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Glucocorticoids, vertebrate steroid hormones produced by cells of the adrenal cortex or 
interrenal tissue, function dynamically to maintain homeostasis under constantly changing 
and occasionally stressful environmental conditions. They do so by binding and thereby 
activating nuclear receptor transcription factors, the Glucocorticoid and Mineralocorticoid 
Receptors (MR and GR, respectively). The GR, by virtue of its lower affinity for endogenous 
glucocorticoids (cortisol or corticosterone), is primarily responsible for transducing the 
dynamic signals conveyed by circadian and ultradian glucocorticoid oscillations as well 
as transient pulses produced in response to acute stress. These dynamics are important 
determinants of stress responsivity, and at the systemic level are produced by feedforward 
and feedback signaling along the hypothalamus-pituitary–adrenal/interrenal axis. Within 
receiving cells, GR signaling dynamics are controlled by the GR target gene and negative 
feedback regulator fkpb5. Chronic stress can alter signaling dynamics via imperfect 
physiological adaptation that changes systemic and/or cellular set points, resulting in 
chronically elevated cortisol levels and increased allostatic load, which undermines health 
and promotes development of disease. When this occurs during early development it can 
“program” the responsivity of the stress system, with persistent effects on allostatic load 
and disease susceptibility. An important question concerns the glucocorticoid-responsive 
gene regulatory network that contributes to such programming. Recent studies show 
that klf9, a ubiquitously expressed GR target gene that encodes a Krüppel-like transcription 
factor important for metabolic plasticity and neuronal differentiation, is a feedforward 
regulator of GR signaling impacting cellular glucocorticoid responsivity, suggesting that 
it may be a critical node in that regulatory network.

Keywords: cortisol, glucocorticoid receptor, adaptive, dynamics, allostasis, early life stress, gene regulation, Klf9

INTRODUCTION

Glucocorticoids (GCs), steroid hormones produced by the vertebrate adrenal cortex (and hence 
also known as corticosteroids), function to maintain homeostasis in a changing environment 
by dynamically regulating diverse aspects of physiology, including metabolism and immunity. 
The role of GCs in human health was first glimpsed in the late 19th century when Thomas 
Addison found that adrenal extract had therapeutic properties for patients with a multi-symptom 
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wasting disease (now known as Addison’s Disease or adrenal 
insufficiency; Timmermans et  al., 2019). Decades later in the 
early-mid 20th century, it was noted by Philip Hench that 
temporary remissions of rheumatoid arthritis were associated 
with conditions that stimulate the adrenal cortex, including 
pregnancy (a condition now known to increase maternal GC 
levels several-fold). In 1946, four adrenal products were purified 
by Edward Kendall, and Compound E, now known as cortisol, 
was found by Hench to have remarkable benefits for patients 
with severe arthritis (Hench et al., 1949). This led to the award 
of the Nobel Prize in Physiology and Medicine in 1950, and 
today synthetic GC analogs of cortisol are widely prescribed 
for their anti-inflammatory properties.

Cortisol is commonly referred to as a (or inaccurately as 
“the”) stress hormone and is one of the key hormonal regulators 
of the physiological response to stress, along with adrenaline 
and noradrenaline. In response to stress, these hormones orchestrate 
usage of energy stores, and prime the body to respond to threat. 
In contrast to the physiological effects of adrenaline which occur 
almost instantaneously, the effects of GCs largely involve changes 
in gene transcription and thus require several minutes to occur. 
More rapid, non-genomic mechanisms of GC action also exist, 
however these are less well understood (Panettieri et  al., 2019). 
This review focuses primarily on the effects that GCs exert 
through regulation of gene expression.

The release of endogenous GCs (primarily cortisol in primates 
and fish, corticosterone in amphibians, reptiles, birds and 
rodents; referred to hereafter as CORT in either case) into 
the bloodstream is result of a hormone cascade that occurs 
upon activation of the Hypothalamus-Pituitary–Adrenal (HPA) 
neuroendocrine axis (Figure  1). HPA activation in response 
to signals from the central nervous system cause corticotrophin 
releasing hormone (CRH) to be  released by the hypothalamus 
into the pituitary portal circulation. CRH then acts on the 
anterior pituitary gland causing the release of adrenocorticotropic 
hormone (ACTH) which travels through the blood stream to 
the adrenal glands triggering the release of CORT into the blood.

As small lipophilic molecules, GCs freely diffuse from the 
blood stream through cell membranes and into the cytoplasm 
of cells. Once inside cells GCs bind and activate cognate 
receptors, the glucocorticoid receptor (GR, encoded by the 
NR3C1 gene) and the closely related mineralocorticoid receptor 
(MR, encoded by NR3C2). These receptors are protein 
transcription factors that upon GC binding translocate to the 
nucleus to regulate gene transcription, which includes 
GR-mediated activation of the GR-antagonist FKBP5, providing 
intracellular negative feedback regulation (Figure 2). The changes 
in gene expression mediated by the GR result in metabolic 
remodeling and other aspects of cell physiology that comprise 
the cellular response to GCs (Figure  2). In addition, the GR 
is known to translocate into mitochondria and regulate 
mitochondrial gene expression, further contributing to the 
cellular response to GCs (reviewed by Kokkinopoulou and 
Moutsatsou, 2021; Figure  2).

Both the GR and MR have a central DNA binding domain 
flanked by an N-terminal domain and a C-terminal ligand-
binding domain. The high affinity of the MR for GCs (as well 

as other steroid hormones such as aldosterone) leads to its 
activation at even low physiological levels of GC hormone 
(Reul and De Kloet, 1985; Gomez-Sanchez and Gomez-Sanchez, 
2014). In comparison, the GR has a nearly 10-fold lower binding 
affinity for CORT, and its activation is thus sensitive to fluctuations 
in CORT levels that occur with circadian (roughly 24-h) 
rhythmicity and on more rapid timescales (within minutes in 
response to acute stressors). Because the GR is expressed in 
nearly all cell types and binds thousands of genomic sites in 
a given target tissue (Sacta et  al., 2016), changes in circulating 
CORT levels produce broad changes in gene expression, 
physiology and behavior, and are a primary means of coordinating 
an adaptive organism-level response to stress and/or a 
changing environment.

Within the cell nucleus, regulation of gene expression by 
the GR is accomplished in part through its direct binding to 
glucocorticoid response elements (GRE) in regulatory DNA 

FIGURE 1 | The vertebrate Hypothalamus-Pituitary–Adrenal/Interrenal 
(HPA/I) axis.
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regions. In the canonical pathway, nuclear GR dimers interact 
with palindromic GRE sites. However, binding of GR monomers 
to half sites, inverted GRE (half sites occurring on opposite 
strands) and indirect “tethered” interactions with DNA mediated 
by other transcription factors, also occur (reviewed thoroughly 
by Weikum et  al., 2017). The regulation of transcription by 
the GR involves recruitment of numerous cofactors, can be either 
activating or repressive, and is highly context dependent. The 
GR is also subject to various post-translational modifications 
(e.g., acetylation, phosphorylation, sumoylation, ubiquitylation, 
nitrosylation) that further control its activity. Thus, although 
the GR is among the most well-studied transcription factors, 
the various modes and contextual determinants of its function 
continue to be  fertile ground for research.

THE FUNCTIONAL SIGNIFICANCE OF 
GLUCOCORTICOID SIGNALING 
DYNAMICS

The HPA axis is a highly dynamic and responsive system, so 
to understand how it maintains both homeostasis and stress 
responsiveness, we  must consider its temporal regulation. 

It is widely appreciated that at the systemic level, negative 
feedback exists between HPA tissues, wherein circulating GCs 
act upon the hypothalamus and pituitary to downregulate 
further CRH, ACTH and GC release (Figure  1). However, 
HPA axis regulation is more complex, and our understanding 
remains incomplete. At the top level, the hypothalamus receives 
inputs from complex neural circuits involving the hippocampus, 
amygdala and prefrontal cortex, which regulate CRH release, 
and each of these brain regions exert different and context-
dependent controls. For example, the hippocampus and amygdala, 
respectively, exert primarily inhibitory and facilitative influences 
on hypothalamic CRH production (Jankord and Herman, 2008). 
In more granular detail, different loci within a brain region 
may govern responses to different modes of stimuli. For example, 
the central and medial nuclei of the amygdala separately facilitate 
HPA responses to systemic (e.g., inflammation) or psychogenic 
(e.g., restraint) stress. It is also of interest to note that CRH 
is a neuropeptide produced throughout the brain, and that 
hypothalamic neurons are the only population which respond 
to GCs by downregulating CRH (Watts and Sanchez-Watts, 
1995; Watts, 2005). In contrast, CRH production is strongly 
stimulated by GCs in the amygdala in a manner inverse to 
the repression by GCs on hypothalamic CRH. The amygdala 
also mediates aspects of GC-induced anxiety and fear, and it 
may activate the hypothalamus through interruption of basal 
inhibition (Hakamata et  al., 2017; Kinner et  al., 2018). In all, 
regulation of the HPA axis via integration of complex circuits 
almost certainly provides a survival advantage by conferring 
adaptive plasticity. However, this distributed regulatory framework 
also appears to allow for overriding of the negative feedback 
that controls normal dynamics. Under normal conditions, these 
dynamics involve both regular fluctuations on circadian and 
ultradian timescales and transient responses to acute stressors 
(Figure  3), but these dynamics can be  altered in unhealthy 
scenarios. For instance chronic stress can remodel brain regions, 
shrinking dendrites in the hippocampus while expanding them 
in the amygdala (Lakshminarasimhan and Chattarji, 2012; 
McEwen et al., 2016), potentially altering the ratio of inhibitory/
activating inputs on the hypothalamus and affecting 
HPA dynamics.

Circadian Dynamics
Within the hypothalamus, the suprachiasmatic nucleus (SCN) 
is the well-established site of the central circadian clock, sitting 
above the optic chiasma and receiving input directly from 
light-sensitive neurons. Nearby, the paraventricular nucleus 
(PVN) is the source of hypothalamic CRH secretion and receives 
inputs from the SCN, generating light-dependent activation of 
the HPA axis and circadian oscillations in GC production 
(Kalsbeek et  al., 2012). Glucocorticoids thus relay information 
from the central or “master” circadian pacemaker to so-called 
“slave” clocks in additional tissues to coordinate organism-wide 
timing, with daily peaks in GC levels preceding the active 
behavioral phase (early morning in humans and zebrafish, 
evening in rodents). Various and layered mechanisms coordinate 
with circadian levels of GCs to generate robust rhythmicity 

FIGURE 2 | The glucocorticoid receptor (GR) regulates gene expression and 
the cellular response to glucocorticoid signaling. CORT diffuses freely into 
cells wherein it binds the GR, releasing it from a chaperone complex (which 
includes the protein Fkbp5) that anchors it in the cytoplasm. CORT-activated 
GR translocates into the nucleus, wherein it regulates the transcription of 
genes bearing glucocorticoid-response elements (which include fkbp5) or via 
tethering to other transcription factors. Activated GR also enters and 
regulates gene activity within mitochondria (Mt). These gene regulatory effects 
combine to produce a cellular response to CORT, for example, metabolic 
remodeling.
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in GC-signaling. Examples include downregulation of GR protein 
activity through post-translational acetylation by the core 
circadian protein CLOCK (Circadian Locomoter Output Cycles 
Kaput, a transcription factor and acetyltransferase; Nader et al., 
2009), as well as diurnal rhythmicity in levels of GC transport 
proteins that regulate the availability of free cortisol in the 
blood stream (Debono et  al., 2016).

Most cells possess autonomous 24-h clocks, but phase 
coherency at the tissue or whole-organism level requires 
synchronization by circadian signals, many of which (including 
GC rhythmicity) originate from the SCN (Schibler et al., 2015). 
Strikingly, a short pulse of the synthetic GC dexamethasone 
(DEX) is sufficient to synchronize circadian gene expression 
in cell cultures, while injections of DEX are able to shift or 
reset the phase of circadian gene expression in peripheral tissue 
of live mice based on the timing of the injection (Balsalobre 
et  al., 2000). This ability of GCs to alter the circadian phase 
does not apply to cells of the SCN, however, where the notable 
lack of GR expression likely protects the central clock from 
the influence of acute hormone spikes.

In zebrafish, tonic concentrations of DEX have been shown 
sufficient to rescue 24-h cell-cycle rhythms in larvae lacking 
corticotrope cells, suggesting that the presence of GCs above 
a threshold concentration is sufficient for synchronization of 
some peripheral clocks, and that rhythmicity of GC levels may 
be  dispensable for some processes (Dickmeis et  al., 2007). The 
cell cycle is not the only rhythmic biological process, however, 
and it’s possible that while peak GCs entrain cell-cycle, trough 
periods may provide rhythmic impetus for other processes 
(especially considering that the GR may act as either an activator 
or repressor of target gene transcription). Diurnal lulls in GC 
levels could also free up a cell’s signaling bandwidth for response 
to additional or subsequent signals, including providing slack 

in the system necessary for HPA re-activation, such as in a 
“fight-or-flight” scenario. Dynamic flexibility allows for additional 
GC peaks to be superimposed on the 24-h light-driven oscillations 
as may be warranted by altered feeding habits, perceived threats, 
or other conditions (Figure  3). For example, robust feeding-
induced GC rhythms depend on an adrenal clock which normally 
reinforces SCN clock timing but can become uncoupled from 
it and generate independent hormone dynamics (Chung 
et  al., 2017).

Ultradian Dynamics
The circadian profile of circulating CORT is not achieved 
through smooth continuous release, but rather is driven by 
pulsatile release of hormone occurring on the order of hourly, 
or in other words with ultradian frequency (Veldhuis et  al., 
1989; Jasper and Engeland, 1991; Stavreva et  al., 2009). While 
the frequency of these pulses remains relatively constant, varying 
amplitude drives circadian GC level (Figure 3), with the highest 
pulses occurring just prior to the waking phase. It was once 
thought that an ultradian pacemaker must reside in the brain, 
however studies in the last decade by the Lightman laboratory 
using automated hormone infusions and measurements in rats 
have demonstrated these pulsatile characteristics result from 
the combination of feedback and feedforward signals and delays 
among HPA tissues (Walker et  al., 2010, 2012; Spiga et  al., 
2011). As predicted by initial computational modeling, pulsatile 
infusions of ACTH were found to induce pulsatile corticosterone 
release in rats whose endogenous ACTH production was 
suppressed by the synthetic GC methylprednisolone. This was 
followed by pulsatile transcription of genes involved in 
steroidogenesis, similar to gene pulsing effects previously seen 
in vitro with cycles of GR activation and association with 
chromatin leading to ultradian pulses of gene transcription 

FIGURE 3 | Endogenous glucocorticoids (cortisol and corticosterone, CORT) fluctuate both with circadian and ultradian rhythms (green lines) and in response to 
acute stress (red line). The idealized graph depicts the situation in a diurnal animal (i.e., with a waking phase during daylight hours; nighttime is depicted by shading). 
The circadian dynamics are reversed in nocturnal animals.
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(Stavreva et al., 2009). Interestingly, constant infusion of ACTH 
caused no induction of CORT, indicating that the pulsatile 
nature of ACTH signal is key to normal adrenal function. In 
contrast, constant infusion of CRH was found sufficient to 
drive pulsatile release of both ACTH and corticosterone, with 
the pulse of ACTH occurring in advance of CORT pulse. 
Increasing the constant dosage of CRH had the effect of pushing 
the trough levels of CORT toward a ceiling of maximal 
production, eventually attenuating the rhythmicity. It has been 
estimated that biosynthesis of CRH requires 60–90  min, thus 
making it likely that hormonal feedback regulation of CRH 
production is more involved in recuperation rate or adaptation 
to chronic stress than initial response (Watts, 2005). Together 
these findings support the concept of dynamic equilibrium of 
the HPA axis rather than a controlled steady state, with rapidly 
fluctuating dynamics functioning to maintain plasticity and 
responsiveness of the system. It has been proposed that pulsatile 
dynamics also may serve to filter out random low-level stimuli 
to avoid unnecessary activation of the system (Rankin et  al., 
2012). In support of this idea that ultradian dynamics govern 
the degree of HPA activation, the magnitude of stress response 
has been shown to depend on whether a stressor occurs during 
a rising or falling ultradian phase of hormone release (Windle 
et  al., 1998; Sarabdjitsingh et  al., 2010).

DISRUPTIONS OF GC SIGNALING 
DYNAMICS ARE ASSOCIATED WITH 
DISEASE

Timing of gene expression programs is one way in which 
organisms may maximize the efficient usage of nutrients, 
cofactors, and other macromolecules, thereby enhancing fitness 
(Liu et  al., 1995; Klevecz et  al., 2004; Lloyd and Murray, 2005; 
Tu et  al., 2005). Conversely, disruption of this timing comes 
at a cost to fitness, and scenarios where GC dynamics become 
disrupted—either due to chronic stress, interference with 
circadian cues (e.g., shift work, jet lag), or a disease condition—
are associated with multi-systemic disorders, including immune, 
psychological and metabolic syndromes (Silverman and Sternberg, 
2012; Oster et  al., 2016).

Loss of Circadian Rhythmicity
Perhaps the best-known example of attenuated diurnal cortisol 
levels is in Cushing’s Syndrome, where a pituitary or adrenal 
tumor leads to cortisol overproduction and loss of rhythmicity. 
Due to the important role of the GR in most tissues, Cushing’s 
hypercortisolemia usually presents with multiple comorbidities 
including metabolic syndromes, hypertension, osteoporosis, 
cognitive decline, defects in wound healing and increased risk 
of infections. This collection of maladies is also associated 
with aging, and it also happens that changes in HPA axis 
rhythmicity have been associated with aging. The most 
consistently reported change in CORT levels with age has been 
an elevation of the evening nadir level in aged individuals, 
although total increase, circadian phase advancement, and sex 

dependent differences have also been reported (Van Cauter 
et  al., 1996, 2000; Gust et  al., 2000). Interestingly, elevated 
trough level of CORT can also result from mild chronic stress 
and cause metabolic imbalance (Dallman et  al., 2000). Higher 
CORT nadir and thus reduced diurnal slope have also been 
reported in Type 2 diabetics (Hackett et  al., 2014).

It is technically challenging to measure basal hormone levels 
in a stress-responsive system with ultradian rhythmicity. This, 
along with variations among populations and experimental 
designs, may be  why studies suggest depressive adolescents 
exhibit a flatter diurnal profile but there is a lack of consensus 
on how diurnal cortisol is effected in adults with depression 
(Joseph and Golden, 2017). However, patients with Cushing’s 
Syndrome are at a high risk (50–80%) for depression, as are 
patients treated with oral synthetic glucocorticoids widely 
prescribed for their anti-inflammatory properties (Fardet et al., 
2012). Meta-analysis also strongly indicates that elevated cortisol 
is associated with depression, with the effect being larger in 
older patients (Stetler and Miller, 2011). This age-dependent 
finding highlights the potential of interactions to exist among 
conditions associated with HPA hyperactivity, and the difficulties 
that can arise in untangling cause and effect.

Altered Ultradian Pulsatility
With ultradian pulsatility underlying the circadian profile of 
cortisol, it is not surprising to find that increased ultradian 
pulse amplitude has also been described in some cases of 
acute depression (Linkowski et  al., 1987; Oster et  al., 2016). 
Adjuvant-induced arthritis has also been shown capable of 
inducing increased ultradian GC pulse amplitude in rats (Windle 
et al., 2001). Windle et al. described this effect of mycobacterium-
induced inflammation as an increase in frequency of pulses 
(in terms of more corticosterone pulses counted per 24 h). 
However, this increase in “frequency” was driven mainly by 
the occurrence of measurable pulses of CORT throughout the 
day in treated animals, whereas in controls CORT pulses were 
not detectable during the circadian trough period. When 
detected, pulses occurred with an ultradian period of ~33 min 
regardless of treatment; however, amplitude remained high 
throughout the day in arthritic rats whereas pulse amplitude 
had a circadian profile in controls. In humans, ultradian cortisol 
pulse frequency has been shown to remain relatively constant 
even at low hormone levels (Young et  al., 2001). That pulsatile 
CORT release is detectable even during circadian nadirs and 
may be  induced to maintain a constant high amplitude by 
chronic stimuli suggest that the HPA axis is a system that 
oscillates even during circadian troughs rather than entering 
a static inactive state.

It has been suggested that oscillating biological systems may 
be produced by evolutionary tuning of discreet pulsatile responses 
which are well-suited for adapting to changes in environment 
rather than to the level of an environmental input itself (Cheong 
and Levchenko, 2010). Negative feedback regulation can be used 
to enhance responsiveness to stimulus but can also generate 
overshoot and unstable oscillations. Additional feedback and 
feedforward regulatory elements can be  combined to stabilize 
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and tune such a system to achieve an optimal combination 
of responsivity and stability (Ma et  al., 2009; Reeves, 2019). 
The HPA axis may thus be  thought of as an oscillating system 
primed to generate adaptive, pulsed responses. These dynamic 
characteristics can confer benefits such as enhanced responsivity 
and adaptation, amenability to entrainment and/or filtering 
out of noisy/trivial activating stimuli (Reeves, 2019). However, 
as noted above, the HPA axis appears also to have some 
inherent vulnerability to repeated or chronic activation.

THE ALLOSTATIC MODEL OF 
PATHOGENESIS

A useful concept for relating GC and HPA dynamics to 
disease states is that of ‘allostasis,’ i.e., stability through 
adaptation (McEwen, 1998; Picard et  al., 2014). Building 
from the concept of homeostasis and physiological set 
points optimized for fitness, allostasis emphasizes the work 
required by a system (such as the HPA axis) to maintain 
those parameters. In response to many types of stress, 
biological systems have a capacity to mount transient 
adaptive responses. As an idealized generic example, consider 
stress-induced stepwise increases in hormone level that 
activate transcription of a target Gene X (Figure  4). From 
a systems design perspective, this response would 
be  considered perfectly adaptive if transcription of X 
increases transiently and then returns to the pre-stimulus 
level (Shi et  al., 2017; Reeves, 2019). The pulsed response 
of X might also resolve with a new steady state of 
transcriptional output (e.g., higher than the pre-stress level), 
termed “imperfect adaptation” (Figure  4). The allostatic 
model of disease posits that if adaptive responses are 
repeatedly or chronically activated, they may culminate 
in an imbalanced systemic state characterized by a new 
homeostatic set point (i.e., set-point drift), referred to as 
an “allostatic load” that is unhealthy (Figure  4). The 
regulation of blood sugar by GCs is an illustrative example. 
During the acute stress response, GCs cause release of 

glucose by the liver while simultaneously antagonizing 
insulin signaling and decreasing glucose uptake in skeletal 
muscle and adipose tissue (Kuo et  al., 2015). The net 
result of this is increasing glucose availability to the brain, 
which relies almost exclusively on glucose for its high 
energy demands (~20% of glucose metabolized by an organ 
which accounts for ~2% of body mass; Mergenthaler et  al., 
2013). Chronic stress, however, can contribute to allostatic 
load via chronic hyperglycemia that leads to increased 
inflammation, insulin resistance, and eventual development 
of diabetes and related metabolic syndromes.

The Allostatic Load Index
The progression of disease due to allostatic load can be divided 
into three phases. First, a change in a primary mediator 
of allostasis (such as cortisol) that results in a secondary 
effect on physiology (such as hyperglycemia) followed by 
a tertiary manifestation of a clinically recognized disorder 
(such as diabetes). To translate the concept of allostatic 
load into a clinical/biomedical tool, various permutations 
of an Allostatic Load Index have been tested using 
combinations of measurable primary and secondary 
biomarkers to predict clinical outcomes. Since cortisol is a 
primary mediator of adaptation to stress, cortisol measurement 
was included among 10 measurements in the original Allostatic 
Load Index, developed as part of a MacArthur study on 
successful aging (Seeman, 1997). In this study of a selected 
‘high-functioning’ elderly population, scoring poorly on the 
Allostatic Load Index was associated with (and predictive 
of) poor physical health and cognitive decline, with cortisol 
level contributing to the index’s predictive capacity 
(Karlamangla et  al., 2002). Encouragingly, decreases in 
allostatic load were found to reduce risk of death in a 
follow-up study (Karlamangla et  al., 2006). Since the initial 
MacArthur study, cortisol has remained frequently (but not 
always) included in subsequent studies using variations of 
the index, alongside other neuroendocrine, metabolic, and 
immune markers and physiological measurements (blood 
pressure and waist-to-hip ratio, for example; Juster et al., 2010).

FIGURE 4 | The allostatic load concept illustrated in relation to an idealized depiction of transcriptional response dynamics manifesting imperfect adaptation to 
stepwise increases in activating hormone.
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Allostatic Load in Working Populations
As work is considered a common source of stress, more than 
a dozen studies have looked at Allostatic Load in working 
populations, and high Allostatic Load has been shown to 
correlate with reported stress level, effort-reward imbalance, 
and low safety and socio-economic standing (Mauss et  al., 
2015). However, considerable variations in design and lack of 
a standardized index among these studies—dozens of different 
biomarkers being used in at least one study—limits meta-
analysis. In one such study, low cortisol was associated with 
symptoms of burnout but not depression (Juster et  al., 2011), 
but broadly speaking variations in populations, study designs, 
timing and frequency of cortisol collections and sample type 
(cortisol can be  measured in urine, saliva, plasma, or hair) 
have led to inconsistent results and lack of consensus on the 
specific contribution of cortisol to Allostatic Load in working 
populations (Dowd et  al., 2009). Nevertheless, it is worth 
considering that work-related stress may contribute to differential 
cortisol levels as well as other markers/outcomes of allostatic load.

Early Life Allostatic Load and Long-Term 
Consequences
A number of studies have linked early-life stress (e.g., traumatic 
childhood experiences or development in adverse environments) 
with measurably increased Allostatic Load Index in children (Katz 
et  al., 2012), and adverse childhood events have been shown to 
cumulatively increase long-term risk of mental, physical, and 
behavioral disorders (Anda et  al., 2006). Quality of care has 
been shown to have an effect on the diurnal cortisol profile in 
pre-school aged children, who display the expected diurnal decrease 
in cortisol when at home but often experience an increase in 
cortisol from morning to afternoon when at daycare, particularly 
if care quality is lower (Tout et  al., 1998; Dettling et  al., 1999; 
Watamura et  al., 2009). In one study, this elevated afternoon 
cortisol in school children was found to correlate with lower 
antibody production (Watamura et al., 2010). School-age children 
from lower socio-economic backgrounds have been shown to 
have elevated cortisol levels compared with children from more 
affluent families (Lupien et  al., 2000). Enriched environments 
have been shown in some instances to decrease cortisol, while 
the emotional stress of having depressed parents or being rejected 
by peers leads to cortisol elevation (Gunnar and Donzella, 2002).

Although the long-term effects of elevated cortisol during 
childhood are not well understood, exposure to early-life stress 
has been shown to modulate the activity and responsivity of 
the HPA axis later in life. But as with the effects of allostatic 
load in adult populations, the outcomes appear context-dependent 
(Van Bodegom et al., 2017). For example, while mild-to-moderate 
early life stress can lead to HPA axis hyperactivity as seen in 
depression, more severe trauma can lead to hypo-responsiveness, 
with developmental timing of stress exposure also factoring 
into outcomes. Nevertheless, low socio-economic standing in 
childhood has been linked to an increase in basal cortisol in 
adulthood, independent of adult socio-economic standing and 
other lifestyle factors (Miller et al., 2009). This was accompanied 
by a decrease in GR-target gene expression in immune cells 

and an increase in markers of inflammation, supportive of the 
authors’ hypothesis that early-life stress promotes a “defensive” 
phenotype that could be beneficial during acute stress but more 
susceptible to chronic disease. Low childhood socioeconomic 
standing has also been linked to increased infection susceptibility, 
risk for cardiovascular disease, and overall mortality (Cohen 
et  al., 2004; Galobardes, 2004; Galobardes et  al., 2006). Thus, 
stress experienced during childhood is linked to poor long-
term health outcomes as well as altered cortisol production 
during childhood and into adulthood, strongly indicating that 
early-life programming of the HPA axis contributes to disease risk.

PRE- AND PERI-NATAL STRESS, 
GLUCOCORTICOID EXPOSURE, AND 
DEVELOPMENTAL PROGRAMMING OF 
STRESS RESPONSIVITY

Given the evidence that elevated stress levels in childhood 
can have long-term effects on HPA function and overall health, 
it may come as no surprise that abundant research indicates 
that mal-adaptive programming of the HPA axis can begin in 
utero. Due to the rapid growth and development occurring 
during the earliest stages of life, the pre- and peri-natal periods 
are generally considered to be  times of high plasticity and 
vulnerability to intervention.

Endogenous GCs are crucial for early mammalian development, 
aiding the maturation of fetal organs. In 1969, it was reported 
that synthetic GC-induced inflation of lungs in premature lambs 
(Liggins, 1969). Mice lacking a GR die soon after birth due 
primarily to defects in lung surfactant production and respiratory 
distress (Cole et  al., 1995). In humans, respiratory distress is 
a leading cause of death in pre-term newborns, and so synthetic 
GCs are regularly administered to hasten lung maturation when 
there is risk of a pre-term birth (Murphy et  al., 2006). As will 
be  discussed in the following sub-sections, development of the 
brain and the HPA axis itself are also finely regulated by GCs 
and elevated exposure can be  detrimental.

Prenatal Exposure to Synthetic 
Glucocorticoids
The use of synthetic GCs has been endorsed by the NIH to 
aid fetal maturation in pregnancies at risk for premature delivery 
(Gilstrap et  al., 1995; Gilstrap, 2001; Harris and Seckl, 2011). 
Though there are definite benefits of administered GCs for 
survival of premature infants, for pregnancies carried to term 
there may be  negative effects, and the use of multiple courses 
is also controversial (Roberts et al., 2017; Räikkönen et al., 2020). 
How prenatal administration of synthetic GCs affects long-term 
health is not yet fully understood, as the practice only began 
in earnest in the 1990s. There are however multiple reports of 
adverse associations. Antenatal treatment with synthetic GCs 
has been reported to cause higher blood pressure in adolescents 
and elevated insulin in 30-year-old adults (Doyle et  al., 2000; 
Dalziel et  al., 2005). Decreased head size, hyperactivity, and 
increased distractibility were reported in children treated with 
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repeated antenatal courses of betamethasone (French et al., 2004). 
Pre-mature infants treated for respiratory distress with DEX after 
birth have been reported to have less cerebral grey matter at 
term, and to have delayed growth, impaired cognitive, neuromotor 
function and IQ, and increased risk for disability at age 8 (Murphy 
et  al., 2001; Yeh et  al., 2004). In one study, multiple courses of 
synthetic GCs were associated with increased risk of neurosensory 
disability at 5 years of age, relative to risk from a single course 
treatment (Asztalos et  al., 2013). Another study that found 
multiple courses of antenatal GCs to decrease newborn respiratory 
distress reported no increased risk of neurosensory disability in 
follow-ups, but did find increased risk for hyperactivity at age 
2 and borderline associations with behavioral regulation and 
ADHD in 6–8 year olds (Crowther et  al., 2006, 2007, 2016).

In rhesus monkeys, dose-dependent degeneration of neurons 
was reported after antenatal DEX (Uno et  al., 1990). In sheep, 
repeated maternal doses of betamethasone increased lung function 
in pre-term lambs, but also led to lower birth-weight, a significant 
indicator of long-term health risk in human babies (Ikegami 
et al., 1997; Newnham et al., 1999). Contributing to the decrease 
in ovine birthweight due to prenatal GC exposure was the 
significant decrease in weight of a number of organs including 
the thymus, kidney, liver, and brain [where decreased myelination 
was reported as well (Huang et  al., 2001)]. Interestingly, lambs 
given one betamethasone dose during the third-trimester were 
found to have increased cortisol production in response to 
CRH at 1 year of age, while those receiving the initial dose 
followed by three additional antenatal doses did not (Sloboda 
et al., 2002). In a rat cell culture model of neuronal development, 
a subclinical dose of DEX was found to enhance cell viability 
at the expense of DNA synthesis and neuronal differentiation, 
as well as promoting adrenergic over cholinergic fate (Jameson 
et al., 2006). Another cell culture model using human hippocampal 
progenitor cells found that chronic DEX treatment during 
proliferation/differentiation led to long-lasting methylation 
changes in poised bi-valent promoters and an increased 
transcriptional response to subsequent acute challenge (Provençal 
et al., 2020). Intriguingly, the largest long-lasting effect (−20.1% 
methylation compared to control after 20-day) was found in 
the locus of the GR chaperone FKBP5, a key mediator of 
stress-induced developmental programming for which variants 
have been identified with GRE sequence polymorphisms that 
confer differential susceptibility to the long-term effects of early 
life stress (Binder et  al., 2004; Klengel et  al., 2012). In adult 
male mice, PVN-specific forced overexpression of Fkbp5 has 
recently been shown to induce a “stress-like phenotype” including 
elevated basal CORT (Häusl et  al., 2021).

Fetal Exposure to Maternal Cortisol
While synthetic GCs administered to the mother are believed 
to freely cross the placental barrier, the exposure of fetal tissues 
to endogenous CORT is limited by the expression of the enzyme 
11ß-hydroxysteroid dehydrogenase type 2 (HSD2), which converts 
endogenous GC molecules to inactive ketone forms. This enzyme 
is expressed dynamically in fetal tissues throughout development 
as well as in the placenta where it inactivates the majority of 

maternal CORT (Brown et al., 1996; Shams et al., 1998). However, 
maternal and fetal CORT levels are correlated, and even a small 
percentage of maternal cortisol passing through the placental 
barrier can double the normal fetal blood concentration, which 
is much lower than that of the mother (Takahashi et  al., 1998; 
Zijlmans et al., 2015). Chronic maternal stress may also decrease 
the efficacy of the CORT barrier, as in animal models chronic 
stress has been shown to decrease HSD2 expression and increase 
fetal exposure to maternal CORT (Mairesse et  al., 2007; Jensen 
Peña et  al., 2012). The placenta also produces CRH when 
stimulated by maternal cortisol (and by fetal cortisol once the 
fetal HPA axis develops). This placental CRH leads to fetal 
ACTH and CORT production, in addition to that produced 
by the mother. Importantly, in contrast to the negative feedback 
between CORT and hypothalamic CRH production, CORT has 
a positive feed-forward effect on placental CRH which increases 
steadily throughout pregnancy and rapidly as birth nears, and 
may play a role in timing parturition (Majzoub and Karalis, 1999).

Long-Term Health Effects of Pre- and Peri-
Natal Stress
It is estimated that ~15% of pregnant women experience extended 
psychiatric conditions such as depression and anxiety (Fisher 
et  al., 2012). Although no broad consensus exists for how these 
complex emotional states relate to cortisol levels, risk factors 
include low socio-economic standing and lack of supportive 
relationships, highlighting a similar etiology with chronic 
psychosocial stress and allostatic load. Thus, the prevalence of 
these states may offer a reasonable (and likely conservative) proxy 
for prevalence of chronic maternal stress. As noted above, maternal 
stress mediators including cortisol can be  transferred to the 
developing fetus, and there is evidence that a maternal state of 
chronic stress programs long-term changes in function of the 
offspring’s HPA axis and disease risk (Harris and Seckl, 2011; 
Van Bodegom et  al., 2017; Van Den Bergh et  al., 2017). One 
theory is that maternal GCs serve to tune the fetal HPA axis 
to respond appropriately to the environment outside the womb, 
but that this can be  mal-adaptive if the environment later in 
life is incongruent with the developmental one. This has been 
called the “Match/Mismatch” theory, and is essentially an evolution 
of the “Thrifty Phenotype” or Barker Hypothesis regarding the 
Developmental Origins of Health and Disease, although Barker 
focused primarily on negative long-term effects of early-life 
malnutrition (Hales and Barker, 2001; Gluckman et  al., 2007).

Human Studies
The Barker and Match/Mismatch theories place fetal 
programming at the origin of long-term health and relate to 
the Allostatic Load model of disease, as biomarkers of Allostatic 
Load in a mother (e.g., cortisol) clearly influence fetal 
development. Maternal salivary cortisol level during a stressful 
prenatal procedure (amniocentesis) has been shown to 
be  predictive of birthweight (Ghaemmaghami et  al., 2014). As 
birthweight is a strong indicator of long-term health, this 
indicates that reactivity of the maternal HPA axis may predict 
future offspring health. This also demonstrates the overlapping 
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domains of stress and metabolic programming. More direct 
evidence of an HPA axis programming effect exists. In one 
study, high amniotic cortisol at mid-gestation was correlated 
with a higher basal cortisol level at 17 months of age as well 
as an inverted cortisol response to separation from the mother 
(O’Connor et  al., 2013). Correlation between mid-gestational 
maternal and neonatal ACTH and cortisol levels was 
demonstrated in another study, although a prevalence of major 
depressive and bipolar disorders in that study population may 
limit generalization (Smith et  al., 2011). In a more broadly 
inclusive study of mother/infant dyads, elevated cortisol response 
and blunted recovery to heel prick procedure were found in 
infants of mothers with higher cortisol levels measured at 
mid-gestation (Davis et  al., 2011). Higher maternal perception 
of stress during early/mid pregnancy also correlated with more 
aroused infant behavior during recovery from the heel prick. 
Pregnancy-specific prenatal anxiety (e.g., fear that the child 
will be  born with disability) has also been linked to infant 
cortisol reactivity (Tollenaar et  al., 2011).

The effects of maternal/prenatal stress on offspring HPA 
axis function may extend through childhood, as modest 
correlations with a child’s cortisol level on the first day of 
school and adolescent diurnal cortisol levels have also been 
measured (Gutteling et  al., 2005; O’Donnell et  al., 2013). 
Neurobehavioral phenotypes in childhood have also been linked 
to maternal/prenatal stress and cortisol levels. These include 
ADHD (as with synthetic GC administration) and autistic traits 
(Ronald et  al., 2011) as well as anxiety (Davis and Sandman, 
2012). One retrospective study using plasma samples frozen 
between 1959 and 1966 has reported an association of higher 
maternal cortisol during the third trimester with decreased 
offspring IQ at age 7 (Lewinn et  al., 2009). However, the 
reliance of this study on dated questionnaires, and the lack 
of controls for important factors such as sampling time of day 
and food intake (participants had not fasted) calls for caution 
in interpreting these results. Decreased grey matter at 6–9 years 
of age has also been linked to mid-gestation maternal anxiety 
levels (Buss et  al., 2010), but another recent study has shown 
that prenatal exposure to higher cortisol (while within the 
normal range) during the third trimester leads to thicker brain 
cortex and improved performance on intelligence tests of children 
in the same age group (Davis et  al., 2017). This fits with the 
fetal maturation role of rising GCs in late pregnancy. Yet another 
study found that multiple major stress events during pregnancy 
led to lower reading scores in 10-year-old female offspring 
but higher reading and math scores in male offspring (Li et al., 
2013). It is intriguing to note that maternal cortisol level during 
early (but not late) pregnancy has been linked to a significant 
increase in amygdala volume in 7-year-old female offspring 
but a trend toward increase in hippocampal volume in male 
offspring of the same age, effects with potentially opposite 
effects on HPA axis regulation (Buss et  al., 2012). Similarly, 
sex-specific differences were found in assessments of executive 
function in 6-to-9 year old children, where level of Pregnancy-
Specific Anxiety during the first two trimesters (but not third) 
accounted for a decrease in inhibitory control in girls but not 
boys (Buss et al., 2011). Studies indicate that Pregnancy-Specific 

Anxiety occurs most often early on and decreases over the 
course of gestation, while at the same time risk for depression 
increases (Sandman et  al., 2016), and these data highlight the 
potential for complex and dynamic interactions of sex, timing, 
and nature of maternal stress during early development.

Although many of the above-noted correlations between 
maternal stress/cortisol and offspring outcomes could 
be  attributable to prenatal exposure to maternal GCs, they 
could also be  driven by underlying genetics, inherited 
predisposition, or learned/acquired behavior. A few human 
studies have attempted to separate the contributions of prenatal 
environmental stress from genetics. A study of in-vitro fertilized 
offspring found significant effects of maternal stress level on 
birth weight (lower) and antisocial behavior (higher) in both 
related and cross-fostered mother–child pairs. Conversely, an 
effect of prenatal stress on ADHD was only found in related 
pairs, indicating a genetic driver, while the effect on child 
anxiety level was found to be  mediated by the mother’s post-
natal mood (Rice et al., 2010). In another study, child cognitive 
development was found to suffer a deficit in mothers who 
had increased objective exposure to life-stress related to a 
severe ice storm during their first or second trimester (King 
and Laplante, 2005). A Finnish study using maternal fear of 
exposure to radiation from the Chernobyl disaster as the source 
of prenatal stress found that individuals in the second trimester 
of fetal development at the time of the disaster were at a 
greater risk for depression and ADHD as adolescents (Huizink 
et  al., 2007). However, the underlying population here was 
selectively enriched for those at higher risk of familial alcoholism 
and so may not be  broadly representative. There were also 
potentially confounding differences in socioeconomic status 
and weight at birth among study populations. Although the 
authors pointed to higher birth weight in the prenatally stressed 
group as evidence of good health and no ill effects of actual 
radiation exposure, this may not necessarily be  the case. A 
different study found that prenatal stress exposure due to 
maternal bereavement increased the risk of overweight/obesity 
in adolescents (Li et  al., 2010). In all, human studies point 
convincingly to effects of prenatal stress on long-term health, 
however they also illustrate the difficulties of performing human 
studies with enough experimental control to pinpoint cause 
and effect. Further, none of these mentioned studies which 
attempted to untangle developmental programming from 
hereditary factors measured cortisol or affiliated biomarkers 
directly. Lastly, at this time few if any studies have looked at 
how/whether the effects of perinatal HPA axis programming 
extend into late adulthood.

Studies in Mammalian Animal Models
Studies using animal models have begun to elucidate mechanisms 
of fetal HPA axis programming by maternal stress. Chronic 
restraint stress in pregnant rats has been shown to decrease 
placental HSD2 expression, thus increasing fetal exposure to 
maternal GCs (Mairesse et  al., 2007; Jensen Peña et  al., 2012). 
Fetuses subjected to the prenatal restraint stress regime also 
had lower body weight, less pancreatic beta-cell mass, and 
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lower ACTH and blood glucose. Higher methylation of CpG 
dinucleotides in the Hsd2 promoter in stressed placentas was 
shown to coincide with the decrease in placental HSD2 expression. 
This was also correlated with lower Hsd2 promoter methylation 
in the fetal hypothalamus, evidence of epigenetic programming. 
Chemical inhibition of HSD2  in pregnant rats also caused 
decreased birthweights, as well as increases in adult offspring 
blood glucose and insulin. Importantly, these effects were 
dependent on the mother having intact adrenal glands (Lindsay 
et  al., 1996).

There is abundant evidence that developmental calibration 
of the HPA axis continues in the period directly following 
birth, during which mammalian young experience a period 
of stress hypo-responsiveness that may protect brain development 
from the detrimental effects of high GCs. Though human 
infants are born with an intact cortisol response to stressor 
(e.g., separation from mother for doctor’s examination), this 
responsiveness decreases between 2 and 6  months of age and 
remains low until ~15–18 months. But this state of suppressed 
cortisol is dependent on parental caregiving and attentiveness 
(Gunnar et  al., 1996a,b; Gunnar and Cheatham, 2003). In the 
rat, the stress hypo-responsive period occurs from roughly 
postnatal days 3–14 and is maintained by maternal care (i.e., 
licking, grooming, and nursing behavior) and disrupted by 
prolonged maternal separation, which increases pup HPA activity 
(Rosenfeld et  al., 1992). Further, rat dams can be  segregated 
by the level of care they show newborn pups under undisturbed 
circumstances into “high-licking” and “low-licking” subgroups. 
Adult offspring of “low-licking” dams (i.e., those receiving less 
maternal attention) show HPA hyperactivity in terms of both 
ACTH and GC levels, increased Crh mRNA, and decreased 
GR expression in the hippocampus likely indicating impaired 
negative feedback regulation of the HPA axis (Liu et al., 1997). 
This decreased expression of hippocampal GR was subsequently 
shown to be  accompanied by increased CpG methylation in 
the Nr3c1 promoter, suggesting epigenetic programming of the 
HPA axis by maternal care (Weaver et  al., 2004). Intriguingly, 
both hippocampal GR expression and HPA hyperactivity could 
be  rescued in the adult offspring by cerebral infusion with an 
inhibitor of the histone deacetylation complex.

In rat cross-fostering studies, maternal behavior and level 
of fearfulness were shown to be  transferred to rat offspring 
through maternal care (Francis et al., 1999). Behavioral defects 
were accompanied by decreased levels of hippocampal GR and 
increased CRH. All of these outcomes, however, could be reversed 
by daily mild handling of pups of low-licking mothers, a 
protocol that has been long recognized to impart a level of 
stress resilience to pups (Levine and Lewis, 1959). Handling 
also rescued the reduced expression of anxiety-inhibiting 
benzodiazepine receptors in the amygdala of offspring of 
low-licking dams. In a study where pre-natal stress (repeated 
maternal restraint with bright illumination) was found to induce 
prolonged GC production in adults in response to stress, as 
well as increased anxiety behavior, mild postnatal handling 
was found to have the opposite effect on behavior (Vallée 
et  al., 1997). These data suggest that early-life stress exposure 
is hormetic [with an inverted U-shaped response similar to 

direct GC exposures (Lupien et  al., 2005; Pratsinis et  al., 2006; 
Monaghan and Haussmann, 2015; Gopi and Rattan, 2019)], 
conferring resilience or other benefits below a threshold, but 
harmful if too severe.

The susceptibility to effects of pre- and peri-natal stress 
shows dependence on genetics. In mice for instance, C57BL/6J 
dams have been reported to display a measurably higher level 
of baseline maternal care than BALB/c, and this correlates 
with decreased anxious behavior and cortisol response to stress 
in their offspring (Priebe et al., 2005). Cross-fostering of BALB/c 
pups to B6 dams significantly decreased anxiety-like behavior 
in adult offspring, whereas cross-fostering in the opposite 
direction produced elevated basal CORT in B6 mice fostered 
by BALB/c dams but not a significant increase in anxious 
behavior, likely indicating some inherent resilience (Priebe 
et al., 2005). Strain-specific effects of pre-natal stress on CORT 
and hippocampal gene expression response to stress have also 
been reported in rats (Neeley et  al., 2011). In human studies, 
prenatal stress has been shown to interact with gene variants 
involved in GC and neuronal signaling pathways to modulate 
risk of psychiatric and behavioral disorders (Abbott et al., 2018).

Studies in Zebrafish
Over the previous two decades, the zebrafish, Danio rerio, has 
emerged as a powerful model organism for studying GC 
signaling, with most such studies having taken place in just 
the last 5 years. Several intrinsic characteristics make zebrafish 
a favored organism among developmental biologists. These 
include the large number of offspring produced (up to 200–300 
per mating pair), external fertilization and embryonic 
development, and optical transparency of the embryo. Zebrafish 
embryos also develop rapidly, going from single cell to free-
swimming larva in a few days. Finally, the large one-cell stage 
of the embryo provides a relatively easy target for micro-injection 
protocols, facilitating genetic manipulation techniques such as 
gene knockdown using morpholino oligonucleotides, transposon-
mediated transgenics, and CRISPR-mediated gene editing.

Despite evolutionary distance, 70% of zebrafish genes having 
identifiable human orthologs and vice versa (Howe et  al., 2013). 
Due to multiple whole genome duplications in vertebrate ancestry, 
including one duplication since the divergence of teleost and 
tetrapod lineages, many human genes have two or more zebrafish 
orthologs. Approximately 2,900 zebrafish genes have such duplicates, 
but in contrast to many teleosts that have been studied, zebrafish 
have retained only one copy of the nr3c1 gene that codes for 
the GR, the DNA- and ligand- binding regions of which are 
highly conserved across vertebrata (Alsop and Vijayan, 2008a). 
As in humans, alternative splicing results in a lowly expressed 
beta isoform of the GR protein in zebrafish; however, the function 
of this minor isoform remains unresolved in both species 
(Chatzopoulou et  al., 2017). Also, in common with its human 
ortholog, the zebrafish nr3c1 gene contains multiple potential 
translational start codons, and there is some evidence that these 
are functional (Gans et  al., 2020). Upstream in the GC signaling 
pathway, zebrafish have only one copy of the crh gene, like 
mammals and unlike many fish. Zebrafish do retain a duplicate 
copy of the pomc gene that codes for the proopiomelanocortin 
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protein that is cleaved to produce ACTH. However, the cleavage 
site of one paralog has been mutated so that only one gene 
generates functional ACTH (Alsop and Vijayan, 2009). It is a 
bit of a curiosity that zebrafish have lost duplicate copies of 
genes involved in each level of the HPA axis, however, it makes 
D. rerio a tractable model for studying the vertebrate neuroendocrine 
stress system.

The tissues of the HPA axis and their functions are essentially 
conserved from humans to zebrafish, with the caveat that in 
D. rerio and other teleosts, cortisol is produced by interrenal 
cells dispersed throughout the head kidney rather than by a 
gland proper. Hence, the HPA axis is referred to as HPI 
(Interrenal) axis in fish (Figure  1). However, more notable 
differences between zebrafish and mammalian corticosteroid 
signaling do exist. Teleosts lack the cyp11b2 gene and thus 
do not produce the mineralocorticoid aldosterone (Bridgham 
et  al., 2006). The lack of this competing ligand may make the 
MR relatively more responsive to cortisol levels in zebrafish 
(although the MR has affinity for other steroids as well) and 
work comparing GR and MR mutant zebrafish has shown that 
the two receptors work together to regulate the response to 
acute stress (Faught and Vijayan, 2018; Lee et al., 2019). Cortisol 
transport through the blood also may be  significantly different 
in zebrafish than mammals. In mammals, albumin accounts 
for a large percentage of plasma protein and, along with the 
dedicated corticosteroid binding globulin (CBG), binds roughly 
90% of CORT creating a reservoir of inactive hormone in the 
plasma. Although the majority of protein types detected in 
zebrafish plasma are also found in human plasma, zebrafish 
lack albumin and CBG (Li et  al., 2016). Zebrafish do have a 
Vitamin D binding protein (dbp) with some homology to 
albumin (Noël et al., 2010), but whether this or other zebrafish 
blood proteins play a role in transporting cortisol is unknown.

Several zebrafish mutants lacking functional GR have been 
produced (reviewed in Dinarello et  al., 2020), which have 
the advantage of being viable throughout adulthood, in 
contrast to mammalian systems wherein loss of the receptor 
results in neonatal death through mechanisms previously 
described. Unsurprisingly however, lower survival has been 
noted in mutants at zygotic/embryonic (Gans et  al., 2020; 
Maradonna et  al., 2020) and post-larval stages (Facchinello 
et  al., 2017). In 2012, a GR mutant, s357, was identified in 
a behavioral screen for depressive-like behavior (Ziv et  al., 
2013). A single nucleotide polymorphism was found to 
eliminate DNA-binding (DBD) activity of the GR and abolish 
transcriptional regulation of target genes (though preserving 
the ability of the GR to bind cortisol and translocate into 
the nucleus, as well as potential for protein–protein 
interactions). These mutants displayed HPI hyperactivity, with 
elevated basal and stressed levels of CORT and basal crh 
and pomc expression, as well as lack of suppression of CORT 
after treatment with DEX (i.e., the DEX suppression test) 
indicating that negative feedback regulation of the HPI axis 
was not intact. Behavioral rescue in mutants with anti-
depressant and anxiolytic drugs revealed a crosstalk between 
genomic GR signaling and GABA- and serotonergic circuitry, 
but not norepinephrine or dopamine pathways.

GR s357 mutants have been found to suffer tissue defects 
in heart (reduced trabecular network) and intestine (shortened 
villi) that progress with age, and increased sub-cutaneous fat 
stores (Facchinello et  al., 2017). Lower heart rate and blunted 
inflammatory gene response were also measured in mutant 
larvae. This blunted inflammatory response is particularly 
intriguing, as we  have found similar defects in inflammatory 
gene expression in adult WT fish exposed to elevated cortisol 
only during early development (Hartig et  al., 2016). The latter 
inflammatory defects were measured in response to both tail-fin 
injury and response to lipopolysaccharide (LPS, mimicking 
bacterial infection). Subsequently, we  found broad similarities 
in the transcriptomes of vehicle-treated GR−/− larvae and WT 
larvae treated with chronic CORT, suggesting that chronic 
cortisol treatment induces resistance to genomic GC signaling 
(Gans et al., 2020). Mutation of GR and treatment with exogenous 
GCs have also been shown to alter zebrafish leukocyte migration 
in response to injury, although the reported effects differ 
depending on timing and nature of treatment and injury 
(Chatzopoulou et  al., 2016).

With the advent of CRISPR, several laboratories have generated 
GR mutant zebrafish lines to further exploit the usefulness of 
zebrafish to investigate vertebrate GC signaling (Dinarello et al., 
2020). Like the s357 strain, mutants with a 7-bp deletion in 
exon 2 leading to a truncated protein display hyper-cortisolemia. 
These mutants were also found to have increased muscle mass 
and protein synthesis, along with decreased protein catabolism 
and abrogated blood glucose response to stress (Faught and 
Vijayan, 2019a). These findings beautifully illustrated the role 
of the GR in systemic energy balance, and that restriction of 
glucose uptake by muscle cells is key to elevating blood glucose 
in response to challenge, likely as fuel for the brain. The same 
mutant line was also used alongside a MR knockout to 
demonstrate the coordination of the two corticosteroid receptors 
in maintaining postnatal growth, insulin and triglyceride levels 
(Faught and Vijayan, 2019b, 2020).

Like humans, zebrafish are diurnal, and display circadian 
behavior patterns that are entrained by rhythmic stimuli such 
as light cycles or feeding schedules. In this context, it has 
been shown that treatment with a high level of the synthetic 
GC prednisolone increases the amplitude of expression of a 
luciferase reporter for the circadian per3 gene, and that this 
increase of expression is dependent on a GR with functional 
DNA binding. We  have similarly found that chronic treatment 
with cortisol induces a modest increase in expression of the 
paralogous per1a (Gans et  al., 2020). Elsewhere, a functional 
GR has been shown necessary to entrain circadian feeding 
behavior in zebrafish (Morbiato et  al., 2019), to be  necessary 
for retinal light adaptation (Muto et  al., 2013). Somewhat 
reciprocally, eyeless mutants for the retinal homeobox gene 
rx3 are cortisol deficient (Weger et  al., 2016). Comparison of 
transcriptomes of these rx3 mutants with WT larvae indicated 
altered expression of roughly half of rhythmically expressed 
genes (nearly a quarter of all genes measured). These affected 
genes were enriched for involvement in metabolism and cell 
cycle regulation. Strikingly, the rhythmic expression of more 
than half of the affected genes was rescued by treatment with 
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a constant concentration of DEX, indicating that rhythmicity 
of GC levels may be  more important for some downstream 
processes than others.

Given the high level of conservation in the GC signaling 
axis and the ease of manipulating externally developing embryos, 
several laboratories have begun to use zebrafish as a model 
to examine the developmental programming effects of elevated 
cortisol. This work has built on work done around the turn 
of the 21st century that established the basic timing of HPI 
axis development in D. rerio. Maternal GR (nr3c1) mRNA 
and cortisol are deposited in the embryo but are largely depleted 
by the time of hatching, (~48 h post-fertilization, hpf), at which 
point embryonic transcription is well underway and tissues 
of the HPI axis are established and functional (Alsop and 
Vijayan, 2008a,b). We  have found that the expression of GR 
targets fkbp5 and klf9 parallels that of nr3c1, being relatively 
high immediately after fertilization, then decreasing to a minimal 
level on days 2–3 post-fertilization before rebounding again 
by day 4 (Gans et  al., 2021). Though embryos can produce 
a basal level of cortisol by 48 hpf, a measurable cortisol response 
to stress is not mounted until roughly 4 days post-fertilization 
(4 dpf). The lapse between cortisol productivity and stress 
responsiveness appears to be  due to lack of neurodevelopment 
and thus sensitivity to stimuli, as CRH and ACTH are also 
produced by 1–2 dpf and are thus not limiting factors. This 
stress hypo-responsive period is reminiscent of that found in 
mammals. Also reminiscent of mammalian development, 
maternally deposited GR may play a role in inflation of the 
zebrafish swim bladder (homologous to the mammalian lung) 
as defects in inflation were found alongside other developmental 
defects following blocking translation of maternally deposited 
GR transcript with morpholino (Pikulkaew et  al., 2011).

There is some limited evidence that elevated maternal cortisol 
in zebrafish results in more cortisol deposited in the embryo, 
and as in mammals there appears to be  protection in place 
to limit this occurrence. Five days of fasting stress were shown 
to increase whole body cortisol ~4-fold in female adults (Best, 
2015). Embryo cortisol content however was only significantly 
increased in embryos laid by stressed females toward the end 
of a 10-day breeding period following the fast. In another 
experiment, female fish were fed a diet spiked with cortisol 
for 5 days and then spawned over the course of the following 
10 days. Cortisol-fed females produced embryos with significantly 
higher cortisol levels only on the third day after the end of 
their feeding regime, but not the days before or after (Faught 
et  al., 2016). One possibility suggested by the authors was 
that cortisol incorporation into the eggs would be  maximal 
only in oocytes undergoing yolk body accumulation during 
the treatment window. Given the range and variability of 
embryonic cortisol measured, alternate explanations could 
include genetic variability among the females as well as 
unaccounted for confounding stressors. Repeated spawning—
although limited in these studies to every other day for a 
given fish—is considered by some an unhealthy stress for fish. 
Unlike fasting stress, dietary cortisol did not result in elevated 
whole-body cortisol and was cleared quickly. Also, unlike fasting, 
dietary cortisol did cause significantly higher cortisol in ovaries, 

potentially indicating different routes of transport/clearance. 
Subsequently, dissected ovaries treated ex vivo with cortisol 
showed a marked upregulation of hsd11b2 expression, indicating 
a protective maternal barrier like that found in mammalian 
placenta. In a separate study, no effect of dominant/subordinate 
hierarchical status was found either on maternal whole-body 
or embryo-deposited cortisol, although offspring of subordinate 
females produced elevated cortisol and crh levels at 48 hpf 
(Jeffrey and Gilmour, 2016). It should be  emphasized here 
that whole body cortisol measurements represent something 
of a “black box” in relation to tissue specific rates of cortisol 
production, utilization, and clearance. We have found evidence 
that chronic cortisol exposure in early development has long-
term programming effects on both overall levels of cortisol 
and regulation of its tissue transport/uptake in the adult (Hartig 
et  al., 2020).

Given the known ability of maternal cortisol to cross the 
placental barrier and affect development in mammals, it follows 
that researchers have begun taking advantage of the external 
fertilization and development of zebrafish embryos to circumvent 
some of the complex interactions inherent in mammalian 
maternal stress models. In zebrafish, direct manipulations of 
embryonic GC levels can be  made easily. While this approach 
does not model the numerous signaling pathways involved in 
maternal stress, it does allow for precise control of embryonic 
exposure to cortisol, and thus addressing the specific question 
of how that exposure contributes to developmental programming. 
One method that has been used with some success by the 
Vijayan Laboratory is microinjection of embryos. Cortisol (32 
picograms) delivered in this manner at the one-cell stage was 
found to lead to an increased rate of heart deformities and 
under-expression of cardiac genes in the period leading up 
to hatching, as well as reduced heart-rate in response to a 
stressor in post-hatch (72 hpf) larvae that displayed mild or 
no apparent heart deformities (Nesan and Vijayan, 2012). This 
single injection of cortisol was sufficient to increase the cortisol 
level throughout the window of the study. For comparison, 
injection of antibodies to cortisol was used to decrease the 
hormone’s availability during development (Nesan and Vijayan, 
2016). This led to increased crh, pomc, hsd11b2, star 
(Steroidogenic Acute Regulatory Protein), and nr3c2 (MR) 
transcript levels at 48 hpf, as well as an accentuated cortisol 
stress response at 72 hpf, effects all opposite of those seen in 
embryos injected with cortisol. These results strongly support 
the theory that cortisol levels during early development programs 
the HPI axis. Injection with cortisol antibodies also led to an 
upregulation of nr3c1 (GR) mRNA and mesodermal defects. 
A subsequent study by the same group found that injection 
of 75 pg of cortisol into one-cell embryos led to increased 
neurogenesis in certain brain regions (including the pre-optic 
region of the hypothalamus) as well as decreased thigmotactic 
behavior in 4 dpf larvae (Best et  al., 2017). The authors 
interpreted the reduced thigmotaxis as evidence of increased 
boldness (or reduced fearfulness). In our experience, larval 
swimming behavior at 4 dpf is largely reactive to stimulus 
(and less free-swimming than at 5 dpf when feeding begins), 
and another interpretation of the data is that the injected 
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cortisol increased sensory input or sensitivity. This idea is 
supported by the elevated swimming response to light that 
the authors reported as well as the enhanced neurogenesis in 
the pre-optic area, a region which receives sensory input.

A study by Higuchi has recently reported that 4 days of 
maternal fasting led to increased (though not statistically 
significant) maternal cortisol measured in 10 hpf embryos, 
and suppressed neurogenesis in the forebrain of larvae as 
measured at 5 dpf (Higuchi, 2020). No morphological or 
volumetric differences were found in brains due to treatment. 
Given that there was a significant increase in the mitotic marker 
phosphorylated histone H3 reported at 3 dpf, one possibility 
is that elevated cortisol in fact accelerated the course of 
neurogenesis. This would agree with, rather than contradict, 
the report from the Vijayan Laboratory of increased neurogenesis, 
which although measured in 5 dpf larvae was labeled by EdU 
pulse at 24 hpf. Higuchi also found that treating developing 
embryos with 5 μM cortisol in the media from 0 to 5 dpf 
also decreased staining for markers of proliferation in 5 
dpf forebrain.

Adding treatments directly to the media of developing 
embryos/larvae is an approach several laboratories have used. 
D’Agostino, et  al., found that treatment with a high level of 
exogenous cortisol (100 μM) for the first 48 h post-fertilization 
increased the hatching rate of embryos. Expression level of 
hsd11b2 (coding for the cortisol metabolizing HSD2 enzyme) 
was significantly and dynamically affected by the treatment as 
well, being ~7-fold higher than controls at 48 hpf, then decreasing 
to 1/3 of control levels at 72 hpf before rebounding back to 
greater than twofold controls at 96 hpf. Basal expression levels 
of the stress-responsive neuronal gene c-fos were increased by 
the treatment, while levels in response to physical (swirling) 
and osmotic challenges were, respectively, blunted and enhanced 
after treatment. In another study, treatment with 100 μM of 
the potent synthetic GC DEX for the first 5 days of development 
was found to suppress endogenous cortisol while also accelerating 
the hatch rate of embryos (Wilson et  al., 2016). Conversely, 
knockdown of GR with morpholino was found to delay 
development and decrease larval activity and response to stimuli 
at 4 dpf. Larvae from both DEX and GR knockdown treatment 
groups were followed into adulthood, where fish treated with 
DEX during development were found to be  larger and have 
elevated blood glucose and hepatic expression of the 
gluconeogenic gene pepck. DEX-treated adults also displayed 
more bold behavior and an increased cortisol response to stress, 
indicating long-term effects on HPI function of the developmental 
exposure. Interestingly, the authors also looked at developmental 
hypoxia as an experimental condition and found similar effects 
on larval development to those of GR knockdown. Intricate 
cross-regulation between hypoxia-inducible factor (HIF) and 
GC signaling pathways has recently been demonstrated using 
zebrafish larvae (Marchi et  al., 2020), and stressors including 
HIF signaling have also been shown to regulate embryonic 
hematopoiesis via the HPI axis (Kwan et  al., 2016).

Given the ease of adding treatments to water, zebrafish are 
increasingly used in screening for toxicant effects. In a screening 
of steroid hormones, modest decrease in activity level was 

found in larvae treated with GCs, along with a significant 
increase in trough expression level of circadian genes including 
per1a and nr1d2a (Zhao et  al., 2018), two genes we  have also 
found increased by chronic cortisol exposure (Gans et al., 2020, 
2021). Another group found that environmentally relevant 
concentrations of cortisol and the synthetic prescription GC 
clobetasol propionate impacted larval muscle and heart function, 
as well as expression of genes involved in immunity, glucose 
metabolism, development, and the circadian clock (Willi et  al., 
2018). Interestingly, while clobetasol had larger effects on 
immune and developmental genes, cortisol had a greater effect 
on genes involved in glucose metabolism including g6pca, a 
gene we  have found consistently elevated by chronic cortisol 
treatment as well (Gans et  al., 2020). Effects of treatments on 
some genes were inconsistent when measured at different 
timepoints (96 or 120 hpf), or not significant until the later 
timepoint, perhaps highlighting the rapidly changing patterns 
of gene expression associated with development.

In the studies discussed above, a variety of synthetic and 
endogenous GCs over a range of dosage were utilized. We have 
focused on the effects of a chronic 1 μM dose of cortisol, to 
model a more physiologically relevant exposure. In 2016, Hartig 
et  al. (2016) reported that this concentration was sufficient to 
significantly elevate GR receptor activity in larvae as measured 
in vivo by a fluorescent transgene reporter, and to elevate 
heart rate and staining for reactive oxygen species. 
RNA-sequencing (RNA-seq) of whole larvae at 5 dpf indicated 
that cortisol treatment from 0 to 5 dpf led to increased expression 
in genes involved largely in innate immunity and inflammation, 
as well as lipid catabolism, while genes involved in membrane 
polarization, synaptic transmission, and cell communication 
were under-expressed. Using an adult tail-fin injury model, it 
was found that although cortisol treatment ended at 5 dpf, 
effects on immune gene regulation were carried into adulthood 
(Hartig et  al. 2016). Whereas control fish responded to injury 
by upregulating a collection of immune genes in the injured 
tissue at 2 days post-injury (dpi) and then resolved this response 
by 4dpi, tail fins of fish raised from treated embryos displayed 
generally higher basal expression of the same immune genes 
and a blunted or inverted dynamic response, which correlated 
with a higher percentage of defective tail fin regeneration. 
Similarly, the immune gene response to interperitoneally injected 
lipo-polysaccharide (to mimic bacterial infection) resulted in 
a blunted immune gene response in adults treated with chronic 
cortisol during early development.

Hartig et al. (2016) also found that chronic cortisol treatment 
during development caused increased whole-body cortisol in 
adulthood, indicating long-term effects on HPI output. In a 
follow-up experiment, evidence was found that cortisol 
production was increased in kidney tissue (the site of interrenal 
cells) of fish treated with developmental cortisol, and that in 
response to fasting stress more cortisol was taken up in target 
tissues including the brain (Hartig et al., 2020). Correspondingly, 
blood cortisol was higher than in controls in fed animals but 
lower than controls after fasting stress, seemingly indicating 
altered binding/transport kinetics. Unpublished preliminary data 
also indicate defective blood glucose homeostasis in these adult 
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fish: whereas in control fish blood glucose levels are similar 
whether fed or fasted, fish exposed to elevated cortisol as 
embryos had depleted blood glucose after fasting, and elevated 
glucose after being re-fed (Gans, unpublished results). Together 
these data indicate that developmental exposure to elevated 
cortisol has long-term multisystemic effects, which involve 
changes in HPI axis dynamics and physiological processes 
governed by the axis including immunity, metabolism, 
and homeostasis.

To elucidate molecular mechanisms underlying these long-
term physiological symptoms of developmental cortisol exposure, 
we  performed an Assay for Transposase-Accessible Chromatin 
using Sequencing (ATAC-seq) on blood cells of adult fish 
(Hartig et al., 2020). This technique was used to assay whether 
chronic cortisol treatment from 0 to 5 dpf had long-term 
effects on chromatin accessibility. Among the loci where 
chromatin accessibility was most increased in treated animals 
were the promoters of several known GC targets including 
klf9, sgk1, glcc1l, and fkbp5. The promoter of klf9 was the 
third-most affected site in the genome as well as the top-ranked 
transcription factor, and a further analysis of the ATAC-seq 
dataset showed that the binding motif for Klf9 was highly 
enriched in sequences from the top 250 peaks displaying more 
accessible chromatin. These data suggested that klf9 may be not 
only a target of the GR, but a feed-forward regulator of the 
transcriptional response to GC. Among the most significantly 
affected genes in the ATAC-seq data klf9, fkbp5, and chac1 
(involved in redox and neurogenic pathways) were notable for 
also being among the most significantly upregulated genes in 
RNA-seq of treated 5 dpf larvae. Across several experiments 
using quantitative polymerase chain reactions (qPCR) to ascertain 
gene expression, levels of klf9 and fkbp5 were found to be highly 
correlated, and significantly increased by cortisol treatment 
overall, although not in every instance (Hartig et  al., 2020).

KRÜPPEL-LIKE FACTOR 9: A 
MEDIATOR OF GC-INDUCED 
DEVELOPMENTAL PROGRAMMING?

Krüppel-Like Factor 9 (Klf9) is a member of the Krüppel-Like 
Factor (KLF) family of transcription factors, all of which share 
similarity to the transcriptional repressor Krüppel (German 
for “cripple”) first discovered in Drosophila for involvement 
in patterning the segmented larval body plan (Licht et  al., 
1990). In vertebrates, KLFs play important roles in development 
as well and are expressed dynamically throughout development 
in tissues derived from all three germ layers (endoderm, 
mesoderm and ectoderm; Bialkowska et  al., 2017). Eighteen 
KLFs have been identified in the human genome, and 24  in 
the genome of zebrafish, with six human KLF (but not Klf9) 
having duplicate paralogs in Danio (Xue et  al., 2015). All KLF 
members share a highly conserved DNA-binding domain (DBD) 
toward the C-terminus of the protein comprising three C2H2 
zinc-finger domains. The DBD binds to G/C-rich sequence 
motifs common throughout the genome. The N-terminal ends 

of KLF proteins are more variable and contain domains for 
interacting with various transcriptional co-regulators. The 
N-terminus of Klf9 and its most closely related KLFs (“Group 3”) 
contains a domain for interacting with the Sin3a histone 
de-acetylation complex, while other KLF subgroups contain 
N-terminal domains known to interact with alternate 
co-regulators including acetyl-transferases and the repressive 
C-terminal Binding Protein (McConnell and Yang, 2010). Thus, 
regulation by KLFs may either promote or repress target gene 
expression, depending on the particular KLF as well as the 
cellular context and cofactor milieu. While both activating 
and repressive activities have been reported for Klf9 (Imataka 
et  al., 1992; Mitchell and DiMario, 2010), recent evidence 
suggests that Klf9’s functional role can be  predominantly 
repressive in a given tissue such as hippocampus (Knoedler 
et  al., 2017). Given the variety of cofactors among different 
KLFs and their ability to bind similar genomic sequence motifs, 
it is believed that KLF proteins provide a context-sensitive 
level of fine-tuned transcriptional regulation; the precise 
regulation of target gene expression will depend upon which 
KLFs are expressed in a cell, as well as what upstream signals 
they are responsive too. KLFs respond to numerous signals 
including insulin and circulating hormones and are effectors 
of various nuclear hormone receptors, and it seems that they 
function as nodes to integrate and potentiate various inputs 
into a coordinated transcriptional response (Knoedler and 
Denver, 2014).

KLFs play important roles in basic cellular processes such 
as metabolism, where they contribute to matching the usage 
of macronutrients to energetic demands of the whole organism 
(Hsieh et  al., 2018; Pollak et  al., 2018). KLFs are also involved 
in determination of cell fate (Bialkowska et  al., 2017). Klf4 
was one of the four “Yamanaka Factors” first used to reprogram 
fibroblasts into pluripotent stem cells (Takahashi et  al., 2007), 
and a core group of KLFs including Klf2, Klf4, and Klf5 was 
found necessary to maintain pluripotency of embryonic stem 
cells (Jiang et  al., 2008). These KLFs are all members of a 
KLF subgroup (“Group  1”) defined by an N-terminal trans-
activating domain. Loss of members of this group leads to 
embryonic or neonatal death in mice. Among these, Klf2 and 
Klf5 mutants exhibit defects in lung expansion (Wani et  al., 
1999) and surfactant production (Wan et  al., 2008). In mouse 
macrophages Klf2 has been shown to respond to DEX treatment 
(Chinenov et al., 2014). It is possible that a molecular pathway 
involving GCs and Klf2 response could contribute to the 
enhanced fetal lung maturation caused by prenatal GC 
administration, but this possibility has not been tested to our 
knowledge. Interestingly, in mouse macrophages Klf9 
transcription was also induced by DEX, and the pulsatile Klf2 
response to DEX was lost when Klf9 was knocked out, suggesting 
dynamic regulation of Klf2 by an incoherent feedforward loop 
between the GR and Klf9 (Chinenov et  al., 2014).

Identification of Klf9 as a Direct GR Target
A body of evidence revealing that Klf9 is a direct target of the 
GR has come from the Denver Laboratory at the University 
of Michigan. However, studies first identified Klf9 (originally 
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known as basic transcription element binding protein, BTEB 
or BTEB1) as a target of thyroid hormone (T3) in developing 
Xenopus and rat neurons (Denver et  al., 1997, 1999). In rat 
neuronal cell culture, T3-induced expression of Klf9 only once 
cells became post-mitotic, and the regulation of Klf9 by T3  in 
brain was lost by postnatal day 30. This evidence suggests a 
limited window for regulation of Klf9 by T3. Notably this window 
overlaps with the stress hypo-responsive period in pups, during 
which inability to produce CORT in response to stress is thought 
to protect neurodevelopment (see previous sections). In confluent 
neuronal cell culture, forced overexpression of Klf9 caused an 
increase in neurite outgrowth, and in a related study Klf9 knock-
down inhibited outgrowth (Cayrou and Denver, 2002). However, 
work by others has shown that Klf9 suppresses axon growth 
and regenerative capacity after nerve injury (Apara et  al., 2017; 
Galvao et  al., 2018). These seemingly disparate results are likely 
explained by differences in experimental designs/contexts, but 
they also exemplify our limited understanding of how complex 
regulatory networks can utilize the same basic transcription 
factor to generate nearly opposite physiological results.

Further experiments by the Denver laboratory revealed that 
acute stress also induces Klf9 expression in Xenopus brain, 
mediated by cortisol and the GR. This response was not affected 
by inhibiting protein synthesis, suggesting Klf9 as an immediate 
target of the GR (Bonett et  al., 2009). Chromatin 
immunoprecipitation using myc-tagged MR identified two putative 
MR/GR response elements (MRE/GRE) upstream of the Klf9 
TSS in HEK cells. In mouse hippocampal cells, these response 
elements were found to bind GR and promote transcription 
in reporter constructs upon treatment with cortisol, solidifying 
Klf9 as a bona fide GC target (Bagamasbad et  al., 2012). Both 
corticosteroid response elements were found conserved among 
Therian mammals, and one of the elements is more broadly 
conserved among all tetrapods including Xenopus. Intriguingly, 
the GRE conserved in tetrapods neighbors a thyroid hormone 
response element, and together these hormone response elements 
form a regulatory module capable of synergistically enhancing 
Klf9 expression via combination of T3 and GC signals 
(Bagamasbad et al., 2015). Although the authors failed to identify 
either of the upstream GREs found in mammals in the genomes 
of zebrafish or other ray-finned fish, the Danio genomic sequence 
does in fact contain multiple putative GRE upstream of the 
Klf9 TSS, including two found in approximately the same region 
as in tetrapods (roughly 5,500 bp and 3,500 bp upstream of the 
TSS, respectively). Using ATAC-seq, we  found that chromatin 
around the Danio klf9 −3,500 bp GRE was significantly more 
accessible in the blood of adult fish raised from cortisol-treated 
embryos as was chromatin around another predicted GRE located 
just 277 bp upstream from the TSS (Hartig et al., 2020). Although 
we  did not identify an ATAC-seq peak at the −5,500 bp GRE, 
this location does contain a sequence motif that may be  a 
potential thyroid hormone response element, which could perhaps 
be evidence of an ancestral ortholog to the tetrapod GC/thyroid 
hormone synergy module. While the lack of an ATAC-seq peak 
in our blood assay at −5,500 bp seems to argue against this, 
it could be also be simply due to tissue specificity, developmental 
stage, or another context. A recent study has shown that GC 

activation of Klf9 expression in lung cells involves both proximal 
and distal GR-binding enhancer elements, combining constitutive 
enhancer-RNA production at proximal elements and rapidly 
inducible looping with distal enhancers (Mostafa et  al., 2021).

Evidence That Klf9 Is a Key Regulator of 
Glucocorticoid Signaling
Other laboratories have also found evidence of Klf9 involvement 
in GC signaling. Very recently, it was shown that Klf9 induction 
by synthetic GCs in mouse liver leads to hyperglycemia, while 
deletion of Klf9 caused hypoglycemia and was protective in a 
model of GC-induced diabetes (Cui et al., 2019). In adenocarcinoma 
lung cell culture DEX was found to induce expression of several 
KLFs, including Klf9 (Reddy et  al., 2009). Interestingly, in this 
study timing of GR-target gene expression generally differed with 
the direction of regulation: induction of GR-target gene expression 
happened significantly faster and in advance of repression of 
other GR targets. These dynamics are consistent with repressive 
feedforward regulatory logic playing a broad role in GC-dependent 
gene regulation, wherein increase of certain GR-targets could 
lead directly to subsequent repression of additional GC targets. 
An example of one such incoherent feed-forward loop circuit 
involving regulation of Klf2 by the GR and KLF9 has been 
suggested by transcriptional dynamics and GR binding sites 
assayed in macrophages (Chinenov et al., 2014). Direct interaction 
between KLF9 and Klf2 was not tested, however. In human 
keratinocytes, Klf9 expression has been shown to be  circadian, 
induced by GCs, and have an antiproliferative effect (Spörl et al., 
2012). Also in keratinocytes, positive feed-forward regulation of 
GR activity by KLF9 was suggested by decreased GRE-luciferase 
reporter activity after KLF9 knockdown (Lili et  al., 2019).

A recent meta-analysis of 17 transcriptomic studies investigating 
effects of GCs in brain or central nervous system-derived cell 
lines found that Klf9 was the third-most consistently induced 
target of GC treatment, being significantly upregulated in seven 
of the studies (Juszczak and Stankiewicz, 2017). Notably Klf9 
expression was more consistently affected by GCs than some 
very well-known GC targets including Fkbp5. Klf9 was also the 
most consistently affected transcription factor. Interestingly, though 
9,605 genes were reported significantly affected by GC treatment 
in at least one of the studies analyzed, only 88 of these genes 
(0.9%) showed consistent up- or down-regulation in at least four 
of the studies, and only two genes in more than half of the studies.

As mentioned above, we found that klf9 was the transcriptional 
regulatory gene most strongly affected by developmental cortisol 
exposure, both in the exposed larvae (by RNA-seq) and in blood 
cells of adults (by ATAC-seq) obtained from those larvae (Hartig 
et  al., 2016, 2020). Moreover, motif enrichment analysis of the 
ATAC-seq peaks scoring highest for differential accessibility in 
response to developmental cortisol exposure revealed significant 
enrichment for consensus KLF binding motifs, including for 
Klf9 (Hartig et  al., 2020). To further interrogate the role of 
Klf9  in GC signaling, we  used CRISPR both to create a klf9 
knockout in zebrafish (Gans et  al., 2020), and to introduce a 
C-terminal epitope tag into the endogenous locus 
(Gans et al., 2021). Experiments with the knockout line revealed 
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that the defensive/pro-inflammatory transcriptomic response to 
chronic cortisol that we  had previously reported in wildtype 
larvae was absent in klf9−/− mutants (Gans et  al., 2020), which 
in contrast responded by upregulating genes involved in glycolysis 
and related metabolic pathways (Gans et al., 2021). Furthermore, 
we found that klf9 expression is both oscillatory and synchronous 
with that of fkpb5, which appears to be  directly repressed by 
Klf9 (Gans et  al., 2021). Together these results suggest that klf9 
is a key node in the gene regulatory network regulating GC 
responsivity (Figure  5), both by co-regulating fkbp5 in an 
incoherent feedforward loop with the GR, and by repressing 
glycolytic gene expression (possibly also via incoherent feedforward 
regulation) in a way that is predicted to favor flux through the 
pentose phosphate pathway (Gans et  al., 2021). Incoherent 
feedforward regulation was previously shown to be  a hallmark 
of GC signaling (Chen et  al., 2013) and is a ubiquitous circuit 
motif underlying dynamic control relevant to the foregoing 
discussion, including pulse-generation, response acceleration, 
fold-change detection, oscillatory signal processing (pules 
counting), and biochemical/physiological adaptation (Mangan 
and Alon, 2003; Goentoro et  al., 2009; Ma et  al., 2009; Zhang 
et  al., 2016; Adler et  al., 2017; Alon, 2019). This, together with 
the emerging importance of Klf9  in circadian regulation, stress 
responsivity, metabolic plasticity, immune regulation, and 
neurogenesis (Bonett et  al., 2009; Spörl et  al., 2012; Chinenov 
et  al., 2014; Besnard et  al., 2018; Cui et  al., 2019; Potashkin 

et  al., 2019; Yu et  al., 2019; Fan et  al., 2020; Knoedler et  al., 
2020, 2021) indicate that further study of the role of KLF9  in 
stress-induced developmental programming is warranted.

SUMMARY AND CONCLUSION

In this review, we  have described the human health costs of 
chronic stress and associated allostatic load, how those relate 
to HPA axis function and GC signaling dynamics, and how 
the latter are affected by developmental programming that 
occurs in response to early life stress and cortisol exposure. 
Epidemiology shows that such exposures can have lifelong 
and even intergenerational consequences. However, such studies 
have struggled to reach a consensus, due primarily to lack 
of experimental control and/or resolution. Animal models, 
including both mammalian and zebrafish, have increased our 
understanding of the molecular mechanisms by which GCs 
exert their effects but have also illuminated complex 
dependencies of those effects on contextual factors such as 
tissue-type, dosage, and timing in terms of both exposure 
and life stage. The GR and its negative feedback regulator 
FKPB5 have well-established roles in HPA axis regulation and 
GC signaling, as well as in stress- and/or GC-induced 
developmental programming. More recently, the GR target 
and transcriptional regulatory gene KLF9, known to play critical 
roles in development and plasticity in multiple tissues including 
neurons, hepatocytes, keratinocytes, and macrophages, has 
emerged as a key feedforward regulator of cellular responsivity 
to GCs, likely in part via its roles as a regulator of fkbp5 
and metabolism. Future studies aimed at mapping the 
GC-responsive gene regulatory network and assessing how it 
functions in the context of development and physiology in 
different cell and tissue-types are needed to further elucidate 
the mechanisms underlying stress-induced 
developmental programming.
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FIGURE 5 | Klf9 is a node in the glucocorticoid-responsive gene regulatory 
network mediating feedforward control of glucocorticoid responsivity (via 
fkbp5) and metabolism. Activating interactions are depicted as arrows, 
inhibitory interactions as bars. Solid lines indicate established interactions, 
dashed lines are hypothesized (Gans et al., 2021 and unpublished data).

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Gans and Coffman Glucocorticoid-Mediated Developmental Programming

Frontiers in Physiology | www.frontiersin.org 17 December 2021 | Volume 12 | Article 812195

 

REFERENCES

Abbott, P. W., Gumusoglu, S. B., Bittle, J., Beversdorf, D. Q., and Stevens, H. E. 
(2018). Prenatal stress and genetic risk: how prenatal stress interacts with 
genetics to alter risk for psychiatric illness. Psychoneuroendocrinology 90, 
9–21. doi: 10.1016/j.psyneuen.2018.01.019

Adler, M., Szekely, P., Mayo, A., and Alon, U. (2017). Optimal regulatory 
circuit topologies for fold-change detection. Cell Syst. 4, 171–181. doi: 
10.1016/j.cels.2016.12.009

Alon, U. (2019). An Introduction to Systems Biology: Design Principles of Biological 
Circuits. 2nd Edn. Boca Raton, FL: Chapman and Hall/CRC.

Alsop, D., and Vijayan, M. M. (2008a). Development of the corticosteroid 
stress axis and receptor expression in zebrafish. AJP Regul. Integr. Comp. 
Physiol. 294, R711–R719. doi: 10.1152/ajpregu.00671.2007

Alsop, D., and Vijayan, M. M. (2008b). Molecular programming of the 
corticosteroid stress axis during zebrafish development ☆. Comp. Biochem. 
Physiol. Part A 153, 49–54. doi: 10.1016/j.cbpa.2008.12.008

Alsop, D., and Vijayan, M. (2009). The zebrafish stress axis: molecular fallout 
from the teleost-specific genome duplication event. Gen. Comp. Endocrinol. 
161, 62–66. doi: 10.1016/j.ygcen.2008.09.011

Anda, R. F., Felitti, V. J., Bremner, J. D., Walker, J. D., Whitfield, C., Perry, B. D., 
et al. (2006). The enduring effects of abuse and related adverse experiences 
in childhood: A convergence of evidence from neurobiology and epidemiology. 
Eur. Arch. Psychiatry Clin. Neurosci. 256, 174–186. doi: 10.1007/
s00406-005-0624-4

Apara, A., Galvao, J., Wang, Y., Blackmore, M., Trillo, A., Iwao, K., et al. 
(2017). KLF9 and JNK3 interact to suppress axon regeneration in the adult 
CNS. J. Neurosci. 37, 9632–9644. doi: 10.1523/JNEUROSCI.0643-16.2017

Asztalos, E. V., Murphy, K. E., Willan, A. R., Matthews, S. G., Ohlsson, A., 
Saigal, S., et al. (2013). Multiple courses of antenatal corticosteroids for 
preterm birth study outcomes in children at 5 years of age (MACS-5). 
JAMA Pediatr. 167, 1102–1110. doi: 10.1001/jamapediatrics.2013.2764

Bagamasbad, P. D., Bonett, R. M., Sachs, L., Buisine, N., Raj, S., Knoedler, J. R., 
et al. (2015). Deciphering the regulatory logic of an ancient, ultraconserved 
nuclear receptor enhancer module. Mol. Endocrinol. 29, 856–872. doi: 10.1210/
me.2014-1349

Bagamasbad, P., Ziera, T., Borden, S. A., Bonett, R. M., Rozeboom, A. M., 
Seasholtz, A., et al. (2012). Molecular basis for glucocorticoid induction of 
the Krüppel-Like factor 9 gene in hippocampal neurons. Endocrinology 153, 
5334–5345. doi: 10.1210/en.2012-1303

Balsalobre, A., Brown, S. A., Marcacci, L., Tronche, F., Kellendonk, C., 
Reichardt, H. M., et al. (2000). Resetting of circadian time in peripheral 
tissues by glucocorticoid signaling. Science 289, 2344–2347. doi: 10.1126/
science.289.5488.2344

Besnard, A., Langberg, T., Levinson, S., Chu, D., Vicidomini, C., Scobie, K. N., 
et al. (2018). Targeting Kruppel-like factor 9  in excitatory neurons protects 
against chronic stress-induced impairments in dendritic spines and fear 
responses. Cell Rep. 23, 3183–3196. doi: 10.1016/j.celrep.2018.05.040

Best, C. (2015). Developmental effects of cortisol on the stress response and 
behaviour in zebrafish. (master’s thesis). Calgary, AB: University of Calgary. 
doi: 10.11575/PRISM/25631

Best, C., Kurrasch, D. M., and Vijayan, M. M. (2017). Maternal cortisol stimulates 
neurogenesis and affects larval behaviour in zebrafish. Sci. Rep. 7:40905. 
doi: 10.1038/srep40905

Bialkowska, A. B., Yang, V. W., and Mallipattu, S. K. (2017). Krü ppel-like 
factors in mammalian stem cells and development. Development 144, 737–754. 
doi: 10.1242/dev.145441

Binder, E. B., Salyakina, D., Lichtner, P., Wochnik, G. M., Ising, M., Putz, B., 
et al. (2004). Polymorphisms in FKBP5 are associated with increased recurrence 
of depressive episodes and rapid response to antidepressant treatment. Nat. 
Genet. 36, 1319–1325. doi: 10.1038/ng1479

Bonett, R. M., Hu, F., Bagamasbad, P., and Denver, R. J. (2009). Stressor and 
glucocorticoid-dependent induction of the immediate early gene kruppel-like 
factor 9: implications for neural development and plasticity. Endocrinology 
150, 1757–1765. doi: 10.1210/en.2008-1441

Bridgham, J. T., Carroll, S. M., and Thornton, J. W. (2006). Evolution of 
hormone-receptor complexity by molecular exploitation. Science 312, 97–101. 
doi: 10.1126/science.1123348

Brown, R. W., Diaz, R., Robson, A. C., Kotelevtsev, Y. V., Mullins, J. J., 
Kaufman, M. H., et al. (1996). The ontogeny of 11β-hydroxysteroid 
dehydrogenase type 2 and mineralocorticoid receptor gene expression reveal 
intricate control of glucocorticoid action in development. Endocrinology 137, 
794–797. doi: 10.1210/endo.137.2.8593833

Buss, C., Davis, E. P., Hobel, C. J., and Sandman, C. A. (2011). Maternal 
pregnancy-specific anxiety is associated with child executive function at 69 
years age. Stress 14, 665–676. doi: 10.3109/10253890.2011.623250

Buss, C., Davis, E. P., Muftuler, L. T., Head, K., and Sandman, C. A. (2010). 
High pregnancy anxiety during mid-gestation is associated with decreased 
gray matter density in 6-9-year-old children. Psychoneuroendocrinology 35, 
141–153. doi: 10.1016/j.psyneuen.2009.07.010

Buss, C., Davis, E. P., Shahbaba, B., Pruessner, J. C., Head, K., and Sandman, C. A. 
(2012). Maternal cortisol over the course of pregnancy and subsequent 
child amygdala and hippocampus volumes and affective problems. Proc. 
Natl. Acad. Sci. U. S. A. 109, E1312–E1319. doi: 10.1073/pnas.1201295109

Cayrou, C., and Denver, R. J. (2002). Suppression of the Basic Transcription 
Element-Binding Protein in Brain Neuronal Cultures Inhibits Thyroid 
Hormone-Induced Neurite Branching. Available at: https://academic.oup.com/
endo/article/143/6/2242/2989664 (Accessed May 2, 2021).

Chatzopoulou, A., Heijmans, J. P. M., Burgerhout, E., Oskam, N., Spaink, H. P., 
Meijer, A. H., et al. (2016). Glucocorticoid-induced attenuation of the inflammatory 
response in zebrafish. Endocrinology 157, 2772–2784. doi: 10.1210/en.2015-2050

Chatzopoulou, A., Schoonheim, P. J., Torraca, V., Meijer, A. H., Spaink, H. P., 
and Schaaf, M. J. M., et al. (2017). Functional analysis reveals no transcriptional 
role for the glucocorticoid receptor β-isoform in zebrafish. Mol. Cell. Endocrinol. 
447, 61–70. doi: 10.1016/j.mce.2017.02.036

Chen, S. H., Masuno, K., Cooper, S. B., and Yamamoto, K. R. (2013). Incoherent 
feed-forward regulatory logic underpinning glucocorticoid receptor action. 
Proc. Natl. Acad. Sci. U. S. A. 110, 1964–1969. doi: 10.1073/pnas.1216108110

Cheong, R., and Levchenko, A. (2010). Oscillatory signaling processes: The 
how, the why and the where. Curr. Opin. Genet. Dev. 20, 665–669. doi: 
10.1016/j.gde.2010.08.007

Chinenov, Y., Coppo, M., Gupte, R., Sacta, M. A., and Rogatsky, I. (2014). 
Glucocorticoid receptor coordinates transcription factor-dominated regulatory 
network in macrophages. BMC Genomics 15:656. doi: 10.1186/1471-2164-15-656

Chung, S., Lee, E. J., Cha, H. K., Kim, J., Kim, D., Son, G. H., et al. (2017). 
Cooperative roles of the suprachiasmatic nucleus central clock and the 
adrenal clock in controlling circadian glucocorticoid rhythm. Sci. Rep. 7, 
1–10. doi: 10.1038/srep46404

Cohen, S., Doyle, W. J., Turner, R. B., Alper, C. M., and Skoner, D. P. (2004). 
Childhood socioeconomic status and host resistance to infectious illness in 
adulthood. Psychosom. Med. 66, 553–558. doi: 10.1097/01.psy.0000126200.05189.
d3

Cole, T. J., Blendy, J. A., Monaghan, A. P., Krieglstein, K., Schmid, W., Aguzzi, A., 
et al. (1995). Targeted disruption of the glucocorticoid receptor gene blocks 
adrenergic chromaffin cell development and severely retards lung maturation. 
Genes Dev. 9, 1608–1621. doi: 10.1101/gad.9.13.1608

Crowther, C. A., Anderson, P. J., Mckinlay, C. J. D., Harding, J. E., Ashwood, P. J., 
Haslam, R. R., et al. (2016). Mid-Childhood Outcomes of Repeat Antenatal 
Corticosteroids: A Randomized Controlled Trial. Pediatrics 138:e20160947. 
doi: 10.1542/peds.2016-0947

Crowther, C. A., Doyle, L. W., Haslam, R. R., Hiller, J. E., Harding, J. E., and 
Robinson, J. S. (2007). Outcomes at 2 years of age after repeat doses of 
antenatal corticosteroids. N. Engl. J. Med. 357, 1179–1189. doi: 10.1056/
NEJMoa071152

Crowther, C. A., Haslam, R. R., Hiller, J. E., Doyle, L. W., and Robinson, J. S. 
(2006). Neonatal respiratory distress syndrome after repeat exposure to 
antenatal corticosteroids: a randomised controlled trial. Lancet 367, 1913–1919. 
doi: 10.1016/S0140-6736(06)68846-6

Cui, A., Fan, H., Zhang, Y., Zhang, Y., Niu, D., Liu, S., et al. (2019). Dexamethasone-
induced Krüppel-like factor 9 expression promotes hepatic gluconeogenesis 
and hyperglycemia. J. Clin. Invest. 129, 2266–2278. doi: 10.1172/JCI 
66062

Dallman, M. F., Akana, S. F., Bhatnagar, S., Bell, M. E., and Strack, A. M. 
(2000). Bottomed out: metabolic significance of the circadian trough in 
glucocorticoid concentrations. Int. J. Obes. 24, S40–S46. doi: 10.1038/sj.ijo. 
801276

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1016/j.psyneuen.2018.01.019
https://doi.org/10.1016/j.cels.2016.12.009
https://doi.org/10.1152/ajpregu.00671.2007
https://doi.org/10.1016/j.cbpa.2008.12.008
https://doi.org/10.1016/j.ygcen.2008.09.011
https://doi.org/10.1007/s00406-005-0624-4
https://doi.org/10.1007/s00406-005-0624-4
https://doi.org/10.1523/JNEUROSCI.0643-16.2017
https://doi.org/10.1001/jamapediatrics.2013.2764
https://doi.org/10.1210/me.2014-1349
https://doi.org/10.1210/me.2014-1349
https://doi.org/10.1210/en.2012-1303
https://doi.org/10.1126/science.289.5488.2344
https://doi.org/10.1126/science.289.5488.2344
https://doi.org/10.1016/j.celrep.2018.05.040
https://doi.org/10.11575/PRISM/25631
https://doi.org/10.1038/srep40905
https://doi.org/10.1242/dev.145441
https://doi.org/10.1038/ng1479
https://doi.org/10.1210/en.2008-1441
https://doi.org/10.1126/science.1123348
https://doi.org/10.1210/endo.137.2.8593833
https://doi.org/10.3109/10253890.2011.623250
https://doi.org/10.1016/j.psyneuen.2009.07.010
https://doi.org/10.1073/pnas.1201295109
https://academic.oup.com/endo/article/143/6/2242/2989664
https://academic.oup.com/endo/article/143/6/2242/2989664
https://doi.org/10.1210/en.2015-2050
https://doi.org/10.1016/j.mce.2017.02.036
https://doi.org/10.1073/pnas.1216108110
https://doi.org/10.1016/j.gde.2010.08.007
https://doi.org/10.1186/1471-2164-15-656
https://doi.org/10.1038/srep46404
https://doi.org/10.1097/01.psy.0000126200.05189.d3
https://doi.org/10.1097/01.psy.0000126200.05189.d3
https://doi.org/10.1101/gad.9.13.1608
https://doi.org/10.1542/peds.2016-0947
https://doi.org/10.1056/NEJMoa071152
https://doi.org/10.1056/NEJMoa071152
https://doi.org/10.1016/S0140-6736(06)68846-6
https://doi.org/10.1172/JCI66062
https://doi.org/10.1172/JCI66062
https://doi.org/10.1038/sj.ijo.801276
https://doi.org/10.1038/sj.ijo.801276


Gans and Coffman Glucocorticoid-Mediated Developmental Programming

Frontiers in Physiology | www.frontiersin.org 18 December 2021 | Volume 12 | Article 812195

Dalziel, S. R., Walker, N. K., Parag, V., Mantell, C., Rea, H. H., Rodgers, A., 
et al. (2005). Cardiovascular risk factors after antenatal exposure to 
betamethasone: 30-year follow-up of a randomised controlled trial. Lancet 
365, 1856–1862. doi: 10.1016/S0140-6736(05)66617-2

Davis, E. P., Glynn, L. M., Waffarn, F., and Sandman, C. A. (2011). Prenatal 
maternal stress programs infant stress regulation. J. Child Psychol. Psychiatry 
Allied Discip. 52, 119–129. doi: 10.1111/j.1469-7610.2010.02314.x

Davis, E. P., Head, K., Buss, C., and Sandman, C. A. (2017). Prenatal maternal 
cortisol concentrations predict neurodevelopment in middle childhood. 
Psychoneuroendocrinology 75, 56–63. doi: 10.1016/j.psyneuen.2016. 
10.005

Davis, E. P., and Sandman, C. A. (2012). Prenatal psychobiological predictors 
of anxiety risk in preadolescent children. Psychoneuroendocrinology 37, 
1224–1233. doi: 10.1016/j.psyneuen.2011.12.016

Debono, M., Harrison, R. F., Whitaker, M. J., Eckland, D., Arlt, W., Keevil, B. G., 
et al. (2016). Salivary cortisone reflects cortisol exposure under physiological 
conditions and after hydrocortisone. J. Clin. Endocrinol. Metab. 101, 1469–1477. 
doi: 10.1210/jc.2015-3694

Denver, R. J., Ouellet, L., Furling, D., Kobayashil, A., Fujii-Kuriyama, Y., and 
Puymirat, J. (1999). Basic transcription element-binding protein (BTEB) is 
a thyroid hormone- regulated gene in the developing central nervous system: 
evidence for a role in neurite outgrowth. J. Biol. Chem. 274, 23128–23134. 
doi: 10.1074/jbc.274.33.23128

Denver, R. J., Pavgi, S., and Shi, Y. B. (1997). Thyroid hormone-dependent 
gene expression program for Xenopus neural development. J. Biol. Chem. 
272, 8179–8188. doi: 10.1074/jbc.272.13.8179

Dettling, A. C., Gunnar, M. R., and Donzella, B. (1999). Cortisol levels of 
young children in full-day childcare centers: relations with age and temperament. 
Psychoneuroendocrinology 24, 519–536. doi: 10.1016/s0306-4530(99)00009-8

Dickmeis, T., Lahiri, K., Nica, G., Vallone, D., Santoriello, C., Neumann, C. J., 
et al. (2007). Glucocorticoids play a key role in circadian cell cycle rhythms. 
PLoS Biol. 5:e78. doi: 10.1371/journal.pbio.0050078

Dinarello, A., Licciardello, G., Fontana, C. M., Tiso, N., Argenton, F., and 
Valle, L. D. (2020). Glucocorticoid receptor activities in the zebrafish model: 
A review. J. Endocrinol. 247, R63–R82. doi: 10.1530/JOE-20-0173

Dowd, J. B., Simanek, A. M., and Aiello, A. E. (2009). Socio-economic status, 
cortisol and allostatic load: A review of the literature. Int. J. Epidemiol. 38, 
1297–1309. doi: 10.1093/ije/dyp277

Doyle, L. W., Ford, G. W., Rickards, A. L., Kelly, E. A., Davis, N. M., Callanan, C., 
et al. (2000). Antenatal corticosteroids and outcome at 14 years of age in 
children with birth weight less than 1501 grams. Pediatrics 106:E2. doi: 
10.1542/peds.106.1.e2

Facchinello, N., Skobo, T., Meneghetti, G., Colletti, E., Dinarello, A., Tiso, N., 
et al. (2017). nr3c1 null mutant zebrafish are viable and reveal DNA-binding-
independent activities of the glucocorticoid receptor. Sci. Rep. 7:4371. doi: 
10.1038/s41598-017-04535-6

Fan, H., Zhang, Y., Zhang, J., Yao, Q., Song, Y., Shen, Q., et al. (2020). Cold-
inducible Klf9 regulates thermogenesis of Brown and Beige fat. Diabetes 
69, 2603–2618. doi: 10.2337/db19-1153

Fardet, L., Petersen, I., and Nazareth, I. (2012). Suicidal behavior and severe 
neuropsychiatric disorders following glucocorticoid therapy in primary care. 
Am. J. Psychiatry 169, 491–497. doi: 10.1176/appi.ajp.2011.11071009

Faught, E., Best, C., and Vijayan, M. M. (2016). Maternal stress-associated 
cortisol stimulation may protect embryos from cortisol excess in zebrafish. 
R. Soc. Open Sci. 3:160032. doi: 10.1098/rsos.160032

Faught, E., and Vijayan, M. M. (2018). The mineralocorticoid receptor is essential 
for stress axis regulation in zebrafish larvae. Sci. Rep. 8:18081. doi: 10.1038/
s41598-018-36681-w

Faught, E., and Vijayan, M. M. (2019a). Loss of the glucocorticoid receptor 
in zebrafish improves muscle glucose availability and increases growth. Am. 
J. Physiol. Metab. 316, E1093–E1104. doi: 10.1152/ajpendo.00045.2019

Faught, E., and Vijayan, M. M. (2019b). Postnatal triglyceride accumulation 
is regulated by mineralocorticoid receptor activation under basal and stress 
conditions. J. Physiol. 597, 4927–4941. doi: 10.1113/JP278088

Faught, E., and Vijayan, M. M. (2020). Glucocorticoid and mineralocorticoid 
receptor activation modulates postnatal growth. J. Endocrinol. 244, 261–271. 
doi: 10.1530/JOE-19-0358

Fisher, J., de Mello, M. C., Patel, V., Rahman, A., Tran, T., Holton, S., et al. 
(2012). Prevalence and determinants of common perinatal mental disorders 

in women in low-and lower-middle-income countries: A systematic review. 
Bull. World Health Organ. 90, 139–149. doi: 10.2471/BLT.11.091850

Francis, D., Diorio, J., Liu, D., and Meaney, M. J. (1999). Nongenomic transmission 
across generations of maternal behavior and stress responses in the rat. 
Science 286, 1155–1158. doi: 10.1126/science.286.5442.1155

French, N. P., Hagan, R., Evans, S. F., Mullan, A., and Newnham, J. P. (2004). 
Repeated antenatal corticosteroids: effects on cerebral palsy and childhood 
behavior. Am. J. Obstet. Gynecol. 190, 588–595. doi: 10.1016/j.ajog.2003.12.016

Galobardes, B. (2004). Childhood socioeconomic circumstances and cause-specific 
mortality in adulthood: systematic review and interpretation. Epidemiol. Rev. 
26, 7–21. doi: 10.1093/epirev/mxh008

Galobardes, B., Smith, G. D., and Lynch, J. W. (2006). Systematic review of 
the influence of childhood socioeconomic circumstances on risk for 
cardiovascular disease in adulthood. Ann. Epidemiol. 16, 91–104. doi: 10.1016/j.
annepidem.2005.06.053

Galvao, J., Iwao, K., Apara, A., Wang, Y., Ashouri, M., Shah, T. N., et al. (2018). 
The Krüppel-like factor gene target dusp14 regulates axon growth and regeneration. 
Investig. Ophthalmol. Vis. Sci. 59, 2736–2747. doi: 10.1167/iovs.17-23319

Gans, I. M., Grendler, J., Babich, R., Jayasundara, N., and Coffman, J. A. 
(2021). Glucocorticoid-responsive transcription factor Krüppel-like factor 9 
regulates fkbp5 and metabolism. Front. Cell Dev. Biol. 9:727037. doi: 10.3389/
fcell.2021.727037

Gans, I., Hartig, E. I., Zhu, S., Tilden, A. R., Hutchins, L. N., Maki, N. J., 
et al. (2020). Klf9 is a key feedforward regulator of the transcriptomic 
response to glucocorticoid receptor activity. Sci. Rep. 10:11415. doi: 10.1038/
s41598-020-68040-z

Ghaemmaghami, P., Dainese, S. M., La Marca, R., Zimmermann, R., and Ehlert, U. 
(2014). The association between the acute psychobiological stress response 
in second trimester pregnant women, amniotic fluid glucocorticoids, and 
neonatal birth outcome. Dev. Psychobiol. 56, 734–747. doi: 10.1002/dev. 
21142

Gilstrap, L. C. (2001). Antenatal corticosteroids revisited: repeat courses – National 
Institutes of Health consensus development conference statement, August 
17-18, 2000. Obstet. Gynecol., 144–150. doi: 10.1016/s0029-7844(01)01410-7

Gilstrap, L. C., Christensen, R., Clewell, W. H., D’Alton, M. E., Davidson, E. C., 
Escobedo, M. B., et al. (1995). Effect of corticosteroids for fetal maturation 
on perinatal outcomes: NIH consensus development panel on the effect of 
corticosteroids for fetal maturation on perinatal outcomes. J. Am. Med. 
Assoc. 273, 413–418. doi: 10.1001/jama.1995.03520290065031

Gluckman, P. D., Hanson, M. A., and Beedle, A. S. (2007). Early life events 
and their consequences for later disease: A life history and evolutionary 
perspective. Am. J. Hum. Biol. 19, 1–19. doi: 10.1002/ajhb.20590

Goentoro, L., Shoval, O., Kirschner, M. W., and Alon, U. (2009). The incoherent 
feedforward loop can provide fold-change detection in gene regulation. Mol. 
Cell 36, 894–899. doi: 10.1016/j.molcel.2009.11.018

Gomez-Sanchez, E., and Gomez-Sanchez, C. E. (2014). The multifaceted 
mineralocorticoid receptor. Compr. Physiol. 4, 965–994. doi: 10.1002/cphy.
c130044

Gopi, I. K., and Rattan, S. I. S. (2019). Biphasic dose–response and hormetic 
effects of stress hormone hydrocortisone on telomerase-immortalized human 
bone marrow stem cells In vitro. Dose-Response 17:1559325819889819. doi: 
10.1177/1559325819889819

Gunnar, M. R., Brodersen, L., Krueger, K., and Rigatuso, J. (1996a). Dampening 
of adrenocortical responses during infancy: normative changes and individual 
differences. Child Dev. 67, 877–889. doi: 10.1111/j.1467-8624.1996. 
tb01770.x

Gunnar, M. R., Brodersen, L., Nachmias, M., Buss, K., and Rigatuso, J. (1996b). 
Stress reactivity and attachment security. Dev. Psychobiol. 29, 191–204. doi: 
10.1002/(SICI)1098-2302(199604)29:3<191::AID-DEV1>3.0.CO;2-M

Gunnar, M. R., and Cheatham, C. L. (2003). Brain and behavior interface: 
stress and the developing brain. Infant Ment. Health J. 24, 195–211. doi: 
10.1002/imhj.10052

Gunnar, M. R., and Donzella, B. (2002). Social regulation of the cortisol levels 
in early human development. Psychoneuroendocrinology 27, 199–220. doi: 
10.1016/S0306-4530(01)00045-2

Gust, D. A., Wilson, M. E., Stocker, T., Conrad, S., Plotsky, P. M., and 
Gordon, T. P. (2000). Activity of the hypothalamic-pituitary-adrenal axis is 
altered by aging and exposure to social stress in female rhesus monkeys. 
J. Clin. Endocrinol. Metab. 85, 2556–2563. doi: 10.1210/jcem.85.7.6696

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1016/S0140-6736(05)66617-2
https://doi.org/10.1111/j.1469-7610.2010.02314.x
https://doi.org/10.1016/j.psyneuen.2016.10.005
https://doi.org/10.1016/j.psyneuen.2016.10.005
https://doi.org/10.1016/j.psyneuen.2011.12.016
https://doi.org/10.1210/jc.2015-3694
https://doi.org/10.1074/jbc.274.33.23128
https://doi.org/10.1074/jbc.272.13.8179
https://doi.org/10.1016/s0306-4530(99)00009-8
https://doi.org/10.1371/journal.pbio.0050078
https://doi.org/10.1530/JOE-20-0173
https://doi.org/10.1093/ije/dyp277
https://doi.org/10.1542/peds.106.1.e2
https://doi.org/10.1038/s41598-017-04535-6
https://doi.org/10.2337/db19-1153
https://doi.org/10.1176/appi.ajp.2011.11071009
https://doi.org/10.1098/rsos.160032
https://doi.org/10.1038/s41598-018-36681-w
https://doi.org/10.1038/s41598-018-36681-w
https://doi.org/10.1152/ajpendo.00045.2019
https://doi.org/10.1113/JP278088
https://doi.org/10.1530/JOE-19-0358
https://doi.org/10.2471/BLT.11.091850
https://doi.org/10.1126/science.286.5442.1155
https://doi.org/10.1016/j.ajog.2003.12.016
https://doi.org/10.1093/epirev/mxh008
https://doi.org/10.1016/j.annepidem.2005.06.053
https://doi.org/10.1016/j.annepidem.2005.06.053
https://doi.org/10.1167/iovs.17-23319
https://doi.org/10.3389/fcell.2021.727037
https://doi.org/10.3389/fcell.2021.727037
https://doi.org/10.1038/s41598-020-68040-z
https://doi.org/10.1038/s41598-020-68040-z
https://doi.org/10.1002/dev.21142
https://doi.org/10.1002/dev.21142
https://doi.org/10.1016/s0029-7844(01)01410-7
https://doi.org/10.1001/jama.1995.03520290065031
https://doi.org/10.1002/ajhb.20590
https://doi.org/10.1016/j.molcel.2009.11.018
https://doi.org/10.1002/cphy.c130044
https://doi.org/10.1002/cphy.c130044
https://doi.org/10.1177/1559325819889819
https://doi.org/10.1111/j.1467-8624.1996.tb01770.x
https://doi.org/10.1111/j.1467-8624.1996.tb01770.x
https://doi.org/10.1002/(SICI)1098-2302(199604)29:3<191::AID-DEV1>3.0.CO;2-M
https://doi.org/10.1002/imhj.10052
https://doi.org/10.1016/S0306-4530(01)00045-2
https://doi.org/10.1210/jcem.85.7.6696


Gans and Coffman Glucocorticoid-Mediated Developmental Programming

Frontiers in Physiology | www.frontiersin.org 19 December 2021 | Volume 12 | Article 812195

Gutteling, B. M., De Weerth, C., and Buitelaar, J. K. (2005). Prenatal stress 
and children’s cortisol reaction to the first day of school. 
Psychoneuroendocrinology 30, 541–549. doi: 10.1016/j.psyneuen.2005. 
01.002

Hackett, R. A., Steptoe, A., and Kumari, M. (2014). Association of diurnal 
patterns in salivary cortisol with type 2 diabetes in the Whitehall II study. 
J. Clin. Endocrinol. Metab. 99, 4625–4631. doi: 10.1210/jc.2014-2459

Hakamata, Y., Komi, S., Moriguchi, Y., Izawa, S., Motomura, Y., Sato, E., et al. 
(2017). Amygdala-centred functional connectivity affects daily cortisol 
concentrations: A putative link with anxiety. Sci. Rep. 7:8313. doi: 10.1038/
s41598-017-08918-7

Hales, C. N., and Barker, D. J. P. (2001). The thrifty phenotype hypothesis. 
Br. Med. Bull. 60, 5–20. doi: 10.1093/bmb/60.1.5

Harris, A., and Seckl, J. (2011). Glucocorticoids, prenatal stress and the programming 
of disease. Horm. Behav. 59, 279–289. doi: 10.1016/j.yhbeh.2010.06.007

Hartig, E. I., Zhu, S., King, B. L., and Coffman, J. A. (2020). Chronic cortisol 
exposure in early development leads to neuroendocrine dysregulation in 
adulthood. BMC. Res. Notes 13:366. doi: 10.1186/s13104-020-05208-w

Hartig, E. I., Zhu, S., King, B. L., Coffman, J. A., Anders, S., Pyl, P. T., et al. 
(2016). Cortisol-treated zebrafish embryos develop into pro-inflammatory 
adults with aberrant immune gene regulation. Biol. Open 5, 1134–1141. 
doi: 10.1242/bio.020065

Häusl, A. S., Brix, L. M., Hartmann, J., Pöhlmann, M. L., Lopez, J., Menegaz, D., 
et al. (2021). The co-chaperone Fkbp5 shapes the acute stress response in 
the paraventricular nucleus of the hypothalamus of male mice. Mol. Psych. 
26, 3060–3076. doi: 10.1038/s41380-021-01044-x

Hench, P. S., Kendall, E. C., Slocumb, C. H., and Polley, H. F. (1949). Adrenocortical 
hormone in arthritis : preliminary report. Ann. Rheum. Dis. 8, 97–104. doi: 
10.1136/ard.8.2.97

Higuchi, M. (2020). Maternal stress suppresses cell proliferation in the forebrain 
of zebrafish larvae. Genes Cells 25, 350–357. doi: 10.1111/gtc.12761

Howe, K., Clark, M. D., Torroja, C. F., Torrance, J., Berthelot, C., Muffato, M., 
et al. (2013). The zebrafish reference genome sequence and its relationship 
to the human genome. Nature 496, 498–503. doi: 10.1038/nature12111

Hsieh, P. N., Fan, L., Sweet, D. R., and Jain, M. K. (2018). The Krüppel-like 
factors and control of energy homeostasis. Endocr. Rev. 40, 137–152. doi: 
10.1210/er.2018-00151

Huang, W. L., Harper, C. G., Evans, S. F., Newnham, J. P., and Dunlop, S. A. 
(2001). Repeated prenatal corticosteroid administration delays myelination 
of the corpus callosum in fetal sheep. Int. J. Dev. Neurosci. 19, 415–425. 
doi: 10.1016/S0736-5748(01)00026-0

Huizink, A. C., Dick, D. M., Sihvola, E., Pulkkinen, L., Rose, R. J., and Kaprio, J. 
(2007). Chernobyl exposure as stressor during pregnancy and behaviour in 
adolescent offspring. Acta Psychiatr. Scand. 116, 438–446. doi: 
10.1111/j.1600-0447.2007.01050.x

Ikegami, M., Jobe, A. H., Newnham, J., Polk, D. H., Willet, K. E., and Sly, P. 
(1997). Repetitive prenatal glucocorticoids improve lung function and decrease 
growth in preterm lambs. Am. J. Respir. Crit. Care Med. 156, 178–184. doi: 
10.1164/ajrccm.156.1.9612036

Imataka, H., Sogawa, K., Yasumoto, K., Kikuchi, Y., Sasano, K., Kobayashi, A., 
et al. (1992). Two regulatory proteins that bind to the basic transcription 
element (BTE), a GC box sequence in the promoter region of the rat 
P-4501A1 gene. EMBO J. 11, 3663–3671. doi: 10.1002/j.1460-2075.1992.
tb05451.x

Jameson, R. R., Seidler, F. J., Qiao, D., and Slotkin, T. A. (2006). Adverse 
neurodevelopmental effects of dexamethasone modeled in PC12 cells: 
identifying the critical stages and concentration thresholds for the targeting 
of cell acquisition, differentiation and viability. Neuropsychopharmacology 
31, 1647–1658. doi: 10.1038/sj.npp.1300967

Jankord, R., and Herman, J. P. (2008). Limbic regulation of hypothalamo-
pituitary-adrenocortical function during acute and chronic stress. Ann. 
N Y Acad. Sci. 1148, 64–73. doi: 10.1196/annals.1410.012

Jasper, M. S., and Engeland, W. C. (1991). Synchronous ultradian rhythms in 
adrenocortical secretion detected by microdialysis in awake rats. Am. J. 
Physiol. Regul. Integr. Comp. Physiol. 261, R1257–R1268. doi: 10.1152/
ajpregu.1991.261.5.R1257

Jeffrey, J. D., and Gilmour, K. M. (2016). Programming of the hypothalamic-
pituitary-interrenal axis by maternal social status in zebrafish (Danio rerio). 
J. Exp. Biol. 219, 1734–1743. doi: 10.1242/jeb.138826

Jensen Peña, C., Monk, C., and Champagne, F. A. (2012). Epigenetic effects 
of prenatal stress on 11β-Hydroxysteroid Dehydrogenase-2  in the placenta 
and Fetal brain. PLoS One 7:e39791. doi: 10.1371/journal.pone.0039791

Jiang, J., Chan, Y. S., Loh, Y. H., Cai, J., Tong, G. Q., Lim, C. A., et al. (2008). 
A core Klf circuitry regulates self-renewal of embryonic stem cells. Nat. 
Cell Biol. 10, 353–360. doi: 10.1038/ncb1698

Joseph, J. J., and Golden, S. H. (2017). Cortisol dysregulation: the bidirectional 
link between stress, depression, and type 2 diabetes mellitus. Ann. N. Y. 
Acad. Sci. 1391, 20–34. doi: 10.1111/nyas.13217

Juster, R. P., McEwen, B. S., and Lupien, S. J. (2010). Allostatic load biomarkers 
of chronic stress and impact on health and cognition. Neurosci. Biobehav. 
Rev. 35, 2–16. doi: 10.1016/j.neubiorev.2009.10.002

Juster, R. P., Sindi, S., Marin, M. F., Perna, A., Hashemi, A., Pruessner, J. C., 
et al. (2011). A clinical allostatic load index is associated with burnout 
symptoms and hypocortisolemic profiles in healthy workers. 
Psychoneuroendocrinology 36, 797–805. doi: 10.1016/j.psyneuen.2010.11.001

Juszczak, G. R., and Stankiewicz, A. M. (2017). Glucocorticoids, genes and 
brain function. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 82, 136–168. 
doi: 10.1016/j.pnpbp.2017.11.020

Kalsbeek, A., van der Spek, R., Lei, J., Endert, E., Buijs, R. M., and Fliers, E. 
(2012). Circadian rhythms in the hypothalamo-pituitary-adrenal (HPA) axis. 
Mol. Cell. Endocrinol. 349, 20–29. doi: 10.1016/j.mce.2011.06.042

Karlamangla, A. S., Singer, B. H., McEwen, B. S., Rowe, J. W., and Seeman, T. E. 
(2002). Allostatic load as a predictor of functional decline: MacArthur studies 
of successful aging. J. Clin. Epidemiol. 55, 696–710. doi: 10.1016/
S0895-4356(02)00399-2

Karlamangla, A. S., Singer, B. H., and Seeman, T. E. (2006). Reduction in 
allostatic load in older adults is associated with lower all-cause mortality 
risk: MacArthur studies of successful aging. Psychosom. Med. 68, 500–507. 
doi: 10.1097/01.psy.0000221270.93985.82

Katz, D. A., Sprang, G., and Cooke, C. (2012). The cost of chronic stress in 
childhood: understanding and applying the concept of allostatic load. 
Psychodyn. Psychiatry 40, 469–480. doi: 10.1521/pdps.2012.40.3.469

King, S., and Laplante, D. P. (2005). The effects of prenatal maternal stress on 
children’s cognitive development: project ice storm. Stress 8, 35–45. doi: 
10.1080/10253890500108391

Kinner, V. L., Wolf, O. T., and Merz, C. J. (2018). Cortisol increases the return 
of fear by strengthening amygdala signaling in men 91, 79–85. doi: 10.1016/j.
psyneuen.2018.02.020

Klengel, T., Mehta, D., Anacker, C., Rex-Haffner, M., Pruessner, J. C., 
Pariante, C. M., et al. (2012). Allele-specific FKBP5 DNA demethylation 
mediates gene-childhood trauma interactions. Nat. Neurosci. 16, 33–41. doi: 
10.1038/nn.3275

Klevecz, R. R., Bolen, J., Forrest, G., and Murray, D. B. (2004). A genomewide 
oscillation in transcription gates DNA replication and cell cycle. Proc. Natl. 
Acad. Sci. U. S. A. 101, 1200–1205. doi: 10.1073/pnas.0306490101

Knoedler, J. R., Avila-Mendoza, J., Subramani, A., and Denver, R. J. (2020). 
The paralogous Kruppel-like factors 9 and 13 regulate the mammalian cellular 
circadian clock output gene Dbp. J. Biol. Rhythm. 35, 257–274. doi: 
10.1177/0748730420913205

Knoedler, J. R., and Denver, R. J. (2014). Krüppel-like factors are effectors of 
nuclear receptor signaling. Gen. Comp. Endocrinol. 203, 49–59. doi: 10.1016/j.
ygcen.2014.03.003

Knoedler, J. R., Saenz de Miera, C., Subramani, A., and Denver, R. J. (2021). An 
intact Krüppel-like factor 9 gene is required for acute liver period 1 mRNA 
response to restraint stress. Endocrinology 162, 1–8. doi: 10.1210/endocr/bqab083

Knoedler, J. R., Subramani, A., and Denver, R. J. (2017). The Krüppel-like 
factor 9 cistrome in mouse hippocampal neurons reveals predominant 
transcriptional repression via proximal promoter binding. BMC Genomics 
18:299. doi: 10.1186/s12864-017-3640-7.d

Kokkinopoulou, I., and Moutsatsou, P. (2021). Mitochondrial glucocorticoid 
receptors and their actions. Int. J. Mol. Sci. 22:6054. doi: 10.3390/ijms22116054

Kuo, T., McQueen, A., Chen, T. C., and Wang, J. C. (2015). Regulation of 
glucose homeostasis by glucocorticoids. Adv. Exp. Med. Biol. 872, 99–126. 
doi: 10.1007/978-1-4939-2895-8_5

Kwan, W., Cortes, M., Frost, I., Esain, V., Theodore, L. N., Liu, S. Y., et al. 
(2016). The central nervous system regulates embryonic HSPC production 
via stress-responsive glucocorticoid receptor Signaling. Cell Stem Cell 19, 
370–382. doi: 10.1016/j.stem.2016.06.004

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1016/j.psyneuen.2005.01.002
https://doi.org/10.1016/j.psyneuen.2005.01.002
https://doi.org/10.1210/jc.2014-2459
https://doi.org/10.1038/s41598-017-08918-7
https://doi.org/10.1038/s41598-017-08918-7
https://doi.org/10.1093/bmb/60.1.5
https://doi.org/10.1016/j.yhbeh.2010.06.007
https://doi.org/10.1186/s13104-020-05208-w
https://doi.org/10.1242/bio.020065
https://doi.org/10.1038/s41380-021-01044-x
https://doi.org/10.1136/ard.8.2.97
https://doi.org/10.1111/gtc.12761
https://doi.org/10.1038/nature12111
https://doi.org/10.1210/er.2018-00151
https://doi.org/10.1016/S0736-5748(01)00026-0
https://doi.org/10.1111/j.1600-0447.2007.01050.x
https://doi.org/10.1164/ajrccm.156.1.9612036
https://doi.org/10.1002/j.1460-2075.1992.tb05451.x
https://doi.org/10.1002/j.1460-2075.1992.tb05451.x
https://doi.org/10.1038/sj.npp.1300967
https://doi.org/10.1196/annals.1410.012
https://doi.org/10.1152/ajpregu.1991.261.5.R1257
https://doi.org/10.1152/ajpregu.1991.261.5.R1257
https://doi.org/10.1242/jeb.138826
https://doi.org/10.1371/journal.pone.0039791
https://doi.org/10.1038/ncb1698
https://doi.org/10.1111/nyas.13217
https://doi.org/10.1016/j.neubiorev.2009.10.002
https://doi.org/10.1016/j.psyneuen.2010.11.001
https://doi.org/10.1016/j.pnpbp.2017.11.020
https://doi.org/10.1016/j.mce.2011.06.042
https://doi.org/10.1016/S0895-4356(02)00399-2
https://doi.org/10.1016/S0895-4356(02)00399-2
https://doi.org/10.1097/01.psy.0000221270.93985.82
https://doi.org/10.1521/pdps.2012.40.3.469
https://doi.org/10.1080/10253890500108391
https://doi.org/10.1016/j.psyneuen.2018.02.020
https://doi.org/10.1016/j.psyneuen.2018.02.020
https://doi.org/10.1038/nn.3275
https://doi.org/10.1073/pnas.0306490101
https://doi.org/10.1177/0748730420913205
https://doi.org/10.1016/j.ygcen.2014.03.003
https://doi.org/10.1016/j.ygcen.2014.03.003
https://doi.org/10.1210/endocr/bqab083
https://doi.org/10.1186/s12864-017-3640-7.d
https://doi.org/10.3390/ijms22116054
https://doi.org/10.1007/978-1-4939-2895-8_5
https://doi.org/10.1016/j.stem.2016.06.004


Gans and Coffman Glucocorticoid-Mediated Developmental Programming

Frontiers in Physiology | www.frontiersin.org 20 December 2021 | Volume 12 | Article 812195

Lakshminarasimhan, H., and Chattarji, S. (2012). Stress leads to contrasting 
effects on the levels of brain derived neurotrophic factor in the hippocampus 
and amygdala. PLoS One 7:e30481. doi: 10.1371/journal.pone.0030481

Lee, H. B., Schwab, T. L., Sigafoos, A. N., Gauerke, J. L., Krug, R. G. 2nd., 
Serres, M. R., et al. (2019). Novel zebrafish behavioral assay to identify 
modifiers of the rapid, nongenomic stress response. Genes Brain Behav. 
18:e12549. doi: 10.1111/gbb.12549

Levine, S., and Lewis, G. W. (1959). Critical period for effects of infantile 
experience on maturation of stress response. Science 129, 42–43. doi: 10.1126/
science.129.3340.42

Lewinn, K. Z., Stroud, L. R., Molnar, B. E., Ware, J. H., Koenen, K. C., and 
Buka, S. L. (2009). Elevated maternal cortisol levels during pregnancy are 
associated with reduced childhood IQ. Int. J. Epidemiol. 38, 1700–1710. doi: 
10.1093/ije/dyp200

Li, J., Olsen, J., Vestergaard, M., Obel, C., Baker, J. L., and Sørensen, T. I. A. 
(2010). Prenatal stress exposure related to maternal bereavement and risk 
of childhood overweight. PLoS One 5:e11896. doi: 10.1371/journal.pone. 
0011896

Li, J., Robinson, M., Malacova, E., Jacoby, P., Foster, J., and Van Eekelen, A. 
(2013). Maternal life stress events in pregnancy link to children’s school 
achievement at age 10 years. J. Pediatr. 162, 483–489. doi: 10.1016/j.
jpeds.2012.09.007

Li, C., Tan, X. F., Lim, T. K., Lin, Q., and Gong, Z. (2016). Comprehensive 
and quantitative proteomic analyses of zebrafish plasma reveals conserved 
protein profiles between genders and between zebrafish and human. Sci. 
Rep. 6, 1–15. doi: 10.1038/srep24329

Licht, J. D., Grossel, M. J., Figge, J., and Hansen, U. M. (1990). Drosophila 
Krüppel protein is a transcriptional represser. Nature 346, 76–79. doi: 
10.1038/346076a0

Liggins, G. C. (1969). Premature delivery of foetal lambs infused with 
glucocorticoids. J. Endocrinol. 45, 515–523. doi: 10.1677/joe.0.0450515

Lili, L. N., Klopot, A., Readhead, B., Baida, G., Dudley, J. T., and Budunova, I. 
(2019). Transcriptomic network interactions in human skin treated with 
topical glucocorticoid Clobetasol propionate. J. Invest. Dermatol. 139, 
2281–2291. doi: 10.1016/j.jid.2019.04.021

Lindsay, R. S., Lindsay, R. M., Waddell, B. J., and Seckl, J. R. (1996). Prenatal 
glucocorticoid exposure leads to offspring hyperglycaemia in the rat: studies 
with the 11 b-hydroxysteroid dehydrogenase inhibitor carbenoxolone. 
Diabetologia 39, 1299–1305. doi: 10.1007/s001250050573

Linkowski, P., Mendlewicz, J., Kerkhofs, M., Leclercq, R., Golstein, J., Brasseur, M., 
et al. (1987). 24-hour profiles of adrenocorticotropin, cortisol, and growth 
hormone in major depressive illness: effect of antidepressant treatment. J. 
Clin. Endocrinol. Metab. 65, 141–152. doi: 10.1210/jcem-65-1-141

Liu, D., Diorio, J., Tannenbaum, B., Caldji, C., Francis, D., Freedman, A., et al. 
(1997). Maternal care, hippocampal glucocorticoid receptors, and hypothalamic- 
pituitary-adrenal responses to stress. Science 277, 1659–1662. doi: 10.1126/
science.277.5332.1659

Liu, Y., Tsinoremas, N. F., Johnson, C. H., Lebedeva, N. V., Golden, S. S., 
Ishiura, M., et al. (1995). Circadian orchestration of gene expression in 
cyanobacteria. Genes Dev. 9, 1469–1478. doi: 10.1101/gad.9.12.1469

Lloyd, D., and Murray, D. B. (2005). Ultradian metronome: timekeeper for 
orchestration of cellular coherence. Trends Biochem. Sci. 30, 373–377. doi: 
10.1016/j.tibs.2005.05.005

Lupien, S. J., Buss, C., Schramek, T. E., Maheu, F., and Pruessner, J. (2005). 
Hormetic influence of glucocorticoids on human memory. Nonlinearity Biol. 
Toxicol. Med. 3, 23–56. doi: 10.2201/nonlin.003.01.003

Lupien, S. J., King, S., Meaney, M. J., and McEwen, B. S. (2000). Child’s stress 
hormone levels correlate with mother’s socioeconomic status and depressive 
state. Biol. Psychiatry 48, 976–980. doi: 10.1016/S0006-3223(00)00965-3

Ma, W., Trusina, A., El-Samad, H., Lim, W. A., and Tang, C. (2009). Defining 
network topologies that can achieve biochemical adaptation. Cell 138, 760–773. 
doi: 10.1016/j.cell.2009.06.013

Mairesse, J., Lesage, J., Breton, C., Bréant, B., Hahn, T., Darnaudéry, M., et al. 
(2007). Maternal stress alters endocrine function of the feto-placental unit 
in rats. Am. J. Physiol. Endocrinol. Metab. 292, E1526–E1533. doi: 10.1152/
ajpendo.00574.2006

Majzoub, J. A., and Karalis, K. P. (1999). Placental corticotropin-releasing 
hormone: function and regulation. Am. J. Obstet. Gynecol. 180, S242–S246. 
doi: 10.1016/S0002-9378(99)70708-8

Mangan, S., and Alon, U. (2003). Structure and function of the feed-forward 
loop network motif. Proc. Natl. Acad. Sci. U. S. A. 100, 11980–11985. doi: 
10.1073/pnas.2133841100

Maradonna, F., Gioacchini, G., Notarstefano, V., Fontana, C. M., Citton, F., 
Dalla Valle, L., et al. (2020). Knockout of the glucocorticoid receptor impairs 
reproduction in female zebrafish. Int. J. Mol. Sci. 21:9076. doi: 10.3390/
ijms21239073

Marchi, D., Santhakumar, K., Markham, E., Li, N., Storbeck, K. H., Krone, N., 
et al. (2020). Bidirectional crosstalk between hypoxia-inducible factor and 
glucocorticoid signalling in zebrafish larvae. PLoS Genet. 16:e1008757. doi: 
10.1371/journal.pgen.1008757

Mauss, D., Li, J., Schmidt, B., Angerer, P., and Jarczok, M. N. (2015). Measuring 
allostatic load in the workforce: A systematic review. Ind. Health 53, 5–20. 
doi: 10.2486/indhealth.2014-0122

McConnell, B. B., and Yang, V. W. (2010). Mammalian Krüppel-Like factors in 
health and diseases. Physiol. Rev. 90, 1337–1381. doi: 10.1152/physrev.00058.2009

McEwen, B. (1998). Protective and damaging effects of stress mediators. N. 
Engl. J. Med. 338, 171–179. doi: 10.1056/NEJM199801153380307

McEwen, B. S., Nasca, C., and Gray, J. D. (2016). Stress effects on neuronal 
structure: hippocampus, amygdala, and prefrontal cortex. 
Neuropsychopharmacology 41, 3–23. doi: 10.1038/npp.2015.171

Mergenthaler, P., Lindauer, U., Dienel, G. A., and Meisel, A. (2013). Sugar for 
the brain: The role of glucose in physiological and pathological brain function. 
Trends Neurosci. 36, 587–597. doi: 10.1016/j.tins.2013.07.001

Miller, G. E., Chen, E., Fok, A. K., Walker, H., Lim, A., Nicholls, E. F., 
et al. (2009). Low early-life social class leaves a biological residue manifested 
by decreased glucocorticoid and increased proinflammatory signaling. 
Proc. Natl. Acad. Sci. U. S. A. 106, 14716–14721. doi: 10.1073/pnas. 
0902971106

Mitchell, D. L., and DiMario, J. X. (2010). Bimodal, reciprocal regulation of 
fibroblast growth factor receptor 1 promoter activity by BTEB1/KLF9 during 
myogenesis. Mol. Biol. Cell 21, 2780–2787. doi: 10.1091/mbc.E10- 
04-0290

Monaghan, P., and Haussmann, M. F. (2015). The positive and negative 
consequences of stressors during early life. Early Hum. Dev. 91, 643–647. 
doi: 10.1016/j.earlhumdev.2015.08.008

Morbiato, E., Frigato, E., Dinarello, A., Maradonna, F., Facchinello, N., Argenton, F., 
et al. (2019). Feeding entrainment of the Zebrafish circadian clock is regulated 
by the glucocorticoid receptor. Cell 8:1342. doi: 10.3390/cells8111342

Mostafa, M. M., Bansal, A., Michi, A. N., Sasse, S. K., Proud, D., Gerber, A. N., 
et al. (2021). Genomic determinants implicated in the glucocorticoid-mediated 
induction of KLF9  in pulmonary epithelial cells 296:100065. doi: 10.1074/
jbc.RA120.015755

Murphy, B. P., Inder, T. E., Huppi, P. S., Warfield, S., Zientara, G. P., Kikinis, R., 
et al. (2001). Impaired cerebral cortical gray matter growth after treatment 
with dexamethasone for neonatal chronic lung disease. Pediatrics 107, 217–221. 
doi: 10.1542/peds.107.2.217

Murphy, V. E., Smith, R., Giles, W. B., and Clifton, V. L. (2006). Endocrine 
regulation of human fetal growth: The role of the mother, placenta, and 
fetus. Endocr. Rev. 27, 141–169. doi: 10.1210/er.2005-0011

Muto, A., Taylor, M. R., Suzawa, M., Korenbrot, J. I., and Baier, H. (2013). 
Glucocorticoid receptor activity regulates light adaptation in the zebrafish 
retina. Front. Neural Circuits 7:145. doi: 10.3389/fncir.2013.00145

Nader, N., Chrousos, G. P., and Kino, T. (2009). Circadian rhythm transcription 
factor CLOCK regulates the transcriptional activity of the glucocorticoid 
receptor by acetylating its hinge region lysine cluster: potential physiological 
implications. FASEB J. 23, 1572–1583. doi: 10.1096/fj.08-117697

Neeley, E. W., Berger, R., Koenig, J. I., and Leonard, S. (2011). Strain dependent 
effects of prenatal stress on gene expression in the rat hippocampus. Physiol. 
Behav. 104, 334–339. doi: 10.1016/j.physbeh.2011.02.032

Nesan, D., and Vijayan, M. M. (2012). Embryo exposure to elevated cortisol 
level leads to cardiac performance dysfunction in zebrafish 363, 85–91. doi: 
10.1016/j.mce.2012.07.010

Nesan, D., and Vijayan, M. M. (2016). Maternal cortisol mediates hypothalamus-
pituitary-interrenal axis development in zebrafish. Sci. Rep. 6, 1–11. doi: 
10.1038/srep22582

Newnham, J. P., Evans, S. F., Godfrey, M., Huang, W., Ikegami, M., and Jobe, A. 
(1999). Maternal, but not fetal, administration of corticosteroids restricts 

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1371/journal.pone.0030481
https://doi.org/10.1111/gbb.12549
https://doi.org/10.1126/science.129.3340.42
https://doi.org/10.1126/science.129.3340.42
https://doi.org/10.1093/ije/dyp200
https://doi.org/10.1371/journal.pone.0011896
https://doi.org/10.1371/journal.pone.0011896
https://doi.org/10.1016/j.jpeds.2012.09.007
https://doi.org/10.1016/j.jpeds.2012.09.007
https://doi.org/10.1038/srep24329
https://doi.org/10.1038/346076a0
https://doi.org/10.1677/joe.0.0450515
https://doi.org/10.1016/j.jid.2019.04.021
https://doi.org/10.1007/s001250050573
https://doi.org/10.1210/jcem-65-1-141
https://doi.org/10.1126/science.277.5332.1659
https://doi.org/10.1126/science.277.5332.1659
https://doi.org/10.1101/gad.9.12.1469
https://doi.org/10.1016/j.tibs.2005.05.005
https://doi.org/10.2201/nonlin.003.01.003
https://doi.org/10.1016/S0006-3223(00)00965-3
https://doi.org/10.1016/j.cell.2009.06.013
https://doi.org/10.1152/ajpendo.00574.2006
https://doi.org/10.1152/ajpendo.00574.2006
https://doi.org/10.1016/S0002-9378(99)70708-8
https://doi.org/10.1073/pnas.2133841100
https://doi.org/10.3390/ijms21239073
https://doi.org/10.3390/ijms21239073
https://doi.org/10.1371/journal.pgen.1008757
https://doi.org/10.2486/indhealth.2014-0122
https://doi.org/10.1152/physrev.00058.2009
https://doi.org/10.1056/NEJM199801153380307
https://doi.org/10.1038/npp.2015.171
https://doi.org/10.1016/j.tins.2013.07.001
https://doi.org/10.1073/pnas.0902971106
https://doi.org/10.1073/pnas.0902971106
https://doi.org/10.1091/mbc.E10-04-0290
https://doi.org/10.1091/mbc.E10-04-0290
https://doi.org/10.1016/j.earlhumdev.2015.08.008
https://doi.org/10.3390/cells8111342
https://doi.org/10.1074/jbc.RA120.015755
https://doi.org/10.1074/jbc.RA120.015755
https://doi.org/10.1542/peds.107.2.217
https://doi.org/10.1210/er.2005-0011
https://doi.org/10.3389/fncir.2013.00145
https://doi.org/10.1096/fj.08-117697
https://doi.org/10.1016/j.physbeh.2011.02.032
https://doi.org/10.1016/j.mce.2012.07.010
https://doi.org/10.1038/srep22582


Gans and Coffman Glucocorticoid-Mediated Developmental Programming

Frontiers in Physiology | www.frontiersin.org 21 December 2021 | Volume 12 | Article 812195

fetal growth. J. Matern. Fetal Med. 8, 81–87. doi: 10.1002/(SICI)1520-6661
(199905/06)8:3<81::AID-MFM3>3.0.CO;2-N

Noël, E. S., Dos Reis, M., Arain, Z., and Ober, E. A. (2010). Analysis of the 
albumin/α-fetoprotein/Afamin/Group specific component gene family in the 
context of zebrafish liver differentiation. Gene Expr. Patterns 10, 237–243. 
doi: 10.1016/j.gep.2010.05.002

O’Connor, T. G., Bergman, K., Sarkar, P., and Glover, V. (2013). Prenatal cortisol 
exposure predicts infant cortisol response to acute stress. Dev. Psychobiol. 
55, 145–155. doi: 10.1002/dev.21007

O’Donnell, K. J., Glover, V., Jenkins, J., Browne, D., Ben-Shlomo, Y., Golding, J., 
et al. (2013). Prenatal maternal mood is associated with altered diurnal 
cortisol in adolescence. Psychoneuroendocrinology 38, 1630–1638. doi: 10.1016/j.
psyneuen.2013.01.008

Oster, H., Challet, E., Ott, V., Arvat, E., de Kloet, E. R., Dijk, D.-J., et al. 
(2016). The functional and clinical significance of the 24-h rhythm of 
circulating glucocorticoids. Endocr. Rev. 38, 3–45. doi: 10.1210/er.2015-1080

Panettieri, R. A., Schaafsma, D., Amrani, Y., Koziol-White, C., Ostrom, R., 
and Tliba, O. (2019). Non-genomic effects of glucocorticoids: An updated 
view. Trends Pharmacol. Sci. 40, 38–49. doi: 10.1016/j.tips.2018.11.002

Picard, M., Juster, R.-P., and McEwen, B. S. (2014). Mitochondrial allostatic 
load puts the “gluc” back in glucocorticoids. Nat. Publ. Gr. 10, 303–310. 
doi: 10.1038/nrendo.2014.22

Pikulkaew, S., Benato, F., Celeghin, A., Zucal, C., Skobo, T., Colombo, L., et al. 
(2011). The knockdown of maternal glucocorticoid receptor mRNA alters 
embryo development in zebrafish. Dev. Dyn. 240, 874–889. doi: 10.1002/
dvdy.22586

Pollak, N. M., Hoffman, M., Goldberg, I. J., and Drosatos, K. (2018). Krüppel-
like factors: crippling and uncrippling metabolic pathways. JACC Basic Transl. 
Sci. 3, 132–156. doi: 10.1016/j.jacbts.2017.09.001

Potashkin, J. A., Bottero, V., Santiago, J. A., and Quinn, J. P. (2019). Computational 
identification of key genes that may regulate gene expression reprogramming 
in Alzheimer’s patients. PLoS One 14:e0222921. doi: 10.1371/journal.pone.0222921

Pratsinis, H., Tsagarakis, S., Zervolea, I., Stathakos, D., Thalassinos, N., and 
Kletsas, D. (2006). The unexpected anabolic phenotype and extended longevity 
of skin fibroblasts after chronic glucocorticoid excess. Dose-Response 4, 
133–144. doi: 10.2203/dose-response.05-007.Pratsinis

Priebe, K., Brake, W. G., Romeo, R. D., Sisti, H. M., Mueller, A., McEwen, B. S., 
et al. (2005). Maternal influences on adult stress and anxiety-like behavior 
in C57BL/6J and BALB/CJ mice: A cross-fostering study. Dev. Psychobiol. 
47, 398–407. doi: 10.1002/dev.20098

Provençal, N., Arloth, J., Cattaneo, A., Anacker, C., Cattane, N., Wiechmann, T., 
et al. (2020). Glucocorticoid exposure during hippocampal neurogenesis 
primes future stress response by inducing changes in DNA methylation. 
Proc. Natl. Acad. Sci. U. S. A. 117, 23280–23285. doi: 10.1073/pnas.1820842116

Räikkönen, K., Gissler, M., and Kajantie, E. (2020). Associations between maternal 
antenatal corticosteroid treatment and mental and Behavioral disorders in 
children. J. Am. Med. Assoc. 323, 1924–1933. doi: 10.1001/jama.2020.3937

Rankin, J., Walker, J. J., Windle, R., Lightman, S. L., and Terry, J. R. (2012). 
Characterizing dynamic interactions between ultradian glucocorticoid 
rhythmicity and acute stress using the phase response curve. PLoS One 
7:e30978. doi: 10.1371/journal.pone.0030978

Reddy, T. E., Pauli, F., Sprouse, R. O., Neff, N. F., Newberry, K. M., Garabedian, M. J., 
et al. (2009). Genomic determination of the glucocorticoid response reveals 
unexpected mechanisms of gene regulation. Genome Res. 19, 2163–2171. 
doi: 10.1101/gr.097022.109

Reeves, G. T. (2019). The engineering principles of combining a transcriptional 
incoherent feedforward loop with negative feedback. J. Biol. Eng. 13:62. doi: 
10.1186/s13036-019-0190-3

Reul, J. M. H. M., and De Kloet, E. R. (1985). Two receptor systems for 
corticosterone in rat brain: microdistribution and differential occupation. 
Endocrinology 117, 2505–2511. doi: 10.1210/endo-117-6-2505

Rice, F., Harold, G. T., Boivin, J., Van Den Bree, M., Hay, D. F., and Thapar, A. 
(2010). The links between prenatal stress and offspring development and 
psychopathology: disentangling environmental and inherited influences. 
Psychol. Med. 40, 335–342. doi: 10.1017/S0033291709005911

Roberts, D., Brown, J., Medley, N., and Dalziel, S. R. (2017). Antenatal 
corticosteroids for accelerating fetal lung maturation for women at risk of 
preterm birth. Cochrane Database Syst. Rev. 3:CD004454. doi: 10.1002/14651858.
CD004454.pub3

Ronald, A., Pennell, C. E., and Whitehouse, A. J. O. (2011). Prenatal maternal 
stress associated with ADHD and autistic traits in early childhood. Front. 
Psychol. 1:223. doi: 10.3389/fpsyg.2010.00223

Rosenfeld, P., Suchecki, D., Levine, S., and Suchecki, D. (1992). Multifactorial 
regulation of the hypothalamic-pituitary-adrenal axis during development. 
Neurosci. Biobehav. Rev. 16, 553–568. doi: 10.1016/s0149-7634(05)80196-4

Sacta, M. A., Chinenov, Y., and Rogatsky, I. (2016). Glucocorticoid Signaling: 
An update from a genomic perspective. Annu. Rev. Physiol. 78, 155–180. 
doi: 10.1146/annurev-physiol-021115-105323

Sandman, C. A., Glynn, L. M., Davis, E. P., Sandman, C. A., Glynn, L. M., 
and Davis, E. P. (2016). Neurobehavioral consequences of fetal exposure to 
gestational stress. Expert. Rev. Endocrinol. Metab. 7, 445–459. doi: 
10.1007/978-3-319-22023-9_13

Sarabdjitsingh, R. A., Conway-Campbell, B. L., Leggett, J. D., Waite, E. J., 
Meijer, O. C., De Kloet, E. R., et al. (2010). Stress responsiveness varies 
over the ultradian glucocorticoid cycle in a brain-region-specific manner. 
Endocrinology 151, 5369–5379. doi: 10.1210/en.2010-0832

Schibler, U., Gotic, I., Saini, C., Gos, P., Curie, T., Emmenegger, Y., et al. 
(2015). Clock-talk: interactions between central and peripheral circadian 
oscillators in mammals. Cold Spring Harb. Symp. Quant. Biol. 80, 223–232. 
doi: 10.1101/sqb.2015.80.027490

Seeman, T. E. (1997). Price of adaptation—allostatic load and its health consequences. 
Arch. Intern. Med. 157, 2259–2268. doi: 10.1001/archinte.1997.00440400111013

Shams, M., Kilby, M. D., Somerset, D. A., Howie, A. J., Gupta, A., Wood, P. J., 
et al. (1998). 11β-hydroxysteroid dehydrogenase type 2  in human pregnancy 
and reduced expression in intrauterine growth restriction. Hum. Reprod. 
13, 799–804. doi: 10.1093/humrep/13.4.799

Shi, W., Ma, W., Xiong, L., Zhang, M., and Tang, C. (2017). Adaptation with 
transcriptional regulation OPEN. Nat. Publ. Gr. 7:42648. doi: 10.1038/srep42648

Silverman, M. N., and Sternberg, E. M. (2012). Glucocorticoid regulation of 
inflammation and its functional correlates: From HPA axis to glucocorticoid 
receptor dysfunction. Ann. N. Y. Acad. Sci. 1261, 55–63. doi: 
10.1111/j.1749-6632.2012.06633.x

Sloboda, D. M., Moss, T. J., Gurrin, L. C., Newnham, J. P., and Challis, J. R. 
G. (2002). The effect of prenatal betamethasone administration on postnatal 
ovine hypothalamic-pituitary-adrenal function. Available at: http://www.
endocrinology.org (Accessed February 22, 2021).

Smith, A. K., Newport, D. J., Ashe, M. P., Brennan, P. A., Laprairie, J. L., Calamaras, M., 
et al. (2011). Predictors of neonatal hypothalamic-pituitary-adrenal axis activity 
at delivery. Clin. Endocrinol. 75, 90–95. doi: 10.1111/j.1365-2265.2011.03998.x

Spiga, F., Waite, E. J., Liu, Y., Kershaw, Y. M., Aguilera, G., and Lightman, S. L. 
(2011). ACTH-dependent ultradian rhythm of corticosterone secretion. 
Endocrinology 152, 1448–1457. doi: 10.1210/en.2010-1209

Spörl, F., Korge, S., Jürchott, K., Wunderskirchner, M., Schellenberg, K., Heins, S., 
et al. (2012). Krüppel-like factor 9 is a circadian transcription factor in 
human epidermis that controls proliferation of keratinocytes. Proc. Natl. 
Acad. Sci. U. S. A. 109, 10903–10908. doi: 10.1073/pnas.1118641109

Stavreva, D. A., Wiench, M., John, S., Conway-Campbell, B. L., McKenna, M. A., 
Pooley, J. R., et al. (2009). Ultradian hormone stimulation induces glucocorticoid 
receptor-mediated pulses of gene transcription. Nat. Cell Biol. 11, 1093–1102. 
doi: 10.1038/ncb1922

Stetler, C., and Miller, G. E. (2011). Depression and hypothalamic-pituitary-
adrenal activation: A quantitative summary of four decades of research. 
Psychosom. Med. 73, 114–126. doi: 10.1097/PSY.0b013e31820ad12b

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., 
et al. (2007). Induction of pluripotent stem cells from adult human fibroblasts 
by defined factors. Cell 131, 861–872. doi: 10.1016/j.cell.2007.11.019

Takahashi, L. K., Turner, J. G., and Kalin, N. H. (1998). Prolonged stress-
induced elevation in plasma corticosterone during pregnancy in the rat: 
implications for prenatal stress studies. Psychoneuroendocrinology 23, 571–581. 
doi: 10.1016/s0306-4530(98)00024-9

Timmermans, S., Souffriau, J., and Libert, C. (2019). A general introduction to 
glucocorticoid biology. Front. Immunol. 10:1545. doi: 10.3389/fimmu.2019.01545

Tollenaar, M. S., Beijers, R., Jansen, J., Riksen-Walraven, J. M. A., and De 
Weerth, C. (2011). Maternal prenatal stress and cortisol reactivity to stressors 
in human infants. Stress 14, 53–65. doi: 10.3109/10253890.2010.499485

Tout, K., De Haan, M., Campbell, E. K., and Gunnar, M. R. (1998). Social 
behavior correlates of cortisol activity in child care: gender differences and 
time-of-day effects. Child Dev. 69, 1247–1262. doi: 10.2307/1132263

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1002/(SICI)1520-6661(199905/06)8:3<81::AID-MFM3>3.0.CO;2-N
https://doi.org/10.1002/(SICI)1520-6661(199905/06)8:3<81::AID-MFM3>3.0.CO;2-N
https://doi.org/10.1016/j.gep.2010.05.002
https://doi.org/10.1002/dev.21007
https://doi.org/10.1016/j.psyneuen.2013.01.008
https://doi.org/10.1016/j.psyneuen.2013.01.008
https://doi.org/10.1210/er.2015-1080
https://doi.org/10.1016/j.tips.2018.11.002
https://doi.org/10.1038/nrendo.2014.22
https://doi.org/10.1002/dvdy.22586
https://doi.org/10.1002/dvdy.22586
https://doi.org/10.1016/j.jacbts.2017.09.001
https://doi.org/10.1371/journal.pone.0222921
https://doi.org/10.2203/dose-response.05-007.Pratsinis
https://doi.org/10.1002/dev.20098
https://doi.org/10.1073/pnas.1820842116
https://doi.org/10.1001/jama.2020.3937
https://doi.org/10.1371/journal.pone.0030978
https://doi.org/10.1101/gr.097022.109
https://doi.org/10.1186/s13036-019-0190-3
https://doi.org/10.1210/endo-117-6-2505
https://doi.org/10.1017/S0033291709005911
https://doi.org/10.1002/14651858.CD004454.pub3
https://doi.org/10.1002/14651858.CD004454.pub3
https://doi.org/10.3389/fpsyg.2010.00223
https://doi.org/10.1016/s0149-7634(05)80196-4
https://doi.org/10.1146/annurev-physiol-021115-105323
https://doi.org/10.1007/978-3-319-22023-9_13
https://doi.org/10.1210/en.2010-0832
https://doi.org/10.1101/sqb.2015.80.027490
https://doi.org/10.1001/archinte.1997.00440400111013
https://doi.org/10.1093/humrep/13.4.799
https://doi.org/10.1038/srep42648
https://doi.org/10.1111/j.1749-6632.2012.06633.x
http://www.endocrinology.org
http://www.endocrinology.org
https://doi.org/10.1111/j.1365-2265.2011.03998.x
https://doi.org/10.1210/en.2010-1209
https://doi.org/10.1073/pnas.1118641109
https://doi.org/10.1038/ncb1922
https://doi.org/10.1097/PSY.0b013e31820ad12b
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/s0306-4530(98)00024-9
https://doi.org/10.3389/fimmu.2019.01545
https://doi.org/10.3109/10253890.2010.499485
https://doi.org/10.2307/1132263


Gans and Coffman Glucocorticoid-Mediated Developmental Programming

Frontiers in Physiology | www.frontiersin.org 22 December 2021 | Volume 12 | Article 812195

Tu, B. P., Kudlicki, A., Rowicka, M., and McKnight, S. L. (2005). Cell biology: 
logic of the yeast metabolic cycle: temporal compartmentalization of cellular 
processes. Science 310, 1152–1158. doi: 10.1126/science.1120499

Uno, H., Lohmiller, L., Thieme, C., Kemnitz, J. W., Engle, M. J., Roecker, E. B., 
et al. (1990). Brain damage induced by prenatal exposure to dexamethasone 
in fetal rhesus macaques. I. Hippocampus. Dev. Brain Res. 53, 157–167. 
doi: 10.1016/0165-3806(90)90002-G

Vallée, M., Mayo, W., Dellu, F.,  Moal, M.Le, Simon, H., and Maccari, S. 
(1997). Prenatal stress induces high anxiety and postnatal handling induces 
low anxiety in adult offspring: correlation with stress-induced corticosterone 
secretion. J. Neurosci. 17, 2626–2636. doi:10.1523/
JNEUROSCI.17-07-02626.1997.

Van Bodegom, M., Homberg, J. R., and Henckens, M. J. A. G. (2017). Modulation 
of the hypothalamic-pituitary-adrenal axis by early life stress exposure. Front. 
Cell. Neurosci. 11:87. doi: 10.3389/fncel.2017.00087

Van Cauter, E., Leproult, R., and Kupfer, D. J. (1996). Effects of gender and 
age on the levels and circadian rhythmicity of plasma cortisol. J. Clin. 
Endocrinol. Metab. 81, 2468–2473. doi: 10.1210/jcem.81.7.8675562

Van Cauter, E., Leproult, R., and Plat, L. (2000). Age-related changes in slow 
wave sleep and REM sleep and relationship with growth hormone and 
cortisol levels in healthy men. J. Am. Med. Assoc. 284, 861–868. doi: 10.1001/
jama.284.7.861

Van Den Bergh, B. R. H., Van Den Heuvel, M. I., Lahti, M., Braeken, M., 
De Rooij, S. R., Entringer, S., et al. (2017). Prenatal developmental origins 
of behavior and mental health: The influence of maternal stress in pregnancy. 
Neurosci. Biobehav. Rev. 117, 26–64. doi: 10.1016/j.neubiorev.2017.07.003

Veldhuis, J. D., Iranmanesh, A., Lizarralde, G., and Johnson, M. L. (1989). 
Amplitude modulation of a burstlike mode of cortisol secretion subserves 
the circadian glucocorticoid rhythm. Am. J. Physiol. Endocrinol. Metab. 257, 
E6–E14. doi: 10.1152/ajpendo.1989.257.1.E6

Walker, J. J., Spiga, F., Waite, E., Zhao, Z., Kershaw, Y., Terry, J. R., et al. 
(2012). The origin of glucocorticoid hormone oscillations. PLoS Biol. 
10:e1001341. doi: 10.1371/journal.pbio.1001341

Walker, J. J., Terry, J. R., and Lightman, S. L. (2010). Origin of ultradian 
pulsatility in the hypothalamic-pituitary-adrenal axis. Proc. R. Soc. B Biol. 
Sci., 1627–1633. doi: 10.1098/rspb.2009.2148

Wan, H., Luo, F., Wert, S. E., Zhang, L., Xu, Y., Ikegami, M., et al. (2008). 
Kruppel-like factor 5 is required for perinatal lung morphogenesis and 
function. Development 135, 2563–2572. doi: 10.1242/dev.021964

Wani, M. A., Wert, S. E., and Lingrel, J. B. (1999). Lung Kruppel-like factor, 
a zinc finger transcription factor, is essential for normal lung development. 
J. Biol. Chem. 274, 21180–21185. doi: 10.1074/jbc.274.30.21180

Watamura, S. E., Coe, C. L., Laudenslager, M. L., and Robertson, S. S. (2010). 
Child care setting affects salivary cortisol and antibody secretion in young 
children. Psychoneuroendocrinology 35, 1156–1166. doi: 10.1016/j.
psyneuen.2010.02.001

Watamura, S. E., Kryzer, E. M., and Robertson, S. S. (2009). Cortisol patterns 
at home and child care: afternoon differences and evening recovery in 
children attending very high quality full-day center-based child care. J. Appl. 
Dev. Psychol. 30, 475–485. doi: 10.1016/j.appdev.2008.12.027

Watts, A. G. (2005). Glucocorticoid regulation of peptide genes in neuroendocrine 
CRH neurons: A complexity beyond negative feedback. Front. Neuroendocrinol. 
26, 109–130. doi: 10.1016/j.yfrne.2005.09.001

Watts, A. G., and Sanchez-Watts, G. (1995). Region-specific regulation of 
neuropeptide mRNAs in rat limbic forebrain neurones by aldosterone and 
corticosterone. J. Physiol. 484, 721–736. doi: 10.1113/jphysiol.1995. 
sp020698

Weaver, I. C. G., Cervoni, N., Champagne, F. A., D’Alessio, A. C., Sharma, S., 
Seckl, J. R., et al. (2004). Epigenetic programming by maternal behavior. 
Nat. Neurosci. 7, 847–854. doi: 10.1038/nn1276

Weger, B. D., Weger, M., Görling, B., Schink, A., Gobet, C., Keime, C., et al. 
(2016). Extensive regulation of diurnal transcription and metabolism by 
glucocorticoids. PLoS Genet. 12, 1–24. doi: 10.1371/journal.pgen.1006512

Weikum, E. R., Knuesel, M. T., Ortlund, E. A., and Yamamoto, K. R. (2017). 
Glucocorticoid receptor control of transcription: precision and plasticity via 
allostery. Nat. Rev. Mol. Cell Biol. 18, 159–174. doi: 10.1038/nrm.2016.152

Willi, R. A., Faltermann, S., Hettich, T., and Fent, K. (2018). Active glucocorticoids 
have a range of important adverse developmental and physiological effects 
on developing zebrafish embryos. Environ. Sci. Technol. 52, 877–885. doi: 
10.1021/acs.est.7b06057

Wilson, K. S., Tucker, C. S., Al-Dujaili, A. S., Holmes, M. C., Hadoke, W. F., 
Kenyon, C. J., et al. (2016). Early-life glucocorticoids programme behaviour 
and metabolism in adulthood in zebrafish. J. Endocrinol. 230, 125–142. doi: 
10.1530/JOE-15-0376

Windle, R. J., Wood, S. A., Kershaw, Y. M., Lightman, S. L., Ingram, C. D., and 
Harbuz, M. S. (2001). Increased corticosterone pulse frequency during adjuvant-
induced arthritis and its relationship to alterations in stress responsiveness. 
J. Neuroendocrinol. 13, 905–911. doi: 10.1046/j.1365-2826.2001.00715.x

Windle, R. J., Wood, S. A., Lightman, S. L., and Ingram, C. D. (1998). The 
pulsatile characteristics of hypothalamo-pituitary-adrenal activity in female 
Lewis and Fischer 344 rats and its relationship to differential stress responses. 
Endocrinology 139, 4044–4052. doi: 10.1210/endo.139.10.6238

Xue, Y., Gao, S., and Liu, F. (2015). Genome-wide analysis of the zebrafish 
Klf family identifies two genes important for erythroid maturation. Dev. 
Biol. 403, 115–127. doi: 10.1016/j.ydbio.2015.05.015

Yeh, T. F., Lin, Y. J., Lin, H. C., Huang, C. C., Hsieh, W. S., Lin, C. H., et al. 
(2004). Outcomes at school age after postnatal dexamethasone therapy for 
lung disease of prematurity. N. Engl. J. Med. 350, 1304–1313. doi: 10.1056/
NEJMoa032089

Young, E. A., Carlson, N. E., and Brown, M. B. (2001). Twenty-four-hour 
ACTH and cortisol pulsatility in depressed women. Neuropsychopharmacology 
25, 267–276. doi: 10.1016/S0893-133X(00)00236-0

Yu, Y., Li, C., Wang, Y., Wang, Q., Wang, S., Wei, S., et al. (2019). Molecular 
cloning and characterization of grouper Kruppel-like factor 9 gene: involvement 
in the fish immune response to viral infection. Fish Shellfish Immunol. 89, 
677–686. doi: 10.1016/j.fsi.2019.03.041

Zhang, C., Tsoi, R., Wu, F., and You, L. (2016). Processing oscillatory signals 
by incoherent feedforward loops. PLoS Comput. Biol. 12:e1005101. doi: 
10.1371/journal.pcbi.1005101

Zhao, Y., Zhang, K., and Fent, K. (2018). Regulation of zebrafish (Danio rerio) 
locomotor behavior and circadian rhythm network by environmental steroid 
hormones. Environ. Pollut. 232, 422–429. doi: 10.1016/j.envpol.2017.09.057

Zijlmans, M. A. C., Riksen-Walraven, J. M., and de Weerth, C. (2015). Associations 
between maternal prenatal cortisol concentrations and child outcomes: A 
systematic review. Neurosci. Biobehav. Rev. 53, 1–24. doi: 10.1016/j.
neubiorev.2015.02.015

Ziv, L., Muto, A., Schoonheim, P. J., Meijsing, S. H., Strasser, D., Ingraham, H. A., 
et al. (2013). An affective disorder in zebrafish with mutation of the 
glucocorticoid receptor. Mol. Psychiatry 18, 681–691. doi: 10.1038/mp.2012.64

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2021 Gans and Coffman. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (CC BY). The use, 
distribution or reproduction in other forums is permitted, provided the original 
author(s) and the copyright owner(s) are credited and that the original publication 
in this journal is cited, in accordance with accepted academic practice. No use, 
distribution or reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1126/science.1120499
https://doi.org/10.1016/0165-3806(90)90002-G
https://doi.org/10.1523/JNEUROSCI.17-07-02626.1997
https://doi.org/10.1523/JNEUROSCI.17-07-02626.1997
https://doi.org/10.3389/fncel.2017.00087
https://doi.org/10.1210/jcem.81.7.8675562
https://doi.org/10.1001/jama.284.7.861
https://doi.org/10.1001/jama.284.7.861
https://doi.org/10.1016/j.neubiorev.2017.07.003
https://doi.org/10.1152/ajpendo.1989.257.1.E6
https://doi.org/10.1371/journal.pbio.1001341
https://doi.org/10.1098/rspb.2009.2148
https://doi.org/10.1242/dev.021964
https://doi.org/10.1074/jbc.274.30.21180
https://doi.org/10.1016/j.psyneuen.2010.02.001
https://doi.org/10.1016/j.psyneuen.2010.02.001
https://doi.org/10.1016/j.appdev.2008.12.027
https://doi.org/10.1016/j.yfrne.2005.09.001
https://doi.org/10.1113/jphysiol.1995.sp020698
https://doi.org/10.1113/jphysiol.1995.sp020698
https://doi.org/10.1038/nn1276
https://doi.org/10.1371/journal.pgen.1006512
https://doi.org/10.1038/nrm.2016.152
https://doi.org/10.1021/acs.est.7b06057
https://doi.org/10.1530/JOE-15-0376
https://doi.org/10.1046/j.1365-2826.2001.00715.x
https://doi.org/10.1210/endo.139.10.6238
https://doi.org/10.1016/j.ydbio.2015.05.015
https://doi.org/10.1056/NEJMoa032089
https://doi.org/10.1056/NEJMoa032089
https://doi.org/10.1016/S0893-133X(00)00236-0
https://doi.org/10.1016/j.fsi.2019.03.041
https://doi.org/10.1371/journal.pcbi.1005101
https://doi.org/10.1016/j.envpol.2017.09.057
https://doi.org/10.1016/j.neubiorev.2015.02.015
https://doi.org/10.1016/j.neubiorev.2015.02.015
https://doi.org/10.1038/mp.2012.64
http://creativecommons.org/licenses/by/4.0/

	Glucocorticoid-Mediated Developmental Programming of Vertebrate Stress Responsivity
	Introduction
	The Functional Significance of Glucocorticoid Signaling Dynamics
	Circadian Dynamics
	Ultradian Dynamics

	Disruptions of GC Signaling Dynamics Are Associated With Disease
	Loss of Circadian Rhythmicity
	Altered Ultradian Pulsatility

	The Allostatic Model of Pathogenesis
	The Allostatic Load Index
	Allostatic Load in Working Populations
	Early Life Allostatic Load and Long-Term Consequences

	Pre- and Peri-Natal Stress, Glucocorticoid Exposure, and Developmental Programming of Stress Responsivity
	Prenatal Exposure to Synthetic Glucocorticoids
	Fetal Exposure to Maternal Cortisol
	Long-Term Health Effects of Pre- and Peri-Natal Stress
	Human Studies
	Studies in Mammalian Animal Models
	Studies in Zebrafish

	Krüppel-Like Factor 9: A Mediator of GC-Induced Developmental Programming?
	Identification of Klf9 as a Direct GR Target
	Evidence That Klf9 Is a Key Regulator of Glucocorticoid Signaling

	Summary and Conclusion
	Author Contributions

	References

