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Early-life environmental factors can have persistent effects
on physiological functions by altering developmental
procedures in various organisms. Recent experimental
and epidemiological studies now further support the
idea that developmental programming is also present in
mammals, including humans, influencing long-term health.
Although the mechanism of programming is still largely
under investigation, the role of endocrine glucocorticoids
in developmental programming is gaining interest. Studies
found that perinatal glucocorticoids have a persistent effect
on multiple functions of the body, including metabolic,
behavioral, and immune functions, in adulthood. Several
mechanisms have been proposed to play a role in long-term
programming. In this review, recent findings on this topic are
summarized and the potential biological rationale behind this
phenomenon is discussed.
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INTRODUCTION

Adaptation to the environment is an essential feature for liv-
ing organisms. Organisms sense environmental changes and
induce adaptive responses to survive. In most cases, these
adaptive programs are not initiated in the default state and
are only induced by specific challenges. The adaptations are

usually transient and revert to the normal basal state. For
example, activation of the sympathetic nervous system in the
fight-or-flight response can be an example of this transient
adaptive program. This system is activated only under acute
stress and is not maintained for a long time. Once the stress-
ful condition disappears, the system returns to its basal state.
However, when environmental challenges become chron-
ic, different strategies are implemented. In this case, environ-
mental challenges are continuously encountered and a more
stable adaptive program is induced. This type of program can
generally be regarded as acclimatization. Increased red blood
cell production in a hypoxic environment or the induction
of beige adipose tissue differentiation is a good example of
acclimatization. As in the case of transient adaptation, the
induced programs in acclimatization may return to a normal
basal state once the challenge vanishes. However, compared
with transient adaptation, restoration of the basal state may
take longer in acclimatization because of its stability.
Organisms with a short lifespan or living in seasonal en-
vironments may face environmental challenges throughout
their lifetime. Under these chronic environmental changes,
organisms may induce adaptive programs with irreversible
changes. The best-known cases of this type of adaptation are
developmental plasticity or polyphenism, which have been
reported in various species. For example, the wing pigmen-
tation of the butterfly Araschnia is differentially generated
based on seasonal fluctuations in temperature and photo-
period (Gilbert, 2005). The crustacean Daphnia recognizes
the chemical traces of a predator and produces offspring
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with a defensive “helmet” structure (Bateson et al., 2004).
The desert locust Schistocerca gregaria is hidden, shy, and
sedentary under low density, but becomes conspicuous, gre-
garious, and migrative under crowded conditions (Bateson
etal., 2004). Although the lifespan of vertebrates is generally
longer than that of invertebrates, similar long-term adaptive
programming of phenotypes has been observed. For exam-
ple, the temperature during embryonic development in ze-
brafish has a perpetual effect on thermal acclimatization and
swimming activity during the adult life of the larvae (Scott
and Johnston, 2012). In mammals, such as rats, protein in-
take (low, medium, or high) during the gestation and lacta-
tion periods of dams persistently affects the weight gain rate
and longevity of offspring, which show a higher survival rate
when their post-weaning diet matches the diet consumed by
their dams (Sasaki et al., 1982). Studies utilizing experimental
animal models have shown long-term alterations in pheno-
types on exposure to specific environmental factors in early
life (McMullen and Mostyn, 2009). Such adaptations can be
generally termed “developmental programming,” as the long-
term phenotype is programmed by the modification of devel-
opmental processes due to early-life environmental exposure.
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Fig. 1. Developmental programming and match/mismatch-
prompted benefit/cost. (A) An analogy for developmental
programming. Two fireplaces are built with a modification in
the blueprint in expectation of cold weather. When the actual
temperature matches the predicted value (cold), then there is
a benefit (top). In case of a mismatch, there is a cost (bottom).
(B) Example of developmental programming. Alternative
adaptive phenotype (green skin color) is generated by modifying
developmental processes with the expectation of a green
environment. The benefit of being camouflaged will occur when
the actual environment matches the expectation (top). In case of
a mismatch, there will be a cost and will lead to maladaptation
(bottom).
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This program is similar to changing the blueprint of a house
to meet specific needs before construction is completed (Fig.
1A). Since this process is irreversible, a match and mismatch
relationship with the actual environment can also occur (Fig.
1). This idea is the basis for the developmental origin of the
health and disease (DOHaD) hypothesis in humans (Barker,
2007, Bateson et al., 2004; Gluckman and Hanson, 2004).
Accumulated epidemiological studies on DOHaD strongly
support the notion that developmental programming is
conserved among humans. Pioneering studies on this sub-
ject have linked intrauterine fetal growth retardation with
an increased risk of cardiovascular diseases, hypertension,
and type 2 diabetes mellitus (Barker, 2002; Gluckman and
Hanson, 2004). In addition to metabolic and cardiovascular
diseases, early-life adversity is also linked to various immuno-
logical diseases, such as allergies, asthma, infectious diseases,
and cancer (Flanigan et al., 2018; Kelly-Irving et al., 2013;
Moore et al., 2006; van de Loo et al., 2016). Despite a num-
ber of accumulated cases supporting DOHaD, mechanistic
insight on this subject is still elusive.

STRESS, GLUCOCORTICOIDS, AND ADAPTATION

In mammals, one of the major factors induced by environ-
mental stressors is glucocorticoids (GCs). GCs are a class of
steroid hormones that increase in response to various envi-
ronmental challenges, including starvation, cold exposure,
predators, infection, and psychological stress. Pleiotropic
effects are exhibited by GCs on multiple cells and tissues;
however, such responses should have an adaptive value to
increase the chances of survival. For example, GCs have a
significant impact on whole-body metabolism. GCs promote
protein catabolism, amino acid mobilization, and glucose
sparing by increasing glycogenolysis and gluconeogenesis
(Kuo et al., 2013; 2015). Also, GCs induce lipolysis, at least
following acute exposure (Macfarlane et al., 2008; Peckett et
al., 2011). These metabolic changes are essential for survival
under stressful conditions such as starvation. Moreover, GCs
have a significant impact on brain function and behavior
(Lupien et al., 2009; McEwen et al., 2012), which can also
enhance the chance of survival in harsh environments.
Another important change caused by GCs is immune
regulation. They suppress inflammation by inhibiting nuclear
factor-kappa B (NF-xB) activation (Padgett and Glaser, 2003).
This is partly via sequestration of NF-xB in the cytosol with
the induction of inhibitory kappa B (IkB) synthesis or through
competition for a binding partner between GC receptor
(GR) and NF-xB (Padgett and Glaser, 2003). Furthermore,
activated GR binds to important gene loci to suppress gene
expression and immune activation (Surjit et al., 2011). How-
ever, stimulation of GR signaling does not always cause im-
mune suppression. T cells with GR deficiency show reduced
activation and survival, particularly in the circadian range of
GC concentrations, suggesting the immune-enhancing role
of GC (Hong et al., 2020; Shimba et al., 2018). Since the
hypothalamus, where GC is requlated, is an integration and
allocation center, it is conceivable that immune suppression
by GC has evolved to reallocate energy and resources for
more essential functions in stressful environments (Wang et



al., 2019). However, the exact biological rationale behind en-
ergy allocation between immunity and other functions of the
body is yet to be elucidated.

GLUCOCORTICOIDS AND DEVELOPMENTAL
PROGRAMMING

Endocrine signals govern organismal adaptation to external
environmental changes. The role of various endocrine hor-
mones in transient physiological changes or acclimatization
has been well described. However, the role of endocrine
signals in developmental programming for long-term adap-
tation remains relatively unknown, particularly in mammals.
Studies in invertebrates have shown that endocrine hor-
mones such as juvenile hormones and ecdysteroids mediate
phenotypic changes in adaptive developmental programming
(Gilbert, 2005). Moreover, thyroid hormones are known to
be involved in the phenotypic plasticity of amphibians (Ruth-
satz et al., 2020). Therefore, the significance of endocrine
signals in mammalian developmental programming is highly
conceivable.

In cases that support DOHaD, early environmental factors
associated with long-term disease risks, such as malnutrition,
infection, immune activation, and psychosocial stress, can
induce GCs. Therefore, GCs may mediate the long-term de-
velopmental programming of phenotypes and affect disease
risk. Epidemiological studies have shown that one of the
strongest perinatal factors associated with long-term disease
risk is intrauterine growth retardation (IUGR) (Bateson et
al., 2004; Gluckman and Hanson, 2004). Since prenatal GC
can directly elicit IUGR, GC may play a central role in disease
development through IUGR by mediating developmental
programming (French et al., 1999; Gluckman and Hanson,
2004). For example, maternal GC may directly inhibit fetal
development. Maternal GC was hypothesized to be inca-
pable of crossing the placenta and thus affecting offspring
owing to the activity of hydroxysteroid dehydrogenase 11p
type 2 (HSD11b2), which inactivates GCs by degradation.
However, studies have found that maternal GC can enter the
fetus at a circadian peak or under stress (Barbazanges et al.,
1996, Venihaki et al., 2000). Moreover, the expression level
of Hsd11b2 is reduced under chronic stress, which allows
maternal GC to affect the fetus (Mairesse et al., 2007). Other
studies have also found that behavior and hypothalamic-pi-
tuitary-adrenal (HPA) axis activity are persistently affected by
maternal GC exposure during lactation (Catalani et al., 1993;
2011). However, whether this programming by lactational
GCs is a direct effect of GCs or an indirect effect caused by
the change in maternal care, which has been reported to
have a strong influence on HPA axis development, is uncer-
tain. Overall, these results suggest that GC acts as an endo-
crine signal for long-term developmental programming.

Consistent with this hypothesis, perinatal GC exposure has
been reported to induce long-term metabolic alterations. For
example, prenatal GC exposure leads to persistent postnatal
glucose intolerance in experimental rodent models (Nyirenda
et al., 1998; 2001). Prenatal treatment with dexametha-
sone (DEX), a GR agonist, significantly enhances hepatic
phosphoenolpyruvate carboxykinase (PEPCK) gene expres-
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sion and activity, thereby enhancing gluconeogenesis (Ny-
irenda et al., 1998; 2001). This leads to hyperglycemia and
hyperinsulinemia during fasting in adult offspring exposed to
prenatal DEX during late pregnancy (Nyirenda et al., 1998).
Another study found that hepatic hepatocyte nuclear factor
4o, (HNF4q) is also significantly enhanced by prenatal DEX
exposure, which can also contribute to altered glucose levels
(Nyirenda et al., 2006). Moreover, a study on non-human pri-
mates found that prenatal GC administration leads to glucose
intolerance and hyperinsulinemia, with decreased pancreatic
B cell numbers (de Vries et al., 2007). Studies in humans have
also shown that prenatal GC treatment is associated with
altered glucose metabolism in adulthood (Dalziel et al., 2005;
Kelly et al., 2012). However, a more extensive and controlled
study is required to decipher the programming effect of GC
on human metabolism.

Perinatal GC also affects the long-term risk of hyperten-
sion. Late-pregnancy DEX exposure causes increased blood
pressure in old offspring rats (Levitt et al., 1996; Sugden et
al., 2001) and is also associated with decreased GR and min-
eralocorticoid receptor (MR) expression in the hippocampus
(Levitt et al., 1996). Consistent with these findings, gesta-
tional GC exposure also leads to increased blood pressure in
adult sheep (Figueroa et al., 2005). In this study, IUGR was
not identified; however, the number of glomeruli decreased
with prenatal GC (Figueroa et al., 2005). A study on primates
found that prenatal GC treatment increased blood pressure
in offspring (de Vries et al., 2007), while another study found
no differences (Bramlage et al., 2009). This discrepancy
could be attributed to the differences between the model
species and duration of GC treatment. In humans, antenatal
GC treatment is associated with higher blood pressure at 14
years of age (Bramlage et al., 2009). However, another study
found no difference in blood pressure in adults exposed to
antenatal GC treatment (Dalziel et al., 2005). These retro-
spective studies have limitations, and a controlled clinical
study is required to determine the exact role of perinatal GC
exposure on blood pressure in adult life in humans.

Perinatal GC can also affect long-term behavior. Prenatal
GC treatment leads to anxiety during adulthood in rats (Na-
gano et al., 2008; Welberg et al., 2001). Together with other
studies, the development of anxiety due to perinatal GC
treatment has been associated with alterations in the amyg-
dala region of the brain (Nagano et al., 2008; Welberg et al.,
2000; 2001). In other studies, postnatal GC exposure also led
to increased anxiety-like behavior, particularly in threatening
environments (Neal et al., 2004). Moreover, cortisol levels in
mother’s milk are linked to the altered temperament of infant
rhesus macaques (Hinde et al., 2015). In humans, a prenatal
increase in maternal cortisol levels also affects an infant’s tem-
perament (Davis et al., 2007). Moreover, children exposed to
prenatal GC show enhanced psychological stress responses
(Erni et al., 2012). Although changes in perinatal exposure to
GC are often regarded as a disease, these altered behaviors
may also be adaptive responses that increase the chances
of survival. For example, heightened anxiety may lead to a
vigilant phenotype, which would be beneficial for survival in
harsh environments (Hanson and Gluckman, 2014).

Perinatal GC exposure can also cause long-term immune
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alterations. In an experimental rodent model, prenatal ma-
ternal psychological stress suppressed the immune function
in the offspring (Kay et al., 1998). In a direct GC-exposure
model, neonatal DEX treatment leads to enhanced suscepti-
bility to experimental autoimmune encephalomyelitis (EAE)
in adult rats (Bakker et al., 2000). In this study, neonatal DEX
treatment reduced HPA axis activity, but the exact contribu-
tion of the HPA axis to the pathogenesis of EAE is unclear.
More direct evidence of the role of HPA axis programming
on immune regulation has been provided recently; perinatal
GC programs the HPA axis, and reduced HPA axis activity
is responsible for immune suppression (Hong et al., 2020).
In this study, perinatal GC exposure resulted in diminished
CD8" T-cell responses in adulthood and impaired control of
tumor growth and bacterial infection. Using T-cell-specific
GR-deficient mice and an adrenalectomy model, decreased
corticosterone (CORT) levels are found to be responsible for
diminished CD8" T-cell function (Hong et al., 2020). Consid-
ering the general immune-suppressive function of GC, it is
somewhat unexpected that diminished CORT hormone level
leads to reduced T cell function. While the immunosuppres-
sive function of GC is still valid, especially with the GC level
under various stressors, the circadian level of GC can enhance
immune function with its permissive role in other settings.
For example, GC increases the expression of cytokine and
chemokine receptors, such as the IL-7 receptor and CXCR4,
in T cells, allowing T cells to survive and migrate (Hong et al.,
2020; Shimba et al., 2018). In adrenalectomy and genetic
GR-deficient models, the activation and survival of CD8" T
cells reduce with the reduction in CD25 and Bcl2 signaling
(Hong et al., 2020; Shimba et al., 2018). Whether this immu-
nostimulatory role of GC at the circadian level can be applied
to immune cells other than T cells is unknown. Moreover,
the molecular mechanisms underlying the differential dosage
effects of GC on T cells are yet to be elucidated. Overall, peri-
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Fig. 2. Adaptation to a predicted future environment via HPA
axis ‘calibration’. The set point for HPA axis threshold of negative
feedback can be differentially established by the interaction with
the perinatal environment. This perinatal calibration leads to the
difference in stress response and phenotype expression which
can promote survival in the target environment.
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natal GC has a persistent effect on immune function.

MECHANISM OF DEVELOPMENTAL PROGRAMMING
BY PERINATAL GC

Persistent HPA axis threshold change

Long-term phenotypic changes observed with GC exposure
during development is generally related to the normal func-
tion of GC hormone. For example, the metabolic alteration,
behavioral changes, and immune modification discussed
above are all associated with changes that occur due to ei-
ther hyperactive or hypoactive HPA axis activity and increased
or decreased GC levels. Therefore, developmental program-
ming could be mediated by persistent changes in the HPA
axis. Supporting this hypothesis, a recent extensive review
found that either hyperactive or hypoactive HPA axis activity
is identified with exposure to diverse perinatal stressors (van
Bodegom et al., 2017). Mild to moderate stress causes hyper-
activity in the HPA axis, whereas extreme stress causes hypo-
activity in the HPA axis (van Bodegom et al., 2017). The exact
mechanisms underlying these phenomena are yet unknown;
nevertheless, changes in HPA axis activity do not appear to be
random but may be programmed to adapt to predicted envi-
ronments after birth, as some studies have suggested (Braun
etal., 2013). According to the match/mismatch stress theory
(Schmidt, 2011), a heightened HPA axis could be beneficial
in stressful situations (Fig. 2, top). When environmental stress
is excessive, the organism may benefit from a reduction in
stress sensitivity (Fig. 2, middle), and in extremely stressful
conditions, being insensitive to the consistently active stress
axis is beneficial for survival and reproduction (Fig. 2, bot-
tom). This HPA axis programming is like ‘calibration’ for the
range of phenotype expression of an organism for survival
and long-term adaptation. This calibration is made by the
interaction with the perinatal environment and is established
by the modification of the set point of the GC hormone level.

Modifications in GC levels due to early-life stresses have
been observed in other species, such as birds and fish (Hen-
riksen et al., 2011; Reyes-Contreras et al., 2019). Consistent
with animals, the early-life environment appears to program
the human HPA axis as well. Children and adults with low
birth weights have higher plasma and urine adrenocortico-
tropic hormone or GC levels (Clark et al., 1996; Phillips et
al., 1998; Reynolds et al., 2001). Importantly, perinatal GC
can persistently affect CORT levels later in life. Two studies
on HPA function in 4-month-old newborns and 30-year-
old individuals have shown a positive relationship between
intrauterine GC exposure and basal (morning) CORT con-
centrations (Dalziel et al., 2005; Glover et al., 2005). Overall,
these studies in various species, including humans, support
the notion of evolutionarily conserved long-term HPA-axis
programming.

The hyperactive or hypoactive HPA axis can be pro-
grammed by modifying the negative-feedback threshold. MR
and GR are two receptors that form a negative feedback loop
upon binding to CORT (De Kloet et al., 1998). The hippocam-
pus and paraventricular nucleus of the hypothalamus (PVH)
are the sites for the regulation of the HPA axis by expressing
these receptors. Particularly in the hippocampus, GR- or



MR-expressing neurons relay negative neuronal signaling
toward corticotropin-releasing hormone (CRH)-producing
neurons in the hypothalamus. The MR has a higher binding
affinity for CORT than that of GR and is suggested to be a key
regulator of the HPA axis when CORT oscillations are in the
lower circadian range (De Kloet et al., 1998). As CORT levels
rise with stress, CORT binding to GR also increases, and both
GR and MR work together to provide negative feedback,
bringing HPA axis activity back to a normal state (Bradbury et
al., 1994; De Kloet et al., 1998).

Recent single-cell biology studies have provided a clear-
er elucidation of GR and MR expression and HPA axis
regulation. Hippocampal MR increases the expression of
FK506-binding protein 51 (FKBP5), a negative regulator of
GR function, decreasing ligand-binding activity (Hartmann et
al., 2021). This regulation is particularly important for emo-
tional and behavioral changes associated with CORT (Hart-
mann et al., 2021). These results along with other single-cell
studies show that hippocampal neuronal composition and
regulation of GR and MR are generally conserved between
mice and humans (Hartmann et al., 2021; Hodge et al,
2019).

Stable alteration of the HPA axis threshold can be pro-
grammed by modifying the expression of MR and GR in the
hippocampus. One of the most prominent factors that can
stably alter the HPA axis is maternal care. The offspring of
rats with low maternal licking and grooming show height-
ened anxiety with a hyperactive HPA axis. These rats express
low levels of GR in the hippocampus, thereby decreasing the
threshold for negative feedback of the HPA axis and increas-
ing systemic CORT levels (Weaver et al., 2004; Zhang et al.,
2013). This is accompanied by the epigenetic modification
of GR expression. Tactile stimulation from maternal licking
increases hippocampal serotonin (5-HT) and expression of
nerve growth factor-inducible factor A (NGFI-A). This factor
binds to exon 1 of the GR gene with epigenetic modifica-
tions, which increases GR expression in the hippocampus
(Weaver et al., 2004; Zhang et al., 2013).

MR expression is altered by various early life stresses. In
particular, MR expression levels increased in various regions
of the hippocampus following perinatal GC exposure (Hong
et al., 2020). Although the specific mechanism of this induc-
tion has not been determined, epigenetic modifications in
MR gene loci could have been responsible.

In addition to epigenetic changes in the expression of GR
and MR, neuronal network development can significantly in-
fluence persistent changes in the HPA axis activity. For exam-
ple, hippocampal neurogenesis in the dentate gyrus region
alters the HPA axis threshold (Eliwa et al., 2021; Schloesser
et al., 2009). While neurogenesis can occur in adulthood in
this region, perinatal GC probably affects long-term neuronal
network development in this region. The role of perinatal GC
in general hippocampal development has been previously
reviewed (Matthews, 2000).

Direct epigenetic programming by GC in the target cells
and tissues

Another possible mechanism for long-term programming
is direct epigenetic programming. For example, antenatal
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GC treatment in guinea pigs alters DNA methylation pat-
terns and gene expression in multiple fetal and neonatal
tissues such as the liver, adrenal gland, and kidney (Crudo
et al., 2012). These changes are maintained in adulthood
and even transmitted to the next generation (Crudo et al.,
2012). In a mouse model, epigenetic modification of CD8" T
cells has been associated with perinatal GC exposure (Hong
et al., 2020). Naive CD8" T cells in mice with perinatal GC
treatment showed reduced T-bet expression and decreased
chromatin accessibility in T-bet regulating loci, including IFN-y
(Hong et al., 2020). Further, perinatal GC reduces T-bet ex-
pression since chromatin accessibility in T-bet loci is reduced
where the consensus GR-binding motif is present (Hong et
al., 2020). These results support the notion of direct epigene-
tic programming of target cells and tissues by perinatal GC.

CONCLUSION

GCs are one of the major pathways involved in adaptation
to multiple stressful environments. In addition to the role
of GCs in acute physiological adaptation, studies have sug-
gested that GC may mediate adaptation via developmental
programming. The accumulated cases strongly support the
notion of long-term physiological programming by perinatal
GC. The precise biological rule behind this phenomenon is
still unclear, but it does not appear to be random and may
foster future adaptations to environmental changes after
birth. Long-term programming by GC is, at least in part, me-
diated by HPA axis threshold programming; however, direct
epigenetic programming is also possible. Further studies on
this topic are needed to overcome the fundamental gaps in
our current understanding.
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