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“Fetal programming” is a term used to describe how early-
life experience influences fetal development and later disease
risk. In humans, prenatal stress-induced fetal programming
is associated with increased risk of preterm birth, and a
heightened risk of metabolic and neurological diseases later
in life. A critical determinant of this is the regulation of fetal
exposure to glucocorticoids by the placenta. Glucocorticoids
are the mediators through which maternal stress influences
fetal development. Excessive fetal glucocorticoid exposure
during pregnancy results in low birth weight and abnormalities
inanumberoftissues. Theamount of fetal exposure to maternal
glucocorticoids depends on the expression of HSD11B2, an
enzyme predominantly produced by the syncytiotrophoblast
in the placenta. This protects the fetus by converting active
glucocorticoids into inactive forms. In this review we examine
recent findings regarding placental HSD11B2 that suggest that
its epigenetic regulation may mechanistically link maternal
stress and long-term health consequences in affected
offspring.

Introduction

“Fetal programming” is a term used to describe how the early-
life experience influences fetal development and later disease
risk.! The glucocorticoid hypothesis describes how increased
fetal exposure to maternal glucocorticoids, such as cortisol,
as a result of prenatal stress during pregnancy is associated
with a number of poor birth outcomes and increased risk for
later-in-life neurological and cardiometabolic syndromes in
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exposed offspring.* Recent clinical and epidemiological studies
have shown that maternal prenatal stress is associated with
increased risk for preterm birth, reduced birth weight,’ smaller
head circumference’ and later-in-life cardiometabolic® and
neuropsychiatric disorders,® such as obesity,” type 1 diabetes,®
schizophrenia,® autism, ADHD,’ and impaired cognitive and
language development.'

As early as the 11-12th week of pregnancy, profound
changes in the activity of the maternal hypothalamic-
pituitary axis (HPA) occur that lead to increased production
of maternal cortisol. The levels of cortisol continue to rise
during pregnancy to reach almost three times those of non-
pregnant women by the third trimester."""> The HPA axis is
regulated by the release of corticotrophin-releasing hormone
(CRH) from the hypothalamus, which stimulates the release
of adrenocorticotrophic hormone (ACTH) from the anterior
pituitary gland, which in turn stimulates the production of
cortisol from the adrenal glands. Normally, cortisol regulates
its own secretion through a negative feedback loop that inhibits
the production of CRH and ACTH." However, during
pregnancy, the placenta begins to release CRH into the maternal
bloodstream and levels reach 1000-10000 times that of a non-
pregnant woman. This further increases the production of
cortisol by the adrenals.’'¢
regulates the secretion of hypothalamic CRH, a rise in maternal

Although cortisol usually negatively

cortisol actively stimulates the release of placental CRH, which
further raises the levels of maternal cortisol progressively
during pregnancy.!"® This increase in maternal glucocorticoid
levels has been proposed to be required for normal fetal
organogenesis” and, in keeping with this suggestion, antenatal
synthetic glucocorticoid administration to preterm infants has
been shown to significantly decrease mortality and morbidity
in infants born before 34 wk of gestation by accelerating lung
maturation.’®?* However, excessive fetal exposure to maternal
glucocorticoids has been proposed to mediate the impact of
prenatal stress on birth outcomes, resulting in long-term health
consequences in affected infants.”!

Furthermore, elevated
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Figure 1. The placental HSD11B2 shield. (A) During pregnancy, the placenta acts as a critical regulator that limits fetal exposure to maternal glucorti-
coids. (B) Cross sectional image of the placenta. Blood travels from the fetus through the umbilical arteries (blue). Blood is carried to the chorionic villi,
where exchange of nutrients and waste products with the mother occurs. The chorionic villi are made up of two epithelial layers, the syncytiotropho-
blast and the cytotrophoblast. (C) Longitudinal section of the chorionic villi. HSD211B2 is expressed strongly in the syncytiotrophoblast and to a lesser
extent in the cytotrophoblast, where it converts cortisol into inactive cortisone, thereby protecting the fetus from excessive cortisol exposure.

maternal cortisol levels during pregnancy is associated with a
larger amygdala and more emotional disorders in girls aged 7,
directly linking maternal cortisol to long-term programming
effects.?> However, no study to date has examined if maternal
stress is directly associated with elevated fetal cortisol levels
during pregnancy or at term.

Normally, the fetus is protected from the high levels of
maternal cortisol by molecular mechanisms in the placenta
that convert active cortisol to its inactive metabolite cortisone.
Consequently, fetal cortisol levels have been shown to be ten to
13 times lower than those found in maternal circulation.?®?*
The primary barrier between maternal and fetal circulation
is provided by two epithelial layers that cover the chorionic
villi of the human placenta.”® The first of these epithelial
layers is the syncytiotrophoblast, a large multi-nucleated
terminally-differentiated syncytium (many nuclei in the same
cytoplasmic mass), that is formed by differentiation and fusion
of cells derived from the second epithelial layer, the underlying
cytotrophoblast.’® Within these trophoblast layers, an enzyme
called 11B-hydroxysteroid dehydrogenase type-2 (HSD11B2) is
highly expressed. HSD11B2 catalyzes the conversion of active
cortisol into inactive cortisone, thus protecting the fetus from
excessive cortisol exposure (Fig. 1).7-%

In chis review we describe the impact of prenatal stress
during pregnancy on placental HSD11B2 expression and its
relationship to fetal health outcomes. We examine the available
evidence that suggests that the programming effects of prenatal
stress may be mediated through the regulation of placental
HSD11B2 expression. We summarize recent data indicating that
epigenetic regulation of placental HSDIIB2 expression and/
or function may be a mechanistic link between maternal stress
and the resultant long-term health consequences for affected
offspring. Finally, we offer a clinical perspective, highlighting
the difficulties and promises of targeting placental HSDI11B2
epigenetic change.

www.landesbioscience.com

Effect of Prenatal Stress on HSD11B2 Expression

Increasing preclinical and clinical evidence suggest that
maternal stress during pregnancy can lead to alterations in
placental HSD11B2 expression. For example, direct cortisol
infusion into pregnant mice between embryonic day (E)12
and EI15 resulted in the upregulation of HSD11B2 mRNA and
protein levels in the placenta at E14.5. However, by E17, placental
HSD11B2 mRNA was significantly reduced, indicating an
adaptive mechanism whereby acute cortisol exposure initially
upregulates the placental barrier to protect the fetus, but chronic
cortisol exposure reduces its expression, resulting in overexposure
of the fetus to maternal glucocorticoids.®® In agreement with
these findings, it has also been shown that pregnant rats
subjected to acute restraint stress for one hour on gestational day
20, show increased placental HSD11B2 expression.? In contrast,
chronic restraint stress in pregnant rat dams from gestational day
14 to 20 caused a reduction of HSD11B2 protein and mRNA
levels in the placenta.’»3? This was accompanied by reduced
fetal birth weight, reduced circulating ACTH levels and lower
adrenal weight.® Similarly, pregnant rat dams that were food
restricted from gestational day 10 to 20, which causes an increase
in maternal corticosterone levels, showed reduced placental
HSD11B2 mRNA expression and lower fetal birth weight.®
Furthermore, these offspring displayed reduced circulating
ACTH, adrenal atrophy and decreased mineralocorticoid and
glucocorticoid mRNA expression in the fetal hippocampus,
indicating alterations in the fetal HPA axis.’* Similar findings
have been reported in human pregnancy. Amniocentesis in
pregnant women, which is associated with increased anxiety
levels and is a form of acute stress in humans, is associated with
increased HSD11B2 activity in the placenta.® Prenatal anxiety
and depression in humans, as determined by the Spielberger State
Trait Anxiety Test and The Edinburgh postnatal depression test,
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is a form of chronic prenatal stress in humans. Consistent with
preclinical data, chronic prenatal anxiety and depression were
found to be associated with reduced activity and expression of
placental HSD11B2.%

The precise mechanism(s) by which prenatal stress reduces
placental expression of HSD11B2 is unclear, but it has been shown
that increased circulating glucocorticoid concentrations, as a
result of stress, stimulate the sympathoadrenal system, causing
elevated adrenaline and noradrenaline release from the adrenal
medulla.’” These stress-induced catecholamines have shown to
decrease HSD11B2 mRNA in the BeWo human choriocarcinoma
celllineand in primary trophoblastic cells.’ Furthermore, women
experiencing high levels of stress during pregnancy also show
increased circulating levels of pro-inflammatory cytokines.* Pro-
inflammatory cytokines TNF-a and IL-1p have been shown to
decrease HSD11B2 mRNA levels and activity in vitro.?-%2 These
studies indicate that there are multiple mechanisms through
which prenatal stress may affect placental HSD11B2 expression
and/or activity. Collectively, these data highlight an important
point: acute stress during pregnancy may not be harmful to the
developing fetus due to the ability to upregulate the expression
of HSD11B2; however, chronic stress can result in a significant
decrease in placental HSD11B2 expression, causing the fetus
to be exposed to excessive levels of maternal cortisol. Although
the precise mechanisms mediating these changes in placental
HSD11B2 expression remain to be fully elucidated, it has recently
emerged that epigenetic regulation may play a crucial role.

Epigenetic Regulation of HSD11B2 Expression

It is now largely accepted that epigenetics can be modified by
environmental exposures, particularly during development, when
the epigenome undergoes profound changes.” Recently, it was
suggested that the link between prenatal stress and the reduction
in placental HSD11B2 expression may involve hypermethylation
of the HSDI11B2 promoter, leading to a corresponding reduction
in HSD11B2 expression.

The human HSDIIB2 gene contains four CpG islands, two
located in the promoter and exon 1 and two in exon 5 and
the downstream region.”® Hypermethylation of normally
unmethylated CpG islands is indicative of transcriptional
repression of the relevant gene.® Interestingly, hypermethylation
of HSDIIB2 CpG islands correlates with lower levels of
HSD11B2 expression.”” Low methylation levels of HSDI1B2
were observed in the placenta (were HSD11B2 expression is
high), whereas in skeletal muscle (low HSD11B2 expression) the
HSDI1B2 promoter was hypermethylated.” Furthermore, it has
been shown that the activity of the HSD11B2 promoter is directly
regulated by methylation.” These data show that exposures that
change HSDI1B2 methylation status in the placenta can result
in transcriptional repression of the gene, causing the fetus to
be exposed to higher levels of cortisol that may adversely affect
fetal development. In agreement with this idea, Marsit and
colleagues determined the methylation status of HSDIIB2 in
186 placentac and examined any correlation with fetal birth
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and neurodevelopmental milestones. The methylation status of
4 CpG islands in placental HSDI1B2 was examined, showing
a statistically significant, albeit moderate, negative correlation
with placental HSD11B2 mRNA expression, indicating that
changes in the methylation status of placental HSD11B2 can
regulate its expression. Intriguingly, a negative correlation was
found between infant birth weight and ponderal index (ratio of
weight for length) and HSDI1I1B2 methylation, demonstrating
that smaller and leaner/thinner infants showed increased levels
of HSDI11B2 methylation.** Furthermore, when the extent of
HSDI11B2 methylation was examined in intrauterine growth
restricted (IUGR) infants compared with non-IUGR infants,
IUGR infants showed a significantly greater extent of HSDI11B2
methylation than non-IUGR infants.* They also examined
infant neurobehavioral outcomes and found that the extent
of HSD11B2 methylation was greatest in infants with reduced
quality of movement scores as assessed using the NICU Network
Neurobehavioral Scales (NNNS) examination.*® This study is
importantas itis the first one to link growth, epigenetic alterations
of placental genes, and early-life neurobehavioral outcomes
in humans. Clearly, longer follow-up of infants is required to
determine if methylation status of placental HSD/IB2 can help
identify those children who may develop neurobehavioral or
learning difficulties later in life.* It is possible that the epigenetic
status of placental HSD11B2 could also be a useful predictor of
other adverse outcomes.

New data using a rat model of prenatal anxiety has now
demonstrated that prenatal maternal anxiety caused a reduction
of HSD11B2 placental expression and, importantly, that this
was associated with increased CpG methylation of placental
HSDI1B2# This study also attempted to assess whether
methylation at certain CpG sites within placental HSDI11B2
positively predicted the methylation status of HSDIIB2 in
the fetal cortex and hippocampus. This raises the intriguing
possibility of using the epigenetic status of placenta to predict
corresponding changes in the fetal brain.* Prenatal maternal
anxiety was reported to result in a small but statistically significant
increase in HSD11B2 methylation at CpG sites 4, 7 and 8, and
reduced expression of placental HSD11B2. When methylation
at these same sites was examined in the fetal hypothalamus,
significant changes in methylation were observed, but these
were discordant and in the opposite direction as observed in
the placenta, apparently causing no effect on HSD11B2 mRNA
levels.”” However, it should be noted that significant differences
in methylation at other CpG sites in the placenta were also
observed that were not found in the fetal brain, suggesting that
there may not be a complete direct, inverse relationship between
both tissues. Furthermore, no differences in DNA methylation
were observed in the fetal cortex of stressed animals compared
with controls,”” suggesting that regional differences in the
effects of prenatal maternal anxiety on the methylation status of
HSDI1I1B2 in the fetal brain may exist. This raises the intriguing
possibility that the epigenetic status of HSD11B2 in the placenta
could predict changes in the fetal brain. However, it is clear
that much work remains to be done to investigate causality,
and that the effects of prenatal maternal anxiety on the entire
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epigenome, rather than individual genes, need to be examined.
Such studies are vital, given the recent demonstration that global
epigenomic reconfiguration is observed during human brain
development, which suggests a key role of DNA methylation in
brain development and function.“

Recently, the impact of maternal prenatal anxiety on the
placental epigenetic status of HSDIIB2 has been reported.®
Conradt and colleagues used a structured chart review to collect
information about whether a mother reported depression and/
or anxiety during pregnancy. Of the 482 participants recruited
for the study, 13.7% reported depression or anxiety during
pregnancy, which is consistent with the estimated prevalence
rates.” In agreement with findings from animal models of
prenatal anxiety,” maternal anxiety during pregnancy resulted
in a statistically significant increase in methylation of CpG site
4 of the HSD11B2 promoter.*® Furthermore, infants of mothers
who were anxious during pregnancy were more hypotonic,
and placentae from these pregnancies had greater methylation
of CpG site 4 in HSDI11B2.*® While correlations suggest that
the epigenetic status of placental HSDI/B2 may help identify
infants at risk for poor neurodevelopmental outcomes, a key
challenge that remains is to prove cause and effect. Specifically,
whether the increase in HSDI1B2 methylation in the placenta
following prenatal anxiety in fact leads to the behavioral changes
observed in affected infants needs to be further examined. One
possible approach could be to examine fetal neurobehavioral
outcomes following prenatal anxiety in mice that express a
drug-inducible, conditional placental-specific knockdown of the
methyltransferase DNM7T3a, whose expression has been shown
to be increased in the placenta following prenatal anxiety;* or,
more specifically, the generation of mice carrying methylation
resistant CpG sites in HSDI11B2.

A Clinical Perspective: Extrinsic Factors
that can Modify Placental HSD11B2 Expression

If epigenetic downregulation of placental HSD11B2 expression
is the mechanistic link between the experience of maternal stress
and the resultant long-term health consequences for affected
offspring, then strategies that increase placental HSD11B2
expression have the potential of improving fetal outcome. Here
we highlight two ways in which extrinsic factors could modify the
expression of placental HSD11B2: (1) the use of pharmacological
epigenetic modifiers and; (2) dietary considerations that may
affect placental HSD11B2.

Effects of Pharmacological Epigenetic Modifiers
on HSD11B2 Expression

A defining feature of epigenetic modifications is that they
are reversible. Thus, drugs that interfere with the enzymes that
produce these changes may help maintain or restore normal gene
expression levels. One class of drugs that alter DNA methylation
is that of DNMT inhibitors. Many types of DNMT inhibitors

www.landesbioscience.com

have been produced and some of these have been used clinically
for the treatment of leukemias, myelodysplastic syndromes and
hemglobinopathies.”® These compounds exert their effects by
covalently trapping methyltransferases, thereby preventing full
methylation of a DNA strand.’">? A second class of molecules is
that of HDAC inhibitors. These compounds inhibit the activity
of HDAGs, thus preventing histone deacetylation of lysine
residues on histone tails and, as a consequence, enhancing gene
transcription. HDAC inhibitors have also been used in epigenetic
therapy and two of these compounds have recently gained FDA
approval as anti-cancer therapies.’®

DNMT inhibitors 5-aza-2’-deoxycytidine (5-AZA) and
procainamide have been shown to demethylate the HSDI1B2
promoter, enhancing both HSD11B2 expression and activity
in the SW620 human colon carcinoma cell line, MCF-7 breast
adenocarcinoma cell line, and JEG-3 placental carcinoma cell
line.” Furthermore, when given orally to rats for seven days,
DNMT inhibitors were shown to reduce HSD11B2 methylation
and to increase HSD11B2 expression,” which highlights the
potential impact of such classes of epigenetic pharmacological
modifiers on HSD11B2 expression. Similar studies have also
examined the effects of HDAC inhibition on HSD11B2 expression
and found that the HDAC inhibitor trichostatin A had no effect
by itself on these cell lines, but increased HSD211B2 expression
in SW620 and MCF-7 cells when added only 48 h after 5-AZA
treatment, indicating that DNA methylation is the dominant
form of epigenetic modification on this gene.”

These classes of pharmacological inhibitors have been
proposed to be potentially useful in reversing placental epigenetic
change. However, a major challenge with these approaches
will be to specifically target the placenta without affecting the
developing fetus. This is particularly pertinent as recent data
shows that a global reconfiguration of the fetal neural epigenome
occurs during development,*® suggesting that drugs that interfere
with these processes may have profound consequences for normal
fetal development. Furthermore, these drugs have significant
detrimental effects on both the mother and fetus. For example,
intraperitoneal (ip) injection of pregnant mice with 5-AZA on
gestational day 10 has been shown to reduce birth weight in
affected offspring, an effect that persists in males at 5 months of
age.” This reduced weight is also associated with reduced IGF-1
levels in the serum of these offspring.”* Furthermore, males and
females who were exposed to 5-AZA in utero display a 70%
reduction and a 30% reduction in mating capacity and fertility,
respectively, as measured by the presence of a vaginal plug and
viable pregnancy.’® In a recent study by Ding and colleagues,
Kunming mice were subjected to i.p. injection of 5-AZA or saline
on gestational days 1, 2 and 4, followed by embryo implantation
on day 4. Mice that received 5-AZA showed a significant
reduction in embryo implantation, as compared with the saline
group. This was associated with a cell specific reduction in
mRNA levels and an increase in the methylation levels of many
genes involved in endometrial change, as well as a decrease in
stromal cell proliferation and differentiation.”® Furthermore,
intravenous infusion of 5-AZA in patients with metastatic lung
carcinomas induced hematopoiesis toxicity,”® thus limiting
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their use in pregnant women. Given these significant problems
and challenges associated with their use, the administration of
pharmacological epigenetic modifiers to modify the placental
epigenome is not feasible at the present time.

Effects of Dietary Composition
on Placental HSD11B2 Expression

The influence of dietary composition as a modifier of placental
epigenetic machinery is becoming increasingly apparent.’”*®
Mice fed a high fat diet showed reduced placental expression
of a number of methyltransferases involved in epigenetic
modification.”””® This is a very important finding when one
considers that, in western societies, 50% of all pregnant women
are either overweight (BMI of 25-29.9 kg/m?) or obese (BMI
of 230 kg/m?),” have a dietary caloric excess predominantly

derived from fat,

61,62

or show a higher rate of adverse pregnancy
outcomes.
DNA methylation® is dependent on the availability of methyl
group donors and cofactors provided by the methionine and
folate metabolisms, as well as dietary-derived vitamin B6 and
B12, suggesting that dietary modifications can affect the fetal
and placental epigenome.®® This is highlighted by a 12-wk dose-
response choline feeding study conducted in third-trimester
pregnant women that investigated the effect of a maternal
choline intake of 930 mg or 480 mg per day. Higher maternal
choline intake significantly increased the average methylation
levels in the glucocorticoid receptor gene promoter in placenta
and fetal leukocytes, with infants showing lower levels of
circulating cortisol in the higher choline group.®* Although
limited data exist regarding the impact of dietary composition
on the epigenetic modification of placental HSD11B2, Takaya
et al. examined the methylation of individual CpG dinucleotides
in the promoter region of hepatic HSDIIB2 in offspring of
pregnant rats fed a magnesium-deficient diet from 2 wk prior
to mating and throughout the gestational period.®> The average
methylation of the HSDIIB2 promoter in the offspring of
dams fed a magnesium deficient diet was significantly higher
than that from controls.” However, it is important to note
that contrary to what was expected given previous findings in
the placenta,* HSDI11B2 methylation was positively correlated
with HSD11B2 mRNA expression.®® However, responsiveness to
environmental exposures in utero cannot be generalized across
genes and tissues,’® suggesting that epigenetic modification of
the HSD11B2 promoter in different tissues may result in different
effects on gene expression. Together, these studies show that
maternal diet can exert gene-specific epigenetic changes that can
effect placental mRNA expression. The effect of diet on placental
epigenetic regulation of HSDIIB2 is a key question for future
research. However, a number of studies have examined the effect
of both dietary intake and composition on placental HSD11B2.
A recent study investigating the impact of maternal caloric
restriction on placental HSD11B2 expression reported that when
dietary intake was reduced by 50% in Sprague Dawley rats from
gestational day 10 to 20, these rats showed higher maternal
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corticosterone levels than controls and a reduction in HSD11B2
expression in the labyrinth zone of the placenta.?**” Furthermore,
specific reduction in protein content of the maternal diet during
early and mid, but not late, gestation in Wistar rats caused a
reduction of placental HSD11B2 expression.®® These findings
have been supported by some,®”! though not all,”* studies and
collectively suggest that adequate protein intake is required to
maintain optimal expression of placental HSD11B2. However, an
excess of calories, predominantly derived from high fat and high
sugar foods largely define Western dietary habits.®® Therefore, an
area that demands further investigation is the effect of such high
calories, high fat/sugar diets on placental HSD11B2 expression.
A recent study by Sferruzzi-Perri et al. reported altered placental
phenotypes in mice fed a high fat, high sugar diet that affected
placental nutrient handling, which has implications for fetal
development and pregnancy outcomes.”” In addition, the high
fat, high sugar diet influenced fetal growth trajectory (initial
growth restriction followed by catch-up growth), which may have
implications for later-life outcomes. However, one potential caveat
of this well-designed study (acknowledged by its authors) was the
difference in protein content between the two diets (the standard
diet consisted of 26% protein compared with the high fat, high
sugar diet, which consisted of 17% protein).”® It has previously
been shown that even mild protein restriction can contribute to
changes in placental expression of HSD211B2 and development
of HPA dysfunction and hypertension.®® Therefore, the data from
Sferruzzi-Perri and colleagues need to be interpreted within the
context of unmatched maternal protein intakes. However, given
that mice and rats fed a high fat diet during pregnancy display
alterations in the placental transcriptome and have dysregulated
placental epigenetic machinery,”*® a much greater understanding
of the effects of diet on placental HSD11B2 is required. When
we analyzed the supplementary data available in the study by
Mao et al. looking at the placental transcriptome at day 12.5 of
gestation in mice fed a high fat diet, robust changes were found
in the placental transcriptome however HSDIIB2 was not in
their list of differentially expressed genes.”* This does not mean
that this gene does not change in response to a high fat diet, it
only means that changes in HSDI11B2 were not detected at the
particular time at which they did their microarray profiling.
In addition, transient changes with long-lasting effects cannot
be ruled out, especially given the data from Sferruzzi-Perri and
colleagues.”

Future research should focus on addressing the effects of
such diets, as well as on understanding the correct balance of
nutrients that may mitigate the effects of increased maternal
stress. For instance, could optimal protein levels throughout
pregnancy protect against the placental morphological and
phenotypical changes associated with a high fat, high sugar diec?
In addition, we know that a reduction in total maternal calories
downregulates HSD11B2 in the labyrinth zone and preliminary
evidence suggests that a high fat, high sugar diet influences
labyrinth zone development; therefore, devising maternal dietary
interventions that may influence both placental development
and ensure optimal fetal outcomes may be an exciting area
of research. Similarly, could maternal dietary manipulation
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represent a mechanism that could protect or counteract the effect
of maternal stress (environmental or emotional) on HSD11B2

expression and fetal outcomes? These questions warrant further

investigation.

or reverse prenatal stress-induced epigenetic change in placental
HSDI11B2 remains to be elucidated, but it represents an exciting
and, more importantly, feasible approach to potentially reverse or

Whether nutritional interventions can specifically prevent

prevent the programming effect of prenatal stress on the placental

and fetal epigenome.
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