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Abstract
Adverse environments during the fetal and neonatal development period may permanently
program physiology and metabolism, and lead to increased risk of diseases in later life.
Programming of the hypothalamic-pituitary-adrenal (HPA) axis is one of the key mechanisms that
contribute to altered metabolism and response to stress. Programming of the HPA axis often
involves epigenetic modification of the glucocorticoid receptor (GR) gene promoter, which
influences tissue-specific GR expression patterns and response to stimuli. This review summarizes
the current state of research on the HPA axis and programming of health and disease in the adult,
focusing on the epigenetic regulation of GR gene expression patterns in response to fetal and
neonatal stress. Aberrant GR gene expression patterns in the developing brain may have a
significant negative impact on protection of the immature brain against hypoxic-ischemic
encephalopathy in the critical period of development during and immediately after birth.
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1. Introduction
Survival of an organism depends on its ability to maintain the equilibrium with changing
environmental conditions. Although environmental conditions are considered to influence
life after birth, recent epidemiological studies have demonstrated the importance of
environment in utero on health and disease of individuals in later life. There is compelling
evidence that early life events play a causal role in developmental programming of adult
disease. During the period of rapid growth and development, the fetus is highly susceptible
to alterations in the maternal environment. The concept of “programming” has been
developed to explain the process by which an organism adapts to environmental events
through generating stable alterations in the phenotype. This usually occurs at early period of
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development. Exposure to an adverse environment may disturb the process of cell
proliferation and differentiation, alter fetal growth and have long-lasting effects on the
individual’s health. The concept of “fetal programming of adult disease” was first proposed
several decades ago, and it has now been widely accepted [13,146].

Stress is an internal response to stimuli or pressures that challenge or disrupt the
homeostasis of organism in a changing environment. Environmental signals that influence
the process of fetal development cause fetal stress. Stress responses are mediated mainly by
the sympatho-adrenomedullary and the hypothalamic-pituitary-adrenal (HPA) systems. The
sympatho-adrenomedullary system provides a rapid response to acute stress through changes
in cardiovascular, respiratory, renal, and endocrine systems, while the HPA system provides
prolonged response to stress via the effects of glucocorticoids. These two systems interact
with each other to promote homeostasis and facilitate the adaption to stress. The HPA axis is
of vital importance in mediating the process of fetal programming. Although these stress
response actions may provide short-term benefit and facilitate the survival, the resultant
alteration of gene expression patterns may bring about modified responses in the adulthood
and set the stage for the development of disease in later life. In this review we discuss major
stress factors, their effects on programming of the HPA axis, the subsequent effects on
disease development, and the molecular mechanisms that may be involved.

2. The HPA axis and perinatal stress
2.1 The HPA axis

The HPA axis consists of a complex set of interactions between the hypothalamus, pituitary
gland and adrenal cortex, which mediates the stress response through the actions of
glucocorticoids. Main anatomical components of the HPA axis and glucocorticoid feedback
loop are illustrated in Figure 1. The hippocampus, hypothalamic paraventricular nucleus
(PVN), anterior pituitary, and adrenal cortex are integrated into a tightly regulated,
interdependent system that maintains internal homeostasis. In response to stress, the PVN
releases corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP), which
enter hypophyseal portal circulation and stimulate the synthesis and secretion of
adrenocorticotropin (ACTH) into the peripheral circulation. ACTH is produced from
cleavage of the precursor molecule proopiomelanocortin in anterior pituitary corticotrope
cells. Once released, ACTH initiates the production and secretion of glucocorticoid (cortisol
in humans, sheep, and guinea pigs, and corticosterone in rodents) from the adrenal cortex.
During stress, glucocorticoids redirect the metabolism to meet energy demands for stress
response, and restrain defense reactions to stress in order to protect the body from further
damage.

At the molecular level, these stress response actions are achieved mainly by the regulation of
gene expressions. Glucocorticoids exert their effects through two different types of
receptors, the type I mineralocorticoid receptor (MR) and the type II glucocorticoid receptor
(GR). Both MR and GR are members of the nuclear hormone superfamily of ligand-
activated transcription factors. The unligated GR is located in the cytoplasm as a multi-
protein complex containing several chaperones including heat-shock proteins and kinases.
Binding of glucocorticoids to the GR results in dissociation of chaperones from the protein
complex, and the activated glucocorticoid/GR complex is translocated into the nucleus
where it binds to the glucocorticoid response elements (GREs) in the promoter region of
target genes and modulates gene expressions [3]. Due to potential damaging effects of
extended glucocorticoid exposure, the HPA axis activity is modulated by a feedback
regulation of glucocorticoids and ACTH at the levels of the hippocampus, PVN and
pituitary gland [213]. In addition to the classic genomic effects, glucocorticoids can also
mediate rapid cellular responses through non-specific interaction with cellular membranes,
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especially the plasma and mitochondrial membranes. It has been shown that at high
concentrations glucocorticoids dissolve into membranes and can affect physicochemical
membrane properties, as well as the activities of membrane-associated proteins [35]. This
results in inhibition of calcium and sodium cycling across the plasma membranes of immune
cells, and contributes to the clinically observed immunosupression associated with high-dose
glucocorticoid therapy. Non-genomic effects may also be mediated by the binding of
glucocorticoids to the GR located in the cytoplasm or on the membrane [87,276]. As noted
above, binding of glucocorticoids to the cytoplastic GR may result in the release of signaling
molecules such as the Src from the multi-protein complex, and the Src is considered to
mediate rapid glucocorticoid effects [53]. Recent studies show that rapid non-genomic
effects of glucocorticoids are also mediated by a membrane-linked GR in T cells. The Src
family members Lac and Fyn are expressed in T cells and involved in T cell receptor-
mediated signal transduction. Glucocorticoid treatment rapidly inhibits the activities of Lac
and Fyn through a GR-dependent pathway [166,167]. In the hypothalamus, glucocorticoid-
mediated non-genomic effects participate in rapid glucocorticoid feedback inhibition of
hypothalamic hormone secretion [72]. The molecular mechanisms of genomic and non-
genomic GR actions have been reviewed in detail by Stahn et al. [262,263]. Genomic effects
of glucocorticoids normally take place within hours or days in the nanomolar range, while
non-genomic effects of glucocorticoids may occur within seconds or minutes at significantly
higher concentrations. Both genomic and non-genomic effects of glucocorticoids have been
described at cellular levels, the level of whole organ function and in vivo physiological
responses.

Molecular and biochemical studies have demonstrated the expression of both MR and GR in
brain tissues. In the rat brain, the GR is expressed in virtually all cell types, while the
expression of MR is more restricted and is distributed mainly in the PVN and in certain
subfields of the hippocampus. The MR binds to glucocorticoids with high affinity,
approximately 10-fold higher than that of GR [234]. Glucocorticoids may thus
predominantly bind to and occupy the MR at basal concentrations, which may play an
important role in the activity of HPA system, such as in maintaining the basal activity (e.g.
circadian fluctuations) and controlling the sensitivity of stress response. In conditions where
glucocorticoid concentrations rise markedly such as after stress, the GR is activated,
together with MR, which modulates appropriate stress responses by controlling and
terminating stress-induced HPA reactions through the feedback regulation. Under such
circumstances, the GR mobilizes energy resources required for stress response and
facilitates the recovery from the stress insult [54]. In other words, the activation of MR by
glucocorticoids results in initiation of the stress response, while GR-mediated effects lessen
and limit the response and promote the adaptation.

The impact of fetal glucocorticoid exposure depends on the expression of the genes
encoding GR and MR in the developing brain at the time of exposure. The developmental
expression patterns of GR and MR are highly species specific. In fetal rat brains, both GR
and MR are expressed at low levels throughout gestation, but increase rapidly after birth.
GR mRNA expression is first seen on embryonic days (E) 12.5 in the neuroepithelium of
fetal rats, and its expression levels increase from that time on [73]. Kitraki et al. studied GR
gene expression in the rat brain from E12 to E17 by in situ hybridization, and found that GR
mRNA was first detected in E13 embryos [141]. In another study, GR expression was
evaluated at both the mRNA and protein levels in E15 to E22 rat brains. A moderate to
strong GR mRNA signal was observed in multiple regions of fetal rat brains from E15, and a
weak to moderate nuclear GR protein signal developed in nerve cells 1 or 2 days after the
appearance of GR mRNA signal [46]. The expression of MR was present in the fetal rat
brain later in the gestation, and was limited to certain regions. The MR mRNA expression
was demonstrated in fetal rat brains from E15.5, and maintained at a low level until E22.5
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[73]. In species that give birth to mature newborns such as guinea pigs, sheep or non-human
primates, GR and MR expression patterns are more complicated. For example, GR mRNA
was found widely distributed in guinea pig brains, with the highest levels of expression in
the cortex, hippocampus, amygdala, and PVN, while MR mRNA was limited to the limbic
structures [170]. In the hippocampus, MR expression decreases while GR expression
increases with progression of the gestation, indicating that there is differential
developmental regulation of these two receptors [170]. Moreover, GR mRNA levels
undergo dynamic and site-specific changes in the brain of fetal guinea pigs. The
hippocampal GR mRNA levels increase with progression of the gestation and reach the
highest levels near the term, while PVN GR mRNA levels are highest on gestational days
40–45, and dramatically decrease in the last 25 days of gestation [170]. A similar reduction
in the GR expression pattern is found in the PVN of fetal lamb brains [4]. In the common
marmoset brain, the expression of MR and GR is higher in the hippocampus than in the
cortex, striatum and cerebellum [224]. In the hippocampus, the expression of MR is site-
specific, with highest level in the dentate gyrus (DG), lower levels in the subiculum and
presubiculum, and very low levels in the lateral nucleus of amygdala. The distribution of GR
mRNA in the brain is more widespread than that of MR, and shows significant differences
between areas within one tissue. For example in the hippocampus GR mRNA is expressed
higher in DG than in the CA1-CA4. MR mRNA expression is higher in infants than in
adults, and intermediate values are found in neonates and juveniles, while the hippocampal
GR mRNA expression occurs in infants and juveniles but not in neonates or adults. A study
in the fetal rhesus monkey showed that pulmonary GR mRNA levels increased significantly
with the progression of gestation [318]. In the developing human hippocampus, both MR
and GR are expressed between 24 and 34 weeks of the gestation, and GR mRNA expression
levels are lower than those of MR mRNA. Moreover, the expression levels of MR and GR
mRNA do not show large changes over time [199]. This dynamic regulation of MR and GR
expression levels may be a reason for the distinctly different reactions to common stimuli
applied at different times of gestation in the programming process.

The HPA axis is highly susceptible to programming during the development, and
glucocorticoids act as the primary mediators of HPA programming [136,172].
Glucocorticoid-induced plasticity of the neural circuitry regulating the HPA axis may
constitute a means through which exposure to stress plays a role in a spectrum of HPA
abnormalities, including aberrant HPA circadian rhythms, abnormal HPA response to stress,
and basal HPA dysregulation [156]. In view of the regulatory effects of HPA hormones on
the gene expression profile, exposure of glucocorticoids-responsive organs such as the brain,
liver or pancreas to excess glucocorticoids during the critical period of the development may
result in a permanent alteration of physiology and later health.

2.2 Perinatal stress of malnutrition, hypoxia and glucocorticoid exposure
Growth and development in utero are a complex and dynamic process, and require the
interaction of maternal and fetal components in order to sustain the survival and optimal
growth throughout the gestation. If adverse environmental factors such as shortage of
nutrition are encountered during pregnancy, it is logical for a “stress” signal to be
transmitted to the developing fetus, which results in changes in the structure and function of
fetal tissues, the activity of fetal HPA axis and behaviors that promote the survival after
birth. Prenatal stress may lead to low birth weight that is an important marker of intrauterine
growth restriction (IUGR) in the fetus. Perinatal stress includes altered nutrients (for
example maternal hypoxia or malnutrition), exposure to harmful chemical agents (such as
cocaine, nicotine, or alcohol), physiological or psychological stress, perturbed endocrine
signaling (e.g. excessive glucocorticoid exposure) between the mother and the developing
fetus, as well as postnatal manipulation (e.g. postnatal handling of the newborn animals).
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Although fetal or neonatal response to such disturbances enhances the maintenance of
critical tissue function and the capacity for survival of the organism, this adaptive response
may contribute to irreversible changes in tissue structure or function, and significantly
increase subsequent susceptibility to disease, especially when the adult environment does
not match the environment that originally induced the programming process and
developmental plasticity [104]. Two major hypotheses that have been proposed to explain
the association of perinatal stress and postnatal health are nutritional programming [13] and
hormonal programming through overexposure to glucocorticoids [256]. In addition, fetal
development and programming may be influenced by exposure to many other adverse
factors during the perinatal period. For example, chronic hypoxia during pregnancy plays an
important role in IUGR-independent of maternal malnutrition [129,186,231]. Conditions
such as increased maternal stress or fetal exposure to adverse substances may also result in
low birth weight and cause programming that leads to heightened vulnerability to disease in
adult life [31,59,260].

2.2.1 Perinatal malnutrition—Since the original studies by Barker et al. [12], compelling
evidence from other large epidemiological studies has demonstrated a relationship between
prenatal malnutrition and negative consequences on the health of offspring in later life. It is
increasingly clear that prenatal malnutrition is associated with increased risk of
cardiovascular disease, metabolic syndromes or neuroendocrine deficits [249,273]. In the
“thrift phenotype” proposed by Hales and Barker, insufficient prenatal nutrition may bring
about the adaption that facilitates fetal survival and postnatal growth under continued
nutritional deprivation. However, when plentiful postnatal nutrition is provided after birth,
these adaptations that were beneficial under the original conditions may increase the risk of
development of type 2 diabetes and other features of metabolic syndrome [116]. Prenatal
undernutrition followed by subsequent rapid catch-up growth in neonates supported by
sufficient nutrition or overnutrition, lead to disease in the adulthood. There has been
extensive investigation of inadequate prenatal nutrition followed by discordant postnatal
nutrition. However, rapid postnatal growth is itself associated with increased risk of obesity
and metabolic disease in the adulthood [286]. Rapid weight gain during infancy has been
associated with adiposity, high blood pressure, high fasting triglyceride levels and other risk
factors, which are independent of birth weight [286]. The fetal and infant period from
pregnancy to 24 months of age is a crucial window of opportunity for reduction of
malnutrition and its long-term adverse effects.

Adequate nutrients throughout the gestation are important for the optimal fetal growth and
development. Insufficient nutrition at any stage of pregnancy is associated with adverse
outcomes in pregnancy or infancy, and leads to increased risk of adult disease. Due to
conditions such as severe morning sickness (hyperemesis gravidarum), adequate maternal
nutrition may be a challenge, especially in early pregnancy. In the earliest stages of
pregnancy, concentrations of nutrients influence embryonic and trophoblast growth even
before the implantation, and the one-cell embryo is particularly sensitive [95]. During
middle and late gestation, severe malnutrition may cause restricted development of both the
fetus and placenta. Nutritional deprivation in early development affects the differentiation of
hypothalamic centers regulating energy metabolism, and increased food availability in
subsequent life thus leads to the accumulation of excess fat. Individuals with insufficient
prenatal nutrition are prone to obesity [228,265], and have increased risk of both
hypertension and coronary heart disease [242,264].

In addition to general caloric restriction, deficiency of one or more essential nutrients during
the perinatal period may also increase risk of disease in later life. A low-protein diet
programs hypertension, insulin resistance and endothelial dysfunction in rats [145].
Maternal and/or neonatal deficiency of iron is associated with increased blood pressure and
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adverse metabolic responses [157], as well as behavioral consequences [168], which most
likely result from abnormal brain development [15]. Zinc deficiency during fetal or postnatal
growth leads to increased arterial blood pressure and the impairment of renal function in
adulthood [280]. The increasing knowledge of the vital roles played by essential nutrients
such as iron and zinc in the fetal development and in the onset of diseases in adulthood is of
importance and may enable the development of early interventions to control the specific
nutrition deficiency in the current nutritional programs.

Although many previous studies have discussed the prevalence of insufficient nutrition,
overnutrition is also a major factor in developmental programming of disease as has been
demonstrated in more recent studies. Maternal obesity and prenatal overnutrition are
associated with the onset of metabolic syndrome and cardiovascular disease in offspring. As
a consequence of increasing consumption of fat-rich diets, more and more people in the
world are overweight. In the United States, over 70% of the adult population was reported to
be overweight or obese in 2010 [90]. Moreover, the number of obese women of childbearing
age tripled between 1960 and 2000 [89]. In several epidemiological studies, maternal BMI
and gestational diabetes have been related to offspring obesity [26,143]. In animal models, a
high fat maternal diet during pregnancy and lactation produces a phenotype in offspring that
closely resembles the human metabolic syndrome, including obesity, dyslipidaemia,
hyperglycemia and insulin resistance [7,112]. In addition, impaired vascular function and
elevated blood pressure that are associated with cardiovascular diseases are also observed in
these animal models [102,139]. Evidence from both epidemiological studies and animal
models suggests that overnutrition in maternal/fetal and/or neonatal period may lead to
obesity and increased risk of metabolic diseases in offspring. It is thus important to include
women during their reproductive period and children during their infancy and early
childhood for the efforts to decrease obesity and related metabolic diseases.

Animal model studies of malnutrition demonstrate compromised development of the
pancreas, adipose tissue, brain, kidney and liver, and these changes are involved in
programming of metabolic physiology and disease [32,41,70,196]. Circulating
concentrations of factors like insulin and leptin are generally altered by exposure to
malnutrition, and these alterations are associated with long-lasting consequences on the
circuitry that regulates the metabolism and energy balance. Changes in pancreatic structure
and function such as lower β-cell mass and insufficient insulin secretion, are observed in
both fetal and postnatal life in animals exposed to maternal malnutrition [41,43,180]. In rat
dams fed a low-protein diet, the β-cell mass, proliferation and function are decreased, and
expression levels of transcription factors that regulate pancreatic development and function
are also altered, which are associated with changes in programmed metabolism in later life
[237]. A high-fat diet has been shown to cause β-cell failure, insulin resistance and
eventually type-2 diabetes [41]. During pregnancy and lactation, reduction of maternal
nutrition in the baboon programs offspring metabolic responses, increases insulin resistance
and β-cell responsiveness, and results in emergence of an overall phenotype that predisposes
to type-2 diabetes in later life [44]. Leptin is usually produced by adipocytes and its major
function is to regulate food intake and energy expenditure. During human pregnancy, the
placenta is also an important source of leptin, and leptin receptors are also expressed in the
placenta, suggesting that leptin may act through a paracrine or autocrine mechanism in the
regulation of placental growth and fetal development [173]. In rodents leptin comes mainly
from the maternal circulation as the rodent placenta does not produce endocrinologically
significant amounts of leptin [233]. Leptin levels in human intrauterine growth restriction
(IUGR) infants are lower than in infants of normal weight [128]. In rat offspring with
hypoxia-induced IUGR, the energy intake and physical activity are decreased compared to
controls. When fed a high-fat diet, plasma leptin levels of the IUGR offspring are increased,
accompanied by changes in lipid metabolism and insulin resistance [245]. The
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dexamethasone treatment reduces placental expression of leptin receptor mRNA and protein,
whereas metyrapone, an inhibitor of glucocorticoid synthesis, stimulates placental
expression of leptin receptors. Moreover, the treatment of dexamethasone and
carbenoxolone (an inhibitor of 11β-hydroxysteroid dehydrogenase 2) also markedly reduces
fetal plasma leptin concentrations [261]. Taken together, evidence from these studies
suggests that leptin is a mediator of the effects of developmental programming by prenatal
stress. Understanding of the role of leptin may provide novel strategies for therapeutic
interventions. In pregnant rats, a low-protein diet results in an increased fetal to placental
weight ratio, and continuous infusion of leptin in the third trimester in low-protein diet dams
reduces the fetal to placenta weight ratio to that of the control group, suggesting that the
elevated leptin levels in the low-protein dams prevent placental insufficiency [268]. In
newborn rats, blockage of leptin with a recombinant antagonist leads to long-term leptin
resistance and susceptibility to diet-induced obesity [9]. Moreover, neonatal leptin treatment
in rat pups reverses the development programming induced by severe maternal under-
nutrition and restores the normal programmed phenotype in adult rats [290].

2.2.2 Maternal hypoxia—Oxygen is a major nutrient for the developing fetus, and
maternal hypoxia is a common form of stress during fetal development. The fetus may
experience hypoxia under different conditions. For pregnant women who live at high
altitude, fetal hypoxia is a common condition [185] that may lead to low birth weight
[103,197]. Many women continue to smoke throughout pregnancy despite its well-known
harmful effects, and tobacco smoking can result in prolonged hypoxemia in the fetus. The
placenta serves as a critical component of the maternal-fetal interaction. Insufficient
placental function or decreased maternal pO2 resulting from anemia, preeclampsia, or heart
and lung disease may also lead to fetal hypoxia [193].

In response to a short-term episode of hypoxia, the fetus may undergo a redistribution of
blood flow away from peripheral circulation to vital organs, such as the heart, adrenals and
brain [235]. Sustained redistribution of blood flow to essential organ circulation ensures
fetal survival, but this adaptation may give rise to many unfavorable health results in later
life. Maternal hypoxia may reprogram expression patterns of vital genes, alter the structure
or function of multiple organs, and increase susceptibility to disease in later life. Animal
model studies show that maternal hypoxia may result in IUGR and increase susceptibility to
diet-induced metabolic syndrome [187,244]. In adult rat offspring that have been exposed to
maternal hypoxia before birth, the expression of hepatic AKT and the muscle glucose
transporter GLUT4 that are early markers of insulin resistance, is changed by hypoxia
independent of undernutrition [38]. The developing brain is highly sensitive to reduced
oxygen and undergoes important changes in response to hypoxia, which lead to brain injury
and impaired function [79,113,230]. The cardiovascular system is particularly sensitive to
hypoxia [317]. Maternal hypoxia causes aberrant expression of important genes in the heart,
and results in alteration of heart structure or function [77,278]. Recent studies in rats
demonstrated that maternal hypoxia in the last week of gestation caused changes in matrix
metalloproteinase expression patterns in fetal and neonatal hearts, leading to collagen
deposition in the heart and a decrease in ventricular wall thickness [281]. Fetal hypoxia-
induced down-regulation of PKCε and up-regulation of the angiotensin II type 2 receptor
(AT2R) in the developing heart have been shown to increase susceptibility to cardiac
ischemic injury in offspring [214,314,313]. Vascular and endothelial dysfunction has also
been associated with prenatal hypoxia [188,308]. As fetal hypoxia is capable of inducing
dysfunction in multiple organs, there is increased risk of cardiovascular disease, metabolic
syndrome or neurological dysfunction in offspring with exposure to maternal hypoxia.

2.2.3 Exposure to excessive glucocorticoids—Glucocorticoids are steroid hormones
produced predominantly by the adrenal gland. Glucocorticoids have broad but nuanced
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effects in maintaining the homeostasis and facilitating the short-term survival and recovery
from challenges under stress [251]. Glucocorticoids play important roles in the fetal
development by accelerating the maturation of tissues and organs, notably the lung
[236,294]. It is for this reason that the synthetic glucocorticoids (e.g. dexamethasone and
betamethasone) have been widely used in the treatment of pregnant women at risk of
preterm delivery, which have effectively improved outcomes for premature babies over the
last 30 years [236]. However, evidence from epidemiological studies and animal models has
shown an association of prenatal exposure to high circulating concentrations of
glucocorticoids and increased risk of cardiovascular disease, metabolic disorders and
neuroendocrine dysfunction in later life [50,117,256], in which programming of the HPA
axis is commonly involved.

Exposure to excess glucocorticoids is common in pregnancy. The fetus is exposed to
elevated levels of endogenous glucocorticoids in conditions where the levels of endogenous
glucocorticoids are elevated in the mother who is under stress or when the placental 11β-
hydroxysteroid dehydrogenase 2 (11β-HSD2) barrier decreases. In normal pregnancy,
glucocorticoid concentrations in the maternal circulation are markedly higher than those in
the fetal circulation that is very low. This results mostly from the synthesis of 11β-HSD2 by
the placenta, which acts as a maternal-fetal ‘barrier’ to prevent inappropriate action on
glucocorticoid sensitive tissues during the fetal development [17]. 11β-HSD2 is expressed
by the placental syncytiotrophoblasts that are the site of fetal-maternal exchange. Placental
11β-HSD2 oxidizes most (~90%) of the maternal cortisol or corticosteron into inactive 11-
keto derivates (cortisone or 11-dehydrocorticosterone), and the remaining 10~20% of the
maternal glucocorticoids enter the fetal circulation [17]. During human pregnancy, the
expression and/or activity of 11β-HSD2 steadily increases as gestation progresses, and then
drops precipitously near term (38–40 weeks) so that maternal glucocorticoids are available
to the fetus to promote the maturation of fetal organs, including the lung and brain
[191,254]. In humans, mutation of the 11β-HSD2 gene is rarely reported, but is a deleterious
mutation that leads to very low birth weight [57]. As maternal glucocorticoid levels are
markedly higher than those of the fetus, modest alterations in placental 11β-HSD2
expression and activity can have a profound impact on fetal glucocorticoid exposure. An
association between restricted fetal growth and low levels of placental 11β-HSD2
(decreased expression or activity) has been found in humans in some studies [177,267],
although other studies have failed to confirm this association [238]. Maternal physiological
stress results in secretion of catecholamines, which may down-regulate human placental
11β-HSD2 mRNA levels through the alpha adrenergic pathway during early gestation and
term pregnancy [252]. Evidence from animal studies further demonstrates the relation of
placental 11β-HSD2 levels, fetal exposure to glucocorticoids and the compromised
development. Maternal undernutrition or low protein diet during pregnancy selectively
attenuates the expression of placental 11β-HSD2, leading to overexposure of the fetus to
endogenous glucocorticoids and subsequent low birth weight [20,30], which play an
important role in programming of adult hypertension [84,152]. Inhibition of 11β-HSD2 with
carbenoxolone in pregnant rats leads to fetal overexposure to glucocorticoids with associated
increased risk of hypertension, hyperglycemia and impaired stress response in offspring
[163,162,303]. These effects of carbenoxolone further highlight the role of maternal
glucocorticoids in programming, since these effects are apparently independent of changes
in other maternal factors such as blood pressure or obesity.

Fetuses may also suffer exposure to excess synthetic glucocorticoids in conditions in which
antenatal glucocorticoids are administered, such as in the treatment for asthma or congenital
adrenal hyperplasia. About 10% of pregnant women are at risk for preterm delivery in the
United States, and need to be treated with synthetic glucocorticoids in order to improve
newborn survival [236]. Unlike the endogenous glucocorticoids that are inactivated by 11β-
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HSD2 in the placenta, synthetic glucocorticoids readily cross the placenta. Although
dexamethasone is a substrate for 11β-HSD2, the product 11-ketodexamethasone can
effectively bind to and activate glucocorticoid receptors [229]. It is in part for this reason
that dexamethasone is extensively used in investigating programming by glucocorticoids. In
rat models, the treatment with dexamethasone for the final week of gestation results in
elevated basal and stress-induced plasma corticosterone levels in adult male offspring,
indicating that HPA function is altered [153,226,257].

Another potent mechanism that serves to protect the fetus from maternal glucocorticoids is
the multidrug resistance P-glycoprotein (P-gp)-mediated efflux of glucocorticoids from
syncytiotrophoblasts [134]. P-gp is an important drug transporter that is expressed in many
tissues including the placenta. P-gp in the placenta is specifically expressed on the
microvillus membrane that faces the maternal blood supply, of the syncytiotrophoblast
[277]. P-gp protects the fetus by extruding exogenous chemical agents and regulating
transfer of endogenous compounds. The expression of P-gp in the placenta is high in early
gestation and dramatically decreases near term [271], and this decrease in late gestation may
be an important factor in allowing increased fetal exposure to endogenous glucocorticoids.
Both dexamethasone and betamethasone are substrates of P-gp, and these compounds also
have regulatory effects on the expression of placental P-gp [319]. Dexamethasone has been
shown to increase the expression of P-gp in a placental cell line [216]. Given that the
expression of P-gp is developmentally regulated, outcomes of maternal exposure to
synthetic glucocorticoids may result at least partly from P-gp-induced alteration of
endogenous factors that may be important for the fetal development.

Maternal health may directly affect the fetal environment. In addition to prenatal
malnutrition, hypoxia or excess glucocorticoids, maternal conditions such as tobacco
smoking, alcohol or abuse of cocaine, and subclinical maternal infection or inflammation
may also potentially alter the fetal environment, triggering programming of the HPA axis
and subsequent disease in offspring. It is important to note that these stressors are not
mutually exclusive. Alterations in maternal nutrition also affect fetal glucocorticoid
exposure [24,201]. Conversely, prenatal stress or maternal administration of glucocorticoids
influences maternal feeding behavior that may lead to alteration of nutrition. Preeclampsia
and hypoxia are associated with decreased 11β-HSD2 in the placenta, which leads to fetal
glucocorticoid overexposure [2]. Alcohol has also been reported to decrease placental 11β-
HSD2 in female offspring [307]. The actions of glucocorticoids are potent and can modulate
metabolic processes to achieve appropriate stress response, and excess glucocorticoids may
thus represent a common pathway by which adverse environmental signals are transferred
from the mother to the fetus, triggering changes in fetal and offspring development and
permanently affecting physiological function and disease development in later life. During
this process, programming of the HPA axis plays a pivotal role.

2.3 Effect of perinatal stress on the HPA axis
Maternal stress has a profound effect on programming of the HPA axis [36,274], and
glucocorticoids are primary mediators in programming of HPA function. In human
pregnancies complicated by IUGR, fetal cortisol levels are significantly elevated at term
[106], and elevated cortisol both reduces birth weight and influences the developing HPA
axis and emotional behavior [140]. In rats and non-human primates, high glucocorticoid
exposure during the fetal development leads to permanent elevation of basal glucocorticoid
levels in offspring [68,153]. Prenatal stress and excess maternal or fetal corticosterone cause
downregulation of fetal GR and MR receptors and impair the feedback regulation of the
HPA axis in both infancy and adulthood [301]. The pivotal role of glucocorticoids in
programming has been demonstrated by maternal adrenalectomy. In studies of
adrenalectomized pregnant rats with basal corticosterone replacement, neither prenatal stress
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nor food-restriction showed any effect on HPA function in offspring [10,152], suggesting
that maternal glucocorticoids mediate the stress-induced programming of HPA function in
offspring. Programming of adult disease by maternal stress or glucocorticoid overexposure
is associated with a ‘resetting’ of the HPA axis sensitivity, and this often involves
perturbations in the development of glucocorticoid responsive organs, including the brain,
kidney, adipose tissue and pancreas.

2.3.1 Human studies—Since Barker and colleagues reported the association of low birth
weight with higher risk of coronary heart disease, diabetes, and hypertension in later life in
multiple populations [11,13,12], programming of adult disease by adverse early life
environments has been extensively studied in humans. Despite its tragic effect on the
general health of the population, the Dutch Winter famine of 1944–1945 has provided an
epidemiological study model of maternal undernutrition and long-term disease,
demonstrating that prenatal exposure to famine results in increased risk of obesity, coronary
heart disease, glucose intolerance, stress sensitivity and breast cancer [240]. The
professional perinatal medical care records and official rationing records make this cohort
the equivalent of an experiment intentionally set up for investigation of the effects of
prenatal undernutrition in humans. During the famine, the daily rations of some mothers fell
below 1000 calories per day, resulting in low infant birth weight. A recent study of people
with prenatal exposure to the Biafran famine that occurred during the Nigerian civil war of
1967–1970 also demonstrates increased cardiovascular disease and Type 2 diabetes risk in
later life [126]. A large body of recent human data indicates that early life events are capable
of programming the HPA axis by permanently altering the set point of the HPA axis in
utero, resulting in increased HPA activity and cortisol levels in adulthood, which predispose
to cardiovascular disease and metabolic syndromes [5,243,302]. Investigations from a
variety of populations demonstrate the association of low birth weight and elevated fasting
plasma cortisol concentrations [154,221]. Increased responsiveness to dexamethasone
suppression and corticotropin releasing hormone or ACTH stimulation has also been shown
in people born with small stature [132,133,211,293], although in other studies investigators
failed to find HPA activity alteration at the adrenal level in adults with prenatal exposure to
the Dutch famine [65,64]. Other adverse prenatal factors also show effects on programming
of human HPA function. Cocaine-exposed infants had a high amplitude trajectory of cortisol
reactivity compared to non-cocaine-exposed infants [85]. Increased umbilical ACTH has
been observed in infants with prenatal exposure to nicotine, which may link maternal
smoking to HPA programming [176]. Given the widespread use of synthetic glucocorticoids
to treat women at risk of preterm delivery, the direct effects of HPA axis programming by
glucocorticoids have also been studied in humans. The use of synthetic glucocorticoids was
endorsed by the US National Institutes of Health and was widely adopted elsewhere in 1994.
Although the short-term benefits in neonatal outcomes are clear, the long-term effects of
antenatal synthetic glucocorticoid exposure in humans have only recently begun to be
reported, and at the present little is known specifically about the potential alterations in HPA
function. In a follow-up study of late gestation synthetic gluocorticoid therapy in 30-year
olds, early markers of insulin resistance were associated with prenatal betamethasone
exposure, but neither patent adverse neurological or physiological effects, nor
cardiovascular risk factors were identified in this group [55,56]. Further follow up studies
should give more information about the association between synthetic glucocorticoids and
HPA function in humans.

Due to the significant improvement in neonatal intensive care techniques, the survival rate
of preterm infants has increased markedly, including survival of early preterm infants born
before 28 weeks. Thus, the investigation of the potential role of synthetic glucocorticoids in
developmental programming of health and disease has become increasingly important.
However, although human studies of HPA function programming are of greater clinical
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importance as compared to animal models, difficulty in obtaining samples and using
experimental intervention for detailed analysis of mechanisms limits human studies, and
animal models are thus of particular importance for further investigation.

2.3.2 Animal studies—Animal models are valuable for providing a platform to direct
clinical investigation and for identification of relevant mechanisms. Investigation with
animal models may provide observations that are simplified but are still clinically relevant,
although some effects observed in animals may not necessarily occur in humans. Rodents
have comprised nearly 70% of the animals used for fetal programming studies, and other
animal species commonly used for such investigation include mice, guinea pigs, sheep and
monkeys [292].Rodents have strong similarity to humans at the cellular and molecular levels
due to possession of similar genes (99% of mouse genes have analogues in humans) and
biochemical pathways. Experimental techniques in animal studies of fetal programming
include uterine artery ligation, maternal malnutrition (caloric restriction, alteration of one or
more essential nutrients, such as low protein diet, high fat diet, iron restriction or zinc
deficiency), glucocorticoid overexposure, maternal hypoxia and maternal administration of
substances (e.g. nicotine, cocaine or alcohol). Many of these techniques, including
malnutrition, hypoxia, and glucocorticoid overexposure are capable of programming HPA
function in different animal models [24,201,246]. Pregnant rats fed with a low protein diet
during late gestation show an increase in the HPA axis activity in newborn offspring as
indicated by elevated levels of basal plasma ACTH and corticosterone [152]. Exposure to
betamethasone on day 80 to 81 of gestation in sheep increases the proportion of angiotensin
II type 1 receptor (AT1R), but decreases the proportion of AT2R in the kidney of adult
sheep, and this may be partly responsible for the sustained blood pressure elevation in
offspring [114]. In sheep, modest prenatal undernutrition leads to elevated postnatal activity
of the HPA axis, as indicated by greater cortisol response after a CRH plus AVP challenge
[118].

It is clear that the effects of glucocorticoid exposure on programming of subsequent
physiology or pathology differ in offspring according to differences in the time point and
duration of the exposure. In sheep, although the HPA axis shows vulnerability to
inappropriate levels of glucocorticoids during long periods of fetal life, the early part of
gestation appears to be the time of greatest vulnerability to maternal stress [226]. In pregnant
rats treated with oral glucocorticoids, the β- and α-cell mass was reduced in the fetus by
mechanisms that differed according to the stage of fetal development. In fetuses exposed to
excessive glucocorticoids in the last week of gestation only, β-cell mass was reduced 18%
and this reduction resulted mainly from impairment of β-cell commitment. However, in
fetuses exposed to glucocorticoids throughout gestation, islet vascularization and decreased
β-cell proliferation were involved, resulting in a 62% reduction of the β-cell mass [82]. It is
probable that this phenomenon is related to the developmentally regulated expression of GR
and MR in fetal organs.

It is important to acknowledge that there are differences in the development among animal
species. Although the embryonic development of rats or mice shares many similarities with
that of humans, there are still important differences. For example, brain development in the
22-day gestational period in rats is equivalent to that found in the first two trimesters of
human gestation, and the first two weeks of postnatal development of the rat is equivalent to
the third trimester of human development [14,83]. Thus, caution is required in generalizing
animal data to human studies. For studies with endpoints related to data collection, different
time points in gestation are another factor that must be taken into consideration, as specific
time windows may vary between species. Studies in animals with short gestations may
greatly overestimate some effects. These differences limit the validity of generalizing
studies in animal models to humans.
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3. The HPA axis and programming of neurological dysfunction
3.1 HPA and brain development

The development of the nervous system is characterized by proliferation of neurons, which
requires a relatively long period of time during gestation. The brain is therefore a principal
target for programming influences. At gestational age (GA) 3 weeks, the neural plate forms
along the dorsal side of the embryo, and gives rise to the majority of neurons and glial cells
that will function in the mature brain. The neurons that are generated move to different parts
of the brain and self-organize into different structures [194]. Between GA 8 and 16 weeks,
cortical plates form secondary to cell accumulation in the outer cerebral wall, and these later
develop into cerebral cortex. By GA 24 weeks, synapses extend from axons and dendrites,
and organization of neural circuits is gradually established by synaptic communication
between neurons, which conduct sensory and motor signals and produce behavior [155]. The
prenatal period is considered to be an important time for determination of neurological
changes, and the nervous system is particularly vulnerable to various influences. As the end
product of HPA axis activation, glucocorticoids are important for normal development and
maturation of the brain, as they act to bring about initiation of terminal maturation,
remodeling of axons and dendrites, and modulate the process of neural survival and process
of programming cell death [182]. Dexamethasone has been shown to inhibit proliferation
and accelerate maturation [1]. During the fetal development, the central nervous system’s
exposure to free glucocorticoids is fairly low, due to the inactivation of glucocorticoids by
placental 11β-HSD2, binding of circulating glucocorticoids to GBP, and extrusion of
glucocorticoids by P-gp on the blood-brain-barrier. Approaching term (38–40 weeks),
maternal glucocorticoids continue to increase while the expression of placental 11β-HSD2
and P-gp drops precipitously, which allows a glucocorticoid surge in the fetus that
accelerates tissue maturation. Birth is a very stressful process, and the glucocorticoid surge
near term has a profound effect on preparing the fetus for life outside of the uterus,
especially in protecting the vulnerable brain from perinatal hypoxic-ischemic brain damage,
known as hypoxic-ischemic encephalopathy (HIE) during the process of birth and in
newborns. HIE is one of the major brain injuries in neonates, which may lead to acute
mortality or neurological disability in survivors [42]. Prenatal stress may increase the
vulnerability of the newborn brain to hypoxic-ischemic brain damage, and glucocorticoids
and GR are involved in this process [158]. Indeed, pre-treatment of newborn rats with
dexamethasone reduces hypoxic-ischemic induced brain injury, and this effect can be
inhibited by a GR blocker [88], indicating that the protective role is mediated by the GR.
Programming of the HPA axis caused by prenatal stress and changes in glucocorticoid
receptors may reduce the protective effect of the glucocorticoid surge and GR activation.

Prenatal exposure to excess glucocorticoids has widespread effects on neuronal structure and
synapse formation and may result in permanent changes in brain structure and function
[130,171]. In a recent study, excess glucocorticoids were shown to retard the radial
migration of post-mitotic neurons during the development of cerebral cortex [93].
Caldesmon is an actin regulatory protein that negatively controls the function of myosin II
and leads to changes in cell shape and migration. Excess glucocorticoid exposure results in
up-regulation of caldesmon and impairs the radial migration of neurons during cortical
development. In murine neural stem cells (NSCs), dexamethasone significantly increases the
sensitivity to oxidative stress-induced apoptosis and alters the phenotype of NCSs, as well as
causes changes in the expression of mitochondrial respiratory chain associated genes. These
effects can be blocked by the GR antagonist mifepristone, suggesting the involvement of GR
[192]. Adverse maternal environments can lead to elevations of both glucocorticoids and
oxidative stress in the developing fetus, which is associated with loss of neurons in the
programmed brain. In rat fetuses, repetitive stress caused robust decreases in actively
proliferating neural cells, reduced neurogenesis and increased cell death in females [169]. A
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prospective study showed that maternal stress and anxiety during pregnancy influenced
brain morphology [33]. Cognitive dysfunction in offspring from mothers with maternal
stress may be caused by abnormal development of fetal brain morphology. For example,
reduced gray matter volume in the fetal brain may render the developing individuals more
vulnerable to neurodevelopmental and psychiatric disorders, as well as to cognitive and
intellectual impairment. Studies in experimental animals have explored abnormal nervous
system development caused by glucocorticoids in a precise manner. Prenatal glucocorticoid
administration delays the maturation of neurons, myelination, glia, and vasculature
[124,123,227]. During the development, exposure of the fetal brain to high levels of stress-
triggered or exogenous glucocorticoids is associated with abnormal behaviors in
experimental animals and an increased risk of psychiatric disorders in humans [93]. Many
studies indicate that the trajectory of brain development may be affected by the prenatal
environment, such as the gestation period, maternal stress and so on [34,62], although direct
evidence linking HPA to brain morphology dysfunction is still lacking.

3.2 HPA and programming of neurological dysfunction
Compelling evidence from human studies shows that programming of HPA function by
early life events is associated with various kinds of neuroendocrine dysfunction, including
schizophrenia, anxiety, depression, impaired stress response and abnormal behavior in
offspring. Behavioral and mood disturbance in the infant and toddler period are associated
with prenatal exposure to stress and stress hormones, accompanied by alterations of the
HPA axis [60,59]. O’Connor and colleagues measured diurnal cortisol levels in 10 year old
children with exposure to prenatal anxiety, and found that prenatal anxiety significantly
elevated the cortisol level, suggesting that prenatal anxiety has lasting effects on HPA axis
function in humans [204]. Antenatal exposure to maternal anxiety at 12–22 weeks of
pregnancy was consistently associated with a high, flattened daytime cortisol profile,
together with depressive symptoms in adult offspring [288]. These studies thus suggest the
involvement of the HPA axis linking maternal anxiety and depressive symptoms in
offspring. Sandman and colleagues found that elevated maternal cortisol levels at 30–32
weeks of gestation were significantly associated with increased maternal reporting of infant
anxiety and depression [61]. Elevated stress, depression and anxiety during the prenatal
period may slow down infant cognitive and neuromotor development [61,125], and this
dysfunction persists into adolescence [179]. Additional studies from Sandman et al. reported
that the psychosocial stress caused by maternal cortisol during the prenatal period was time-
dependent [58]. Early exposure to elevated cortisol concentrations in gestation was
associated with lower mental developmental scores at 12 months. However, late elevation of
maternal cortisol in gestation was associated with higher mental developmental scores at 12
months. In contrast to the strong preclinical evidence demonstrating the relation of prenatal
stress and depression and/or anxiety in adulthood, there is only relatively weak evidence of
this relation in clinical reports. This may in part be related to the challenges inherent in
clinical trials and studies involving pregnant women with collection of follow-up data in
offspring. In patients who are diagnosed with depression and/or anxiety, the etiology is often
thought to be related to genetic susceptibility or environmental inducers, such as career
stress, losing a loved one or other life difficulties. The perinatal environment of an
individual is barely taken into account. In addition, a deficiency of detailed perinatal records
regarding maternal stress is a potential challenge to investigation of the prenatal
environmental and its association with adult depression and/or anxiety. Moreover, maternal
sensitivity and responsibility in the care of human infants can moderate an altered stress
response that has been programmed by exposure to maternal stress [110,109], and this may
further obscure the association of adult depression and anxiety to prenatal stress in clinical
investigations.
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Studies in experimental animals present further supporting evidence for understanding HPA
function and programming of neurological dysfunction. In rats, elevated prenatal
glucocorticoid levels are associated with growth retardation, sexually dimorphic alterations
in HPA regulation of offspring, and programming of other physiological systems [306].
Maternal stress leads to increased anxiety and depression-like behaviors that result from
dysregulation of the HPA axis in monkey and rodent offspring. The offspring have higher
levels of CRH, reduced hippocampal GR expression and less endogenous opioid and
GABA/BDZ (benzodiazepine) inhibitory activity [299]. Excess CRH and cortisol that pass
through the placenta may impair fetal habituation to stimuli and difficulties with
temperament in infants. Gestational stress also increases CRH activity in the amygdala and
depression-like behavior in rats and non-human primates [301]. In addition to prenatal
stress, antenatal glucocorticoid administration in animals leads to programming of
neurological disorder in adulthood, which is accompanied by alterations in the HPA axis
[310]. Single or repeated maternal betamethasone injections reduced the brain weight at 3.5
years postnatal age in sheep [190]. These studies indicate that prenatal glucocorticoid
exposure changes the development of HPA axis, leading to persistent deficits of
neurological function in offspring. Moreover, the effect of glucocorticoids on postnatal HPA
responses may vary according to the time of steroid injections in gestation, and whether they
are administered directly into the fetal versus maternal compartments [190,259]. In adult rat
offspring, both paradigms reduce exploratory behavior in an open field, elevate plus-maze
and impair behavioral responses and learning in a forced swim test. This behavioral disorder
results from the increase of CRH in the amygdala and persistent reduction of hippocampal
corticosteroid receptors, accompanied by the attenuation of HPA axis feedback sensitivity
[304]. The hippocampus is one of the control centers of the HPA axis, and it is especially
sensitive to glucocorticoids. Prenatal exposure to dexamethasone in fetal rhesus macaques
decreases the number of pyramidal neurons in the hippocampal CA regions and decreases
the number of granular neurons in the dentate gyrus, which is associated with degeneration
of neuronal perikarya and dendrites [287].

It is noteworthy that previous studies have shown that decreased maternal glucocorticoids
may also program some of the same physiological functions in the developing fetus in a
biphasic manner. In maternal adrenalectomy offspring, some of the consequences are similar
to those observed in offspring exposed to excess maternal glucocorticoids in utero, such as
lower birth weight and higher basal plasma corticosterone levels as compared with controls.
Wilcoxon and colleagues [306] observed increased depression-like behavior in adult
offspring from maternal adrenalectomy animals, which is similar to those in offspring that
have been prenatally stressed or exposed to elevated glucocorticoids [80,300]. Further
studies are necessary to determine the mechanisms by which decreased maternal
glucocorticoids developmentally program the HPA axis leading to depression-like behavior
in offspring. It is possible that a common mechanism may underlie the effects of too low or
too high maternal glucocorticoids on adult HPA function and programming of behavior in
offspring.

4. The HPA axis and programming of cardiovascular disease
Programming of the HPA axis predicts cardiovascular disease in adulthood, and
hypertension is one of the most significant risk factors for cardiovascular disease. The effect
of antenatal glucocorticoids on blood pressure in offspring has been well documented.
Direct infusion of exogenous cortisol into ovine fetuses increases fetal blood pressure [275],
and maternal antenatal betamethasone treatment also elevates blood pressure at birth in
animals [19]. Epidemiologic studies suggest that hypertension and cardiovascular disease
may be programmed by prenatal factors including undernutrition and glucocorticoid
overexposure through the action of elevated glucocorticoids [13,12]. Exposure to excess
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glucocorticoids typically leads to low birth weight in the newborn baby, and the association
of low birth weight with hypertension is further supported by recent studies [63,127,147].

Animal studies provide further evidence and possible mechanisms for programming of
hypertension and other cardiovascular disease by elevated HPA activity in the fetus. In rats,
prenatal glucocorticoid overexposure is associated with reduced birth weight and a persistent
elevation of arterial blood pressure in adult offspring [18,309]. In addition, glucocorticoids
mediate the effects of maternal protein deprivation on offspring hypertension [96,115].
Inhibition of maternal glucocorticoid synthesis in pregnant rats prevents increased blood
pressure in the offspring of low protein diet fed rat dams [96]. Other studies also show that
although combined application of maternal undernutrition and glucocorticoids result in an
additive reduction of fetal skeletal muscle mass, they may bring about this effect through a
mechanism that differs from that operates when these factors act separately [75,105,195].

Blood pressure control involves many systems including the central nervous system, heart,
vasculature and kidney. Insults in a key period of the fetal development may disturb the
gene expression and function of these vital organs, and thus lead to impaired control of
blood pressure [21,27,74,159]. Prenatal hypoxia can cause down-regulation of GR and GR-
related programming of the AT2R gene, which leads to increased AT2R expression in the
heart and contributes to increased cardiac vulnerability to adult ischemic injury in rat
offspring [314]. Glucose transport is the rate-limiting step in cardiac glucose metabolism,
and GLUT1 is a major mediator of basal cardiac glucose uptake. Maternal dexamethasone
treatment in rats selectively up-regulates cardiac GLUT1 protein expression and activation
of Akt, together with modest activation of the anti-apoptotic proteins PKCε and PKCα in
the heart of male offspring, which may produce adverse consequences including
hypertension [144]. A study using a sheep model demonstrates that prenatal cortisol
treatment results in significantly higher mean arterial pressure and leads to up-regulation of
angiotensinogen, AT1R, MR, and GR mRNA in the hippocampus in fetuses at 130 days of
gestation, but this up-regulation of MR and GR mRNA is not found in animals at 2 months
of age [76], indicating the programming effect of cortisol in the sheep model may be time
dependent, and the HPA axis may not be the mechanism whereby prenatal exposure to
dexamethasone programmed hypertension in sheep offspring. However this hypothesis
needs further investigation. In addition to altered gene expression patterns and subsequent
physiologic changes in the brain and heart, various studies point to a central role for the
kidney in the etiology of programmed hypertension [316]. Nephron deficit is a consistent
feature of hypertension that is programmed by fetal glucocorticoid exposure. Administration
of dexamethasone by 2 daily intraperitoneal injections in pregnant rats results in reduced
numbers of glomeruli and hypertension in offspring, but these consequences have a
relationship with the timing of dexamethasone administration and sex of the offspring [210].
Fetal glucocorticoid exposure can disturb the development of the rennin-angiotensin system
and thus participate in programming of hypertension. Prenatal glucocorticoid exposure up-
regulates adult plasma renin and angiotensinogen levels, as well as renal expression of
AT2R [207,258]. Moreover, increased GR and reduced 11β-HSD2 expression are found in
the kidney of rats and sheep treated with a low-protein diet [20,305], which may increase
renal glucocorticoid sensitivity and thus contribute to hypertension by direct effect or
through the regulation of an associated gene such as Na/KATPase [311]. The timing of
glucocorticoids exposure seems to be species specific for programming of hypertension, as
exposure to glucocorticoids during the final week of pregnancy is sufficient to produce
permanent adult hypertension in rats. However in sheep, these effects are seen in offspring
exposed to glucocorticoids at early gestational age [97].
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5. The HPA axis and programming of metabolic disease
The HPA axis plays a pivotal role in the regulation of metabolic function, and this effect
constitutes an important component in stress response. Many studies suggest that the HPA
activity plays a key role in perinatal programming of metabolic disease [291]. In humans,
low birth weight may predict insulin resistance and diabetes in adult life. Overexposure of
the fetus to maternal glucocorticoids may explain the link between low birth weight and
subsequent glucose intolerance. People exposed to the Dutch Winter Hunger famine were
found to have elevated glucose levels or glucose intolerance as adults [67,131], which may
be due to insulin secretion deficit [66]. Those exposed to famine in early gestation had lipid
profiles that were more atherogenic [241]. Increased HPA activity resulting from adverse
early life events has been shown to result in permanent changes in systems that regulate
metabolic processes including glucose homeostasis and adipose function. For example,
prenatal glucocorticoid exposure in rats causes upregulation of hepatic GR expression,
which increases both the expression and activity of the gluconeogenic enzyme
phosphoenolypyruvate carboyxkinase (PEPCK), and programs insulin resistance and
impairs glucose tolerance in adult life [48,202]. Application of glucocorticoids in the last
week of gestation or throughout gestation leads to reduced beta-cell mass accompanied by
decreased secretion of insulin in the fetal pancreas [82], which may be associated with
hyperglycemia in adult offspring [202]. Suppression of 11β-HSD2 throughout pregnancy in
rats reduces birth weight and causes hyperglycemia in adult offspring [248]. Different from
11β-HSD2 that unidirectionally inactivates glucocorticoids, 11β-HSD1 is a bidirectional
enzyme that acts predominantly as an oxidoreductase to regenerate active glucocorticoids
from their inactive 11-keto derivatives. Tissue glucocorticoid levels are therefore determined
by both concentrations of circulating glucocorticoids and the local 11β-HSD1 activity. 11β-
HSD1 is expressed in multiple tissues including the brain, adipose, liver, pancreas and
placenta, and plays a critical role in regulating glucocorticoid action. In offspring of the
common marmoset monkey, the mRNA expression and activity of 11β-HSD1 are
permanently increased in the liver, pancreas, and subcutaneous adipose tissue following
prenatal dexamethasone treatment, which may amplify glucocorticoid concentrations in
local tissues involving in programming of the metabolic syndrome [203].

In addition to glucose metabolism, fat metabolism in offspring is also affected by HPA
programming. In rats exposed to prenatal dexamethasone, high-fat feeding results in adipose
accumulation in the liver, which may be mediated by alterations of associated gene
transcription, as dexamethasone can direct depot-specific changes in the expression of genes
involved in fatty acid esterification and triglyceride synthesis and storage [81]. Another
study reveals that prenatal dexamethasone exposure markedly increases GR mRNA
specifically in visceral adipose tissue, while fatty acid uptake is attenuated [47]. Visceral fat
has a higher level of GR expression, and this depot is therefore especially sensitive to
glucocorticoids [219]. In humans, lipid accumulation in visceral fat is related to other
features of the metabolic syndrome [23]. These metabolic regulating mechanisms that are
modified by glucocorticoids may partly explain the onset of later metabolic disease.

6. Prenatal stress and programming of immune function
Although glucocorticoids play a fundamental role in maintaining immune function
homeostasis, little attention has been paid to their role in immune system programming in
humans. An individual’s response to common antigens or other pathogenic factors is highly
specific, suggesting a possibility of programming of the immune system by factors in the
developmental environment, such as prenatal stress [181].
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Evidence from recent studies shows that psychosocial stress and low levels of social support
increase the levels of serum pro-inflammatory cytokines in pregnant women [51,52], and
this increase in circulating maternal cytokine levels may be associated with a higher risk of
allergy for the infant in later life [222]. Data from animal studies provides further evidence
of alteration of immune function by prenatal stress. In rats exposed to maternal stress during
the last week of gestation, both cellular and humoral immune responses are reduced in male
juveniles, but enhanced in both male and female adult offspring [142]. When pregnant rats
are treated with stress caused by noise and light three days a week throughout gestation,
immune function is suppressed in 2-month old offspring [138]. In pregnant mice submitted
to foot-shock once daily from gestation day 15 to 19, there is decreased macrophage
spreading and phagocytosis, and increased growth of Ehrlich tumors in vivo in 2-month old
male offspring, indicating that the immune response is suppressed [212]. In rhesus monkeys,
blood cells from juvenile offspring exposed to maternal stress released reduced levels of
tumor necrosis factor α and interlukin 6 upon lipopolysaccharide stimulation in vitro [49].
Prenatal stress was associated with a suppressive effect on immune function in pig offspring
in a recent study. Thymus weights were significantly reduced in prenatally stressed piglets
on the first and 35th days of life, and morbidity and mortality during the suckling period
were significantly increased in prenatally stressed litters due to high frequencies of disease
[282]. A decrease in total lymphocytes as well as in CD4+ and CD8+ lymphocytes was
observed in rats exposed to prenatal stress, indicating that thymic function was altered
[107,165].

Prenatal stress may induce the release of stress hormones such as glucocorticoids that play
important roles in the development of fetal immune organs and immune cells. In transgenic
mice with impaired glucocorticoid function, the role of glucocorticoids in the ontogeny of
the immune system has been demonstrated [247]. The partial blockade of T-cell
differentiation during ontogeny and profound alterations of the stromal cell compartment
suggest that glucocorticoids play a key role in coordinating the physiological dialogue
between developing thymocytes and their microenvironment.

7. Programming of the HPA axis
Since GR mediates the major effects of glucocorticoids in the stress response, alteration in
GR levels plays a pivotal role in response to stress and programming of the HPA axis. In
transgenic mice a reduction of GR levels by only 30–50% results in significant
neuroendocrine, metabolic and immunological disorders [220,289], as well as in impaired
HPA and blood pressure adaption [183]. Specific knock-out of GR in the forebrain impairs
the negative feedback regulation of the HPA axis [8]. Studies with transgenic mice
demonstrate the association of GR-overexpression with increased resistance to stress [232].
In the rat, prenatal stress or glucocorticoid overexposure instantly decreases the expression
of GR in the hippocampus, accompanied by the elevation of basal glucocorticoids and
altered response to stress [174,304]. Thus, programming effects on the HPA axis often
involve the alteration of GR gene expression in regions of the brain that regulate stress
response.

Epigenetic regulation often involves alteration of chromatin structure through histone
modifications (e.g. acetylation or phosphorylation) or DNA methylation. Acetylation
neutralizes the positive charge on the DNA binding histone, and “opens” the structure of the
chromatin to facilitate transcription-factor binding to DNA, and consequently promotes
expression of the corresponding gene. Epigenetic modification of methylation at 5′-cytosine
of CpG dinucleotides is associated with long-term gene silencing either by inhibition of
transcription factor binding or chromatin inactivation (Figure 2). Thus, hypomethylation of
CpG dinucleotides is associated with an active chromatin structure and increased
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transcriptional activity [178]. Maternal stress including fetal hypoxia, maternal malnutrition
and glucocorticoid overexposure has been shown to alter epigenetic modification of specific
genes related to programming of the HPA axis [101,255].

7.1 Glucocorticoid receptor gene
The GR gene has been extensively studied in human, mouse and rat [25,223,283]. The
human GR gene spans more than 80 kb and contains 8 coding exons (exon2-9) that encode
three isoforms of protein GRα, GRβ and GRp through specific splicing of exon9 [121].
Similarly, the mouse and rat GR genes span regions of more than 80 kb and 110 kb,
respectively. Although the rodent GR gene is thought to encode only one type of GR protein
that is equivalent to human GRα, a recent study showed a GRβ protein in mice [119]. All
isoforms of the GR protein are encoded by mRNAs spliced from a common exon2, and the
mRNA sequence is conserved with more than 80% similarity in humans and rodents [285].
The ATG translation start site is located in exon2, and an in-frame stop codon (TAA for
mouse and rat, TGA for human) is located three codons upstream of the ATG. As a result
the alternate first exons of the GR gene are untranslated and are not encoded in the protein
sequence of the GR, although they have active roles in regulating tissue-specific GR
expression levels. Both the human and rodent GR genes contain multiple alternate first
exons, each preceded with its own promoters. In the mouse GR gene, an additional five
novel exon1s have recently been cloned and these exon1s are all designated by numerical
descriptors based on their distance from the translation start site, instead of by the old style
alphabetical description [25]. Most of these exon1s (human Exon 1-B to 1-H, rat exon14 to
111 and mouse exon1.3 to 1.7, 1.9 to 1.12) are located in the proximal promoter region.
Sequences for proximal exons range from approximately −1.1 to −4.5 kb in the mouse, −1.8
kb to −4.5 kb in humans, and −1.7 to −4.2kb in rats as measured from the translation start
site. In contrast, the human Exon1-A, 1-I, rat exon11 to 13 and mouse exon1.1 are located in
a distal promoter region approximately 27–30 kb upstream [98]. As previously
demonstrated, high sequence homology and structural similarity of the alternate exon1s are
found among rat, mouse and human GR genes [283]. The structures of human, mouse and
rat GR genes are shown in Figure 3.

7.2 Alternative exon1s and promoter usage for tissue-specific GR expression
GR expression is regulated at both the transcriptional and post-transcriptional level.
Although some studies indicate that post-transcriptional mechanisms such as mRNA
stability have effect on GR expression [78], the major mechanism for control of GR
expression is transcriptional [218,269,285]. Each of the alternate first exon1s of the GR gene
has its own promoter, except in humans where exon1-A and 1-C have three splicing variants
that share the same promoter region. The promoters of exon1s show specific activity in
different tissues and this may govern the tissue specific expression of the GR. In humans,
although in general not all exon1s are expressed in all tissues, the hippocampus seems to
show the expression of all exon1s, and exon1-D is uniquely expressed in this region. Exon1-
B and 1-C are broadly expressed in many tissues except the liver, subcutaneous adipose and
heart muscle, while exon1-E and 1-F are predominantly expressed in the immune system
[283]. In the rat, exon16 and exon110 are broadly expressed in many tissues as are their
human homologues exon1-B and 1-C, and these represent 77–87% of total GR transcripts.
The remaining exon1s show tissue specific transcription. Expression of exon11 has been
observed in the thymus, but not in the liver or hippocampus. Exons 15, 17, and 111 have all
been identified in the hippocampus, and 17 is uniquely expressed in this region as is its
human homologue exon1-D [175]. In the mouse, exon1.6 and 1.11 are abundantly expressed
in most tissues, although in some tissues exon1.1 (e.g. pituitary) and 1.12 (e.g. hippocampus
and liver) are also major transcripts. Transcripts 1.4c, 1.5 and 1.10 show moderate
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expression (lower than 5%), and exons 1.7, 1.9 and 1.3 show the lowest levels of expression
(lower than 1%) [25].

Specific promoter activity of the alternate exon1s is associated not only with tissue specific
expression, but also with specific transcriptional response to stimuli. There is extensive
evidence that the perinatal environment can program the HPA function through influencing
the first exon usage of the GR gene in a tissue specific manner. In rats, the GR protein is
dynamically expressed at different postnatal periods in the hippocampus and is involved in
the regulation of neonatal HPA axis hyporesponsiveness as well as HPA function [94].
Neonatal handling significantly increases GR mRNA by 40–50% in all hippocampal
subfields, which is accompanied by a 2–3 folds elevation of exon17-containing GR mRNA
transcripts [205].

Similarly, the adult offspring of a mother who shows high level licking and grooming
behavior (High-LG) show increased GR mRNA expression in the hippocampus and reduced
HPA axis responses to restraint stress as compared with the offspring of a low-LG mother
[164]. Cross-fostering studies show that offspring of a low-LG mother reared by a high-LG
mother resemble the normal offspring of a high-LG mother [91]. These studies demonstrate
the causal effects of maternal care levels on the tissue specific regulation of GR expression
and programming of the HPA response to stress.

7.3 Epigenetic regulation of GR
Accumulating evidence indicates that environmental events affect GR gene expression
mainly through epigenetic mechanisms. In a recent study the methylation status of CpG
dinucleotides in all of the human exon1 promoters located in the CpG island of the GR gene
was investigated, and the results showed that the human GR promoter region was
extensively methylated, while levels of methylation and methylation sites were highly
diverse in individuals. Most of the multiple transcription factor binding sites in the GR
promoter contain methylatable CpG, suggesting that there is an active operation of
epigenetic mechanisms throughout the CpG island of the GR gene [284]. The offspring of
rats fed with a protein restricted diet during pregnancy show tissue-specific alterations in the
expression of GR [20], and the increased expression of GR in the liver is associated with
protein restriction induced hypomethylation of the GR exon110 promoter and this
hypomethylation of exon110 promoter can be prevented by supplementation of folic acid
[160]. Moreover, decreased methylation of the GR exon110 promoter and increased
expression of hepatic GR are associated with decreased expression of DNA
methyltransferase-1 [161]. Taken together, these findings show that balanced nutrition
intake and the capacity for metabolism of methyl groups during pregnancy are important for
the induction or prevention of tissue-specific GR promoter methylation and gene expression
in offspring. A variety of transcription factor binding sites have been defined on the
promoter of GR, and there are corresponding transcription factors that influence the
expression of GR including YY1 (Ying Yang 1) [28], Sp1 [200], NGFI-A [198], GRE
(glucocorticoid response element) [99] and others. Among these, methylation of the NGFI-A
binding site in the rat promoter 17 and human promoter 1F has been extensively studied in
relation to perinatal programming of subsequent disease.

It has been demonstrated that the promoter of the GR exon17 NGFI-A binding site contains
two CpG dinucleotides that are potential targets for epigenetic modification [295]. The 5
CpG dinucleotide is commonly methylated in the offspring of low-LG mothers, while it is
rarely methylated in the offspring of high-LG mothers. The hypomethylation of CpG
dinucleotides in high-LG offspring is associated with increased NGFI-A binding, increased
hippocampal GR expression and enhanced HPA feedback regulation. These changes in
methylation at the NGFI-A binding site, together with some other alterations may be
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reversed by cross-fostering, indicating that there is a direct association between maternal
care level and alterations of DNA methylation of the exon17 GR promoter. In addition,
infusion of a methyl donor L-methinoine into the brain of high-LG offspring results in
increased methylation in the NGFI-A binding site and decreased NGFI-A binding, which is
accompanied by reduced GR expression and increased HPA response [296]. Moreover,
pharmacological inhibition of histone deacetylation by trichostatin A (TSA) results in
increased demethylation of the exon17 GR promoter and increased binding of NGFI-A in the
adult hippocampus of low-LG offspring, and this inhibition reverses the effects of low-LG
on stress response [298]. These studies demonstrate the direct effects of postnatal
manipulation on programming of HPA function through epigenetic modification of the GR
promoter. More importantly, these studies raise the possibility that although epigenetic
programming of GR and HPA function is established early and persists throughout life, it
may be modified in post-mitotic neurons that potentially provides an opportunity to correct
the consequences of programming caused by adverse early life events. In the human
hippocampus, the GR exon 1-F promoter is generally not methylated at the NGFI-A binding
site as it is in the rat homologue exon 17 [189,284], yet prenatal exposure to maternal
depression and/or anxiety results in a significant increase in GR promoter methylation and
increased stress response in the adult [208]. A recent study demonstrated the alteration of
gene-specific DNA methylation patterns by maternal depression with decreasing
methylation of the SLC6A4 gene [71]. The SLC6A4 gene encodes an integral membrane
protein serotonin transporter (5-HTT) that transports the neurotransmitter serotonin from
synaptic spaces into presynaptic neurons, and thus terminates the effect of serotonin. A
repeat length polymorphism in the promoter of this gene has been shown to affect the uptake
of serotonin and increase risk for depression in humans [39,266]. It is of note that
heightened serotonin signaling causes an increase in the expression of key transcription
factors, notably NGFI-A that binds to the GR exon17 promoter and increases GR expression
in the hippocampus [297]. Thus, decreased methylation of the SLC6A4 gene through
exposure to maternal depression leads to decreased NGFI-A binding to the GR exon17
promoter through attenuated serotonin signaling. Indeed, the 5-HTT genotype interacts with
prenatal stress and shows marked influence on hippocampal GR expression and HPA
function [16]. These findings underscore the importance of individual genetic background as
a determinant of the consequences of epigenetic programming, at least in the case of GR,
and this may in part explain the highly individualized epigenetic modification and reaction
resulting from a given common stress.

7.4 Regulation of GR by glucocorticoids
In most tissues and cultured cell lines glucocorticoids down-regulate the expression of GR
[45, 250, 253, 272]. Both GR protein and mRNA decreased more than 50% after 24 hours of
dexamethasone treatment in cultured cell lines or in rat liver [78,120,209]. However, up-
regulation of GR expression by glucocorticoids has also been found in some cell lines,
mostly T-lymphocytes [6,86,111]. The glucocorticoid-induced reduction of GR transcription
may be associated with repression of GR promoter activity caused by the glucocorticoid
treatment [108]. The promoter 1A of the human GR gene has been associated with GR
expression in many cancer cell lines, and dexamethasone treatment significantly increases
1A activity in Jurkat T cells that express GR under co-transfection [29]. Dexamethasone-
induced GR up-regulation in CEM-C7 T-lymphoblast cells and down-regulation in IM-9 B
B-lymphoma cells also involve the regulation of the promoter 1A [217]. Several GREs have
been located within the GR promoter and may mediate the autoregulation of GR expression
[100,99,98]. The promoter 1A contains a GRE adjacent to overlapping binding sites for c-
Myb and c-Ets family proteins. In the presence of c-Myb, GRs bind to the promoter and
increase its activity, while the interaction of GR with c-Ets family members results in down-
regulated transcription of the GR [100,98]. Similar molecular mechanisms are involved in
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the autoregulation of GR exon1B and 1C transcription, and the glucocorticoid response unit
resembles that of the 1A promoter [99]. Binding of GR and c-Myb to the GR promoter is
responsible for auto-up-regulation, while an overlapping Ets-binding site (overlap with
either GR or c-Myb) may blunt the auto-up-regulation and perhaps even reverse it with
resulting auto-down-regulation. The mode of regulation depends both on the promoter
elements and the availability of transcription factors in the cell lineage. These data may
partly explain the regulation of GR by glucocorticoids in different tissue or cells, although
some studies have suggested that the reduction of GR gene expression by glucocorticoids
may be independent of the GR promoter. In view of the fact that glucocorticoids may be
common mediators for HPA programming by early life events, the regulation of GR by
glucocorticoids may play an important role in the programming process.

7.5 Involvement of oxidative stress in perinatal programming
Reactive oxygen species (ROS) are free radicals generated from the reduction of oxygen to a
variety of intermediates including superoxide anion, hydrogen peroxide, hydroxyl radical
and nitric oxide. ROS participate in redox signaling and mediate a wide variety of cellular
functions under physiological conditions, while excess ROS production may cause oxidative
stress that result in damage to cell structure and function. Oxidative stress has been observed
in a variety of physiologic and pathophysiologic conditions including smoking, diabetes,
hypertension and hypoxia, which are not uncommon in pregnant women. These conditions
may result in increased oxidative stress either in the mother or in the developing fetus,
which may be associated with programming of later disease in offspring [69,149,270,279].
Pregnant women diagnosed with IUGR show elevated values of indices of oxidative stress
in the serum, indicating occurrence of oxidative stress [22,137]. In infants with IUGR,
antioxidant enzyme activities are significantly decreased while the level of lipid
peroxidation is significantly higher [122]. Children with low birth weight also show higher
levels of lipid peroxidation and higher systolic blood pressure at 8–13 year of age as
compared to age-matched children of normal birth weight [92,184]. Animal studies provide
further evidence that the oxidative stress is involved in programming of disease by perinatal
stress. Exposure of neonatal rats to hyperoxia resulted in increased blood pressure and
vascular dysfunction in adulthood associated with enhanced vascular production of ROS
[315]. In rat offspring with maternal exposure to a low-protein diet, antenatal administration
of antioxidant in the dam prevents adult hypertension and vascular dysfunction [37]. In a
model in which sheep were exposed to synthetic glucocorticoids in early gestation, the basal
superoxide production diminished in fetal coronary arteries, and increased in 4-month-old
lamb coronary arteries, suggesting programming of coronary function by ROS [239].

Increased ROS are important mediators of epigenetic modification to DNA or chromatin
[40]. The influence of ROS on epigenetic alterations has been extensively studied in cancer
[320]. In several cancer cell lines, ROS induces methylation and suppresses expression of
important tumor suppress genes [135,225]. Cellular oxidative stress induced by hydrogen
peroxide may cause formation and relocalization of a protein complex including DNA
methyltransferase 1, and the function of this complex may explain cancer-specific aberrant
DNA methylation and transcriptional silencing [206]. Additionally, perinatal stress is
capable of producing ROS in the developing fetus, and thus may alter the epigenetic
modification of important genes and lead to programming of disease in later life. Studies in
the rat model demonstrate that maternal hypoxia induces increased ROS generation in the
fetal heart, which increases methylation of Sp1 binding sites on the promoter of PKCε gene
[215]. Oxidative stress-mediated methylation of the PKCε promoter is also found in fetal
hearts in a rat model of maternal nicotine treatment [148]. In rat embryonic cardiomyocyte
cell line H9c2, prolonged exposure to norepinephrine leads to increased methylation of the
PKCε gene promoter through NADPH oxidase 1 dependent ROS production [312]. Taken

Xiong and Zhang Page 21

Front Neuroendocrinol. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



together, these studies suggest that elevated oxidative stress in adverse intrauterine
environments plays an important role in epigenetic modification of genes affecting
susceptibility to subsequent disease. As a critical mediator of the programming process, the
GR is susceptible to epigenetic modification and it is plausible that oxidative stress is
involved in the epigenetic modification of the GR gene. Indeed, hypoxia-inducible factor-1
(HIF-1) is involved in the regulation of GR expression [151,150]. Hypoxia or over-
expression of HIF1α causes up-regulation of GR at the transcriptional level. Five putative
HIF-1 binding HRE sites have been observed in the GR promoter, but the function of these
sites needs further experimental evaluation.

8. Conclusion and perspectives
Accumulating evidence from epidemiologic and animal studies clearly suggests that
perinatal stress sets the stage for subsequent disease and have great influence on health. It is
an independent risk factor that is distinctly different from factors including genetic
susceptibility or lifestyle in later life. Developmental programming of the HPA axis may be
one of the common mechanisms involved because prenatal stress including malnutrition,
hypoxia and glucocorticoid exposure may lead to ‘resetting’ of HPA activity and sensitivity,
which is central to metabolic regulation (Figure 4). Altered metabolic features persist into
adulthood and increase an individual’s susceptibility to disease. Epigenetic modification of
the GR promoter is likely to play a central role in mediating these programming processes.
Thus, although the administration of synthetic glucocorticoids in obstetric and neonatal
practice is of obvious benefit for short-term pregnancy and neonatal outcomes, the potential
undesired adverse long-term effects of these agents are too important to be ignored.
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Highlights

• Adverse perinatal environments affect developmental programming of health
and disease.

• Reprogramming of the HPA axis is a mechanism that is commonly involved.

• Epigenetic modification of GR gene expression patterns plays a central role in
reprogramming of the HPA axis.
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Figure 1. The HPA components and feedback regulation of HPA activity
The AVP (arginine vasopressin) and CRH (corticotrophin-releasing hormone) produced
from PVN of hypothalamus stimulate the synthesis and secretion of ACTH in anterior
pituitary. The ACTH then promotes the production and release of GCs (glucocorticoids)
from adrenal cortex. The HPA activity is controlled by negative feedback regulation of GCs
at pituitary, PVN and limbic system level through effects of GR (glucocorticoid receptor)
and MR (mineralocorticoid receptor). Adverse maternal environments can result in
attenuated negative feedback regulation of HPA activity through decreased expression of
GR in the hippocampus.
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Figure 2. DNA methylation inhibits gene transcription
Transcription factors (TF) bind to corresponding binding sites on the GR (glucocorticoid
receptor) promoter, and promote GR transcription. Methylation (red solid circles)
modification of GR gene inhibits the transcription factor binding to the GR promoter, and
leads to long-term silence of GR.
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Figure 3. Structure of the human, mouse and rat GR genes and the potential mRNA transcripts
(A) scheme of the human, mouse and rat GR first exons. (B) potential mRNA transcripts of
GR. Human GRα is encoded by exon2-8 and exon9α, GRβ by exon2-8 and exon9β, and
GR-p by exon2-7. Mouse GRα is encoded by exon2-8 and exon9, while mouse GRβ is
encoded by exon2-8 and a proximal portion of intron 8. Rats have only one GR isoform that
is equivalent to human GRα.
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Figure 4. Programming of the HPA axis and disease
Adverse maternal environments lead to increased exposure of the fetus to excess
glucocorticoids and reset of the fetal HPA activity. Epigenetic regulation of GR
(glucocorticoid receptor) plays a center role in this process. Programming of the HPA axis
alters the gene expression patterns and/or permanently changes the organ structure, leading
to various diseases in adulthood.
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