ever other studies have shown that this can also occur independently of changes in
the GnRH receptor [111]. Baldwin (1979) found that stress affects estrogen feed-
back onto the pituitary, making it less responsive to GnRH secretion [112]. GnRH
binding to its receptor on the gonadotropes is necessary to induce synthesis of
aGSU, LHp and FSHp subunits, as well as stimulate the dimerization of the sub-
units for successful synthesis and release from the gonadotrope cells. GnRH recep-
tors appear to be transcriptionally regulated by GR [113, 114].

This section focused predominately on the influence CORT and GR has on LH
synthesis and secretion. CORT has been shown to also decrease FSH mRNA levels
as well in some studies [110, 115], however, there is extreme variability in the FSH
response in regards to stress. FSH secretion levels are rarely affected by stress, espe-
cially acute stress, showing little to no change in most studies looking at it [110,
116]. This likely is due to other regulatory signals on FSH beyond corticosterone.
Many studies, in fact, show increases in FSHf (beta) mRNA post-stress, both after
immobilization stress and corticosterone or cortisol administration in many species
in both acute and chronic studies, sometimes accompanied by decreases in LHf or
with no change in LH at all [96, 111, 117-119]. This also happens with little to no
change in actual FSH secretion, so it is hard to draw conclusions on how stress regu-
lates FSH levels.

In summary, based on current literature it seems impossible to draw clear answers
about glucocorticoid inhibition of reproduction at the level of the pituitary. The
range of studies utilizing different species, different sexes, a variety of stressors as
well as different lengths of time of the stressors themselves is likely part of the
cause of the confusion. Some studies show that acute stress increases the pituitary
gonadotropins while some find decreases in gonadotropins. Some studies show
changes in the synthesis of the gonadotropins, but no change in release and others
find that release is altered with no change in synthesis. Much research is still to be
done in this area to fully elucidate how glucocorticoids affect the pituitary directly
in terms of reproduction.

Glucocorticoids and the Gonads

The final component of the HPG axis, the gonads, is yet another level in which GCs
regulate the HPG axis. In the gonads, GCs can act to inhibit many critical steps to
complete the reproductive process. Corticosterone can inhibit steroidogenesis,
inhibiting the synthesis of testosterone (T), estrogen (E2) and progesterone (P), as
well as directly inhibiting the release of these steroids from the gonads. GCs modu-
late the expression of the LH-receptor (LHR) on the gonads, changing how the
gonads respond to LH and leading to downstream effects on steroids. GCs can also
regulate gametogenesis, the development of mature sperm and ovum, to inhibit
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reproduction at the levels of the gamete. These effects can all be completed in the
absence of influences from the hypothalamus and pituitary, emphasizing how pro-
foundly stress can influence reproduction.

Glucocorticoid Effects in the Testes

Research has shown that GR is localized in several different cell populations within
the testes, including importantly the Leydig cells, which is where steroidogenesis
occurs within the testes, as well as in the Sertoli cells, primary spermatocytes and
the epididymis [121-123]. This indicates that GRs can regulate not only steroido-
genesis and the release of T, but spermatogenesis as well, either through affecting
the primary population of cells or affecting the last steps of maturation in the epi-
didymis. Both acute and chronic stress experiments have shown that high GCs
inhibits testosterone secretion, spermatogenesis and libido [124—128] as expected.
This effect is due specifically to circulating GC levels in the blood and action via
GR because ACTH treatment in adrenalectomized animals fails to replicate these
findings [129]. Some studies show that this decreased testosterone release can occur
either via downregulation of the LH receptor in Leydig cells [130] or through inhi-
bition of the enzymes necessary for testosterone biosynthesis [125, 126, 128, 129,
131-133]. Overall, these changes result in decreased testosterone synthesis and
release from the gonads.

Glucocorticoids may also impact spermatogenesis, as GRs are present on the
primary spermatocytes as well as within the epididymis. High glucocorticoids have
been found to induce testicular germ cell apoptosis [134, 135] as well as Leydig
cell apoptosis [136], which has a profound inhibitory influence on male reproduc-
tive abilities. Chronic stress has been shown to also decrease the number of sper-
matids within the testis [137], and in humans it has been shown that chronic stress
leads to decreased sperm numbers, likely through a combination of the above
responses [138]. Expression of GR in all these spermatogenic area indicates that
glucocorticoids can act directly on the testes to regulate sperm production. Stress
and high levels of GCs likely inhibit reproduction both indirectly and directly at the
level of the gonads, with decreased secretion of LH from the pituitary decreasing
testosterone release, and direct inhibition of testosterone synthesis and sperm
production by GCs.

Glucocorticoid Effects in the Ovaries

The role of glucocorticoids within the ovary is somewhat more complicated than it
is within the testes. Rather than a straight inhibitory role of GCs on ovarian func-
tion, some GC effects are actually beneficial to the ovaries and are necessary for
maintenance of the follicular development pathway. During each cycle, many
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follicles are activated for development within the ovaries, however not all fully
develop to maturity and it appears GCs are an active part in that selection process.
This is necessary for normal ovarian function, but likely is very finely controlled,
and high stress may tip the balance between a “good” level of GCs and a “maladap-
tive” level that leads to ovarian dysfunction.

A way in which the ovaries control levels of GCs through follicular development
during the female estrous or menstrual cycle is via expression of the enzyme
11B-hydroxysteroid dehydrogenase (11B-HSD). 11p-HSD is a family of enzymes
responsible for catalyzing the conversion of inactive cortisone to cortisol or vice
versa to regulate glucocorticoid exposure. 113-HSDI1 activates cortisol predomi-
nately, however the reaction is bidirectional, and 11B-HSD1 can also inactivate cor-
tisol. 11B-HSD2 on the other hand unidirectionally inactivates cortisol, converting
it back to cortisone [139, 140]. Researchers have identified that many of the cells
within the ovaries, including the follicles and corpus luteum, express 11p-HSDI,
118-HSD2 and GR [141-145], indicating that there are possibly many regulatory
effects of glucocorticoids on follicular development and ovarian function.
Interestingly, the ovaries differentially regulate 11p-HSD1 and HSD2 throughout
the cycle. 11B-HSD2, which inactivates GCs, is highly expressed in developing fol-
licles in the ovary, while 113-HDS1, which activates GCs, is highly expressed in
follicles that have been luteinized, meaning they have been activated by an LH
surge and ready for an ovulatory event [141, 146, 147]. This indicates that the ova-
ries upregulate 11p-HSD2 while developing in order to inactivate GCs present in
the ovary while the follicles are maturing in order to enhance development, but
choose to activate circulating GCs once the follicle is released for ovulation. These
activated and functional GCs may act as an anti-inflammatory response triggered by
the rupturing of the ovarian surface epithelium during ovulation [148, 149]. These
two examples show how GCs are likely necessary for normal function of the ova-
ries, however their levels are tightly regulated via variability in expression of the
118-HSD1 and 2. These enzymes are actually manipulated via gonadotropin signals
from the pituitary, with LH controlling expression of 113-HSD1 expression (thus
activating GCs during ovulation). This regulation via gonadotropins provides a
mechanism through which excess GCs could influence enzymatic regulation of
GCs. As these two enzymes are so narrowly regulated during the ovarian cycle,
stress and high GC secretion from the adrenals can easily dysregulate these signals
and cause profound fertility problems in both ovarian function during ovulation and
uterine function during fertilization, implantation and pregnancy.

In the ovaries, high amounts of GCs, surpassing the amount that is typically
inactivated by 118-HSD2, can suppress LH function and inhibit estrogen release
and synthesis [131, 146, 150]. Studies both in vivo and in vitro have shown that GCs
can influence not only LH response, but also inhibit transcription of the enzymes
necessary for steroid biosynthesis, critically inhibiting p450 aromatase, necessary
for conversion of testosterone to estrogen. In rat granulosa cell cultures, FSH trig-
gers the increase of aromatase activity, promoting estrogen synthesis for ovulation.
Administration of both CORT and DEX inhibited this FSH-induced increase, how-
ever stimulated progesterone synthesis and did not inhibit pre-existing aromatase
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function. This indicates that GCs act to inhibit induction of aromatase activity spe-
cifically, not necessarily affecting granulosa cell function as a whole [151].
Glucocorticoid treatment was also found to decrease LH receptor in cultured granu-
losa cells [152], indicating that GCs can act directly on the ovarian cells to decrease
FSH-stimulated functions, including aromatase activity and LH receptor binding.

Interestingly, GC effects on oocyte maturation appear to be species dependent.
Studies in humans and pig have shown that GCs can inhibit meiotic development in
the oocytes [153, 154], however studies in sheep and mice have shown no effect of
GCs on final oocyte maturation [155, 156]. However a recent study in mice showed
that high levels of CRH in the cytoplasm of the ovaries due to restraint stress induced
ovarian apoptosis, decreasing follicular development independent of GR. This
increase of CRH was acting on thecal cells in the ovary, decreasing testosterone and
estrogen levels and increasing progesterone, creating a hormonal imbalance between
estrogen and progesterone that led to decreased oocyte success [157]. These differ-
ences are likely due to problems intrinsic to in vitro models that utilize only the
ovarian granulosa cells. In addition, another in vivo study in mice utilizing preda-
tory stress found that while high GCs did not affect oocyte maturation, blastocyst
formation was significantly decreased in these mice, showing that GCs may have a
stronger effect on embryo development or the oocyte potential for fertilization,
rather than maturation of the oocytes in general [158]. The next section will explore
GC:s effects on pregnancy and fertilization more closely.

The role of glucocorticoid function in the ovary is incredibly complex and nar-
rowly regulated. The actions of GCs are regulated via differential transcription of
the two 11B-HSD enzymes, transcription of which is controlled through gonadotro-
pin release form the pituitary. Glucocorticoids are critical for maintenance of ovar-
ian function, involved in functional apoptosis of follicles to maintain normal
follicular development, as well as its anti-inflammatory role necessary for ovulation
to occur. However, high stress can tip the scales from functional to dysfunctional,
overwhelming the ability of 11B-HSD to regulate GC levels and causing ovarian
problems ranging from a decreased responsiveness to LH levels, decreased synthe-
sis of estrogen due to inhibition of aromatase release, and potentially inhibiting the
final step of oocyte maturation.

Glucocorticoids, Implantation and Pregnancy Success

Even if an ovum can be successfully developed in times of stress, and the HPG axis
still functional enough to trigger ovulation, GCs can still act to influence the uterus
to prevent successful implantation and completion of pregnancy. Glucocorticoids
typically act in opposition to estrogenic actions, and this becomes increasingly criti-
cal in implantation. For successful implantation of a blastocyst, progesterone and
estrogen regulate uterine cell proliferation, and are necessary for the changes in
both the blastocyst and uterine epithelium for successful adhesion. Glucocorticoids
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inhibit estradiol-stimulated uterine growth and decreases estrogen receptor concen-
trations in the uterus [159-162].

Pregnancy itself requires a delicate immune balance and regulation of the mater-
nal immune cells in order for survival of both the fetus and the mother. It is sug-
gested that the high levels of progesterone (P) released from the corpus luteum of
the ovary after ovulation and sustained by the placenta throughout pregnancy help
regulate the mothers immune system. There is some research indicating that
membrane-bound progesterone receptors act to inhibit maternal T-cell during preg-
nancy [163, 164]. This combines with a series of other downstream immune events
that allows the maternal immune system to accept the foreign fetus and expression
of progesterone and related progesterone factors such as progesterone-induced
blocking factor (PIBF) continues to increase through pregnancy. High levels of Thl
cytokines in mice have been shown to be abortogenic, and progesterone during
pregnancy binding to progesterone receptors have been shown to release PIBF,
which in turn decreases natural killer (NK) cells in the uterus and induces Th2 cyto-
kine development, changing the balance towards an anti-abortive immune response
[163—-167]. However studies using restraint stress in rodents has found that stress
early in pregnancy leads to decreased embryo success, showing higher abortion
rates in the mice and smaller litter sizes [168—170]. Wiebold et.al. found that this
was due to decreases in corpora lutea, lower levels of serum progesterone and fewer
implantation sites [ 168]. In humans, circadian cortisol levels are suppressed in early
pregnancy, and women who have been found to have high morning cortisol levels
in the first weeks of pregnancy were more likely to experience spontaneous abor-
tions [130]. This however appears to be specific to the peri-implantation time, as
studies have not found that circadian levels of cortisol are indicative of likelihood of
a miscarriage later in the first trimester [131]. Human data on the subject is incon-
clusive, but the immunosuppressive effects of high cortisol, as well GC’s influence
on decreasing progesterone and PIBF release support the idea that stress can have a
profound influence on early miscarriage rates.

Glucocorticoids play a significant role in pregnancy maintenance, opposing
estrogen’s ability to ready the uterus for implantation and inhibiting progesterone’s
anti-abortive immune response. While much of research into this focuses on stress
during the pregnancy itself, there could be long-term effects of stress prior to the
pregnancy that could affect pregnancy success as well, maybe via long-term inhibi-
tion of progesterone.

Conclusion: Stress and Its Many Effects
on Reproductive Ability

Physiologically, glucocorticoids exert many effects on surrounding cells and are
necessary for life. Within normal ranges, GCs regulate homeostasis and are critical
for our stress response. In times of stress, high levels of GCs shut down physiological
processes not relevant for survival in that time, including reproduction. GCs and the
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HPA axis can act upon every level of the HPG axis, both directly and indirectly
inhibiting gonadotropin release from the pituitary and exerting direct effects on the
gonads. Stress and high GCs decrease the release of GnRH from the hypothalamus,
either by directly inhibiting GnRH pulses or inhibiting upstream regulators of
GnRH release. This can lead to downstream decreases in LH release form the pitu-
itary, however GCs can also directly inhibit the synthesis and release of gonadotro-
pins from the anterior pituitary. The decrease of LH and sometimes FSH from the
pituitary can decrease steroid release form the gonads, and circulating GCs can also
act directly on the gonads to inhibit the transcription of enzymes necessary for
gonadal steroid biosynthesis. There are sex and species differences in all these
responses. It is a complex and confusing field, however new techniques utilizing
cell-specific knockdowns of GR and/or other peptides involved in this response can
help clarify the more specific roles of GCs and reproductive dysfunction. This
becomes increasingly important as we find that infertility rates continue to increase
in humans, likely due to high stress exposure in day-to-day lives. Understanding the
molecular mechanisms behind how stress impairs fecundity and reproductive suc-
cess, especially in females, is critical to helping improve fertility rates.
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