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Abstract
Organisms have developed concurrent behavioral and physiological adaptations to the strong
influence of day/night cycles, as well as to unforeseen, random stress stimuli. These circadian and
stress-related responses are achieved by two highly conserved and interrelated regulatory networks,
the circadian CLOCK and stress systems, which respectively consist of oscillating molecular
pacemakers, the Clock/Bmal1 transcription factors, and the hypothalamic-pituitary-adrenal (HPA)
axis and its end-effector, the glucocorticoid receptor. These systems communicate with each other
at different signaling levels, and dysregulation of either system may lead to development of
pathologic conditions. In this review, we summarize the mutual physiologic interactions between the
circadian CLOCK system and the HPA axis, and discuss their clinical implications.

Adjustment of internal homeostasis to major changes in circumstance
Virtually all organisms live under the strong influence of day/night cycles created by the 24-
hour rotation of the planet. Organisms sense these regular external changes and synchronize
their physical activities, such as behavior, food intake, energy metabolism, sleep, reproductive
activity and immune function, to increase their chance for survival 1. From their early evolution,
organisms have developed a highly conserved and sophisticated ubiquitous molecular “clock”,
the CLOCK system, which creates internal circadian rhythmicity under the influence of light/
dark information 2. This regulatory system has output connections to numerous organs and
tissues, relaying information from a centrally created circadian rhythm 3.

In addition to synchronizing their activities to day/night changes, organisms continuously face
unforeseen short- and long-term changes in the environment called “stressors”, which can be
external (e.g. excessive heat or cold, food deprivation, trauma and invasion by pathogens) or
internal (e.g. hurtful memories, splachnic injuries, neoplasias) 4. To adapt to these stressful
stimuli, organisms have developed another regulatory system, the stress system, which senses
environmental changes through various sensory organs, processes them in the central nervous
system (CNS), and adjusts the CNS and peripheral organ activities to improve chances for
survival 4. The stress system consists of the hypothalamic-pituitary-adrenal (HPA) axis and
its end-effectors glucocorticoids 4, and the locus caeruleus/norepinephrine-autonomic systems
and their end-effectors, norepinephrine and epinephrine. The stress system restores internal
homeostasis by regulating many biological activities, including those of the CNS, intermediary
metabolism, immunity and reproduction 4, 5. This system, however, may also exert an array
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of adverse effects on the organism when its response is not properly tailored to the stressful
stimulus (Box-1). For example, acute hyper-activation of the HPA axis has been associated
with development of post-traumatic stress disorder, while chronic activation of the HPA axis,
and the consequently prolonged elevation of serum cortisol levels, induces visceral-type
obesity and insulin resistance/dyslipidemia 4, 5.

The CLOCK and stress systems are both fundamental for survival, and thus, communicate with
each other at multiple levels to adjust numerous physiologic activities. Interestingly,
dysregulation in either of these systems may lead to similar pathologic conditions. Here we
review the mutual interactions of the CLOCK and stress systems in physiology and
pathophysiology.

The circadian CLOCK system
The circadian CLOCK system consists of central and peripheral components. The central
component is located in the suprachiasmatic nuclei (SCN) of the hypothalamus and acts as a
“master” CLOCK under the strong influence of light/dark input from the eyes, whereas the
peripheral components behave as “slave” CLOCKs, functioning virtually in all organs and
tissues 1, 2 (Box-2). The activity of the peripheral CLOCKs is synchronized to that of the
central master CLOCK through both humoral and neural connections, which have not been
fully elucidated as yet 6. The “master” and “slave” CLOCKs have almost the same
transcriptional regulatory machinery for generating intrinsic circadian oscillatory rhythms
through coordinated activation/inactivation of a set of transcription factors 1, 3. Central among
these factors are the circadian locomotor output cycle kaput (Clock) and its heterodimer partner
brain-muscle-arnt-like protein 1 (Bmal1), which belong to the basic helix-loop-helix (bHLH)-
PER-ARNT-SIM (PAS) superfamily of transcription factors 2, 7.

The Clock/Bmal1 heterodimer binds the E-box response elements located in the promoter
region and stimulates the transcription of other essential clock genes, such as Periods (Per1,
Per2 and Per3) and Cryptochromes (Cry1 and Cry2) (Figure 1). Accumulated proteins Pers
and Crys then form a complex with the caseine kinase 1ε and δ, are phosphorylated, translocate
into the cell nucleus and repress the transcriptional activity of the Clock/Bmal1 heterodimer
by inhibiting its binding to the E-box response elements located in their own promoters, thus
ultimately forming a negative feedback transcriptional loop that maintains an oscillation of
their gene expression approximately every 24 hours 1, 8, 9. In addition to the regulation of this
principal transcriptional loop, Clock/Bmal1 stimulates expression of other clock-related
proteins, such as Rev-erbα, retinoic acid receptor-related orphan receptor α (RORα), Dec1,
Dec2 and albumin gene D site-binding protein (Dbp), which form an auxiliary loop that
stabilizes the main regulatory loop composed of Clock/Bmal1, Pers and Crys (Figure 1).
Importantly, the transcription factors of the main and auxiliary loops control numerous
“downstream” clock-responsive genes to influence a variety of biological activities 1, 2, 10.

To obtain light/dark information, the central CLOCK located in SCN receives afferent neurons
from retina through the retino-hypothalamic tract (RHT) 11. Neurons of the central CLOCK
in the SCN send efferent projections to the other parts of the brain, such as the paraventricular
nucleus (PVN), medial preoptic area (MPA) and dorsomedial nucleus (DMH) of the
hypothalamus and the pineal gland, to transfer timing information and to regulate secretion of
pituitary hormones and melatonin, as well as to control sleep, food intake and body temperature
1, 6, 12 (Figure I of Box 2). The central master CLOCK also employs the autonomic nervous
system to regulate the peripheral CLOCKs located in various organs 1, 6. In addition to these
neural connections, the central CLOCK uses several humoral mediators, such as AVP, tumor
necrosis factor (TNF) α, prokineticin-2, cardiotrophin-like cytokines and neuromedin, to
synchronize circadian rhythmicity of the peripheral CLOCKs 3, 6, 13, 14. Of note, peripheral
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CLOCKs have the ability to be influenced by zeitgebers other than the light-dark cycle
independently of the central master CLOCK15 (Box-2). In agreement with this observation,
food restriction in rodents shifts the circadian rhythm of peripheral CLOCKs, whereas it does
not affect that of the central master CLOCK 16. A recent report revealed that the dorsomedial
nucleus of the hypothalamus contained a center for this food restriction-mediated shift of
circadian rhythm in peripheral CLOCKs regulating energy metabolism 17.

The stress HPA axis
The HPA axis, apart from having a circadian activity, also mediates the adaptive response to
stressors; it consists of the hypothalamic PVN parvocellular corticotropin-releasing hormone
(CRH)- and arginine vasopressin (AVP)-secreting neurons, the corticotrophs of pituitary gland,
and the adrenal gland cortices. The PVN neurons release CRH and AVP into the hypophyseal
portal system located under the median eminence of the hypothalamus in response to
stimulatory signals from higher brain regulatory centers. Secreted CRH and AVP reach the
pituitary gland and synergistically stimulate the secretion of the adrenocorticotropic hormone
(ACTH) 4, 18. ACTH released into the systemic circulation finally stimulates both production
and secretion of glucocorticoids (cortisol in humans and corticosterone in rodents) from the
cortex of the adrenal glands. Secreted glucocorticoids in turn suppress higher regulatory
centers, the PVN and the pituitary gland, forming a closed negative feedback loop that aims
to reset the activated HPA axis and restore its homeostasis 4.

Glucocorticoids are steroid hormones that act as the end-effectors of the HPA axis 19. They
influence the functions of virtually all organs and tissues in the body, and are necessary for the
maintenance of many important biologic activities, such as the homeostasis of the CNS, the
cardiovascular system, intermediary metabolism and the immune/inflammatory reaction,
influencing mRNA expression of up to 20% of the expressed genome 5, 19. Thus, the HPA
axis influences virtually all organs and tissues through its end-effectors glucocorticoids, in
addition to the organization of adaptive response to stressors. Glucocorticoids exert their
diverse effects through a specific intracellular receptor, the glucocorticoid receptor (GR),
which belongs to the nuclear receptor superfamily and is ubiquitously expressed in almost all
human tissues and organs 20, 21.

In the absence of glucocorticoids, GR is located primarily in the cytoplasm, while
glucocorticoid-bound GR undergo conformational changes, homo- or heterodimerize and
translocate into the nucleus where the dimer interacts with glucocorticoid response elements
(GREs) located in distant or proximal regulatory regions of glucocorticoid target genes to
influence their transcription 20, 21. In addition to transactivation/transrepression of the
glucocorticoid-responsive genes through direct binding to GREs, GR modulates transcription
of many glucocorticoid-responsive genes through mutual protein-protein interactions between
the GR and several specific transcription factors, such as NF-κB and STAT5, in a GRE-
independent fashion. The GR, thus, regulates the transcription of genes responsive to these
transcription factors by influencing their ability to regulate their own target genes 20, 21.

Crosstalk between the circadian CLOCK system and the HPA axis
Regulation of the HPA axis by the circadian CLOCK system

Circulating glucocorticoid levels are tightly regulated and fluctuate naturally in a circadian
fashion, reaching their zenith in the early morning and their nadir in the late evening in diurnal
animals, including humans 22, 23. The light-activated central master CLOCK located in the
SCN orchestrates this daily rhythmic release of glucocorticoids by influencing the activity of
the HPA axis through efferent connections from the SCN to the CRH/AVP-containing neurons
of the PVN 6, 18, 24 (Figure 2). This central CLOCK-mediated diurnal regulation of circulating
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glucocorticoids is extremely important for adjusting the body’s daily activities. The central
CLOCK system also modulates glucocorticoid release from the adrenal glands in a HPA axis-
independent fashion by altering the sensitivity of the adrenal cortex to ACTH through SCN-
mediated activation of the autonomic nervous system 6, 12, 24, 25 (Figure 2).

The circadian CLOCK-mediated regulation of glucocorticoid secretion from the adrenal glands
is supported by recent publications, which employed mice defective in several essential clock
genes (Table 1). Per1Brd mice, which express a fusion transcript containing Per1 exon 1–3 and
an exogenously introduced mini gene and thus were considered to be equivalent to Per1 null
mice, had markedly elevated circulating glucocorticoids without a circadian rhythm, while
Per2Brd mice demonstrated elevated, but diurnally fluctuating serum glucocorticoids 26.
Another group, however, reported that Per2−/− mice had the same baseline glucocorticoid
concentrations as wild type mice but lost their circadian rhythm, even though their ACTH in
the pituitary gland preserved its circadian rhythmicity 27. In agreement with this report, the
adrenal glands from the Per2Brdm1/Cry1−/− double mutant mice had defective glucocorticoid
biosynthesis 12, suggesting that the peripheral CLOCK located in the adrenal glands gates
glucocorticoid production stimulated by fluctuating plasma ACTH. Taken together, these
reports suggest that the central master CLOCK under the regulation of light input together with
other regulators of the HPAs axis produces diurnal secretion of glucocorticoid hormones from
the adrenal glands through HPA axis-dependent and -independent pathways, whereas the
peripheral CLOCK located in the adrenal glands and other components of the HPA axis also
contribute to rhythmic glucocorticoid secretion from this organ (Figure 2).

Influence of the HPA axis (glucocorticoids) on the circadian CLOCK system
In a reciprocal fashion, the HPA axis strongly influences the activity/circadian rhythm of the
CLOCK system through glucocorticoids. These hormones affect the peripheral CLOCKs in
almost all organs and tissues, while they spare the central master CLOCK in the SCN, as this
brain nucleus is one of the rare areas that does not express GR 28. Thus, the central master
CLOCK maintains its intrinsic circadian rhythm independently of the body’s changes caused
by internal and external stressors, and acts as the “standard clock” for the peripheral slave
CLOCKs 28 (Figure 2). In contrast, glucocorticoids reset their circadian rhythm by phase-
shifting the expression of several clock-related genes in peripheral organs, including the liver,
kidney and heart 28. Thus, the circadian rhythm of the peripheral slave CLOCKs is phase-
shifted by glucocorticoids, but eventually returns to the canonical phase under the influence
of the central master CLOCK. This glucocorticoid-mediated periodical resetting of the
peripheral CLOCK may be particularly important during stress, as organisms need to adjust
the circadian rhythm-linked activity of their bodies to properly respond to stressors. Of note,
diurnally circulating glucocorticoids also contribute in part to the development of daily
oscillation of peripheral CLOCKs in some tissues 29, 30.

Glucocorticoids reset the peripheral CLOCKs by influencing the expression of several clock-
related genes in peripheral tissues and in some brain areas 29–32 (Table 2). For example, the
Per1 gene promoter contains tandem GREs, which confer glucocorticoid-mediated Per1
mRNA expression in the liver, kidney and heart in mice 33. These tandem GREs in the mouse
Per1 promoter are also present and functional in humans and rats 28, 32. Glucocorticoids
stimulate Per2 mRNA expression also in a GRE-dependent fashion in mice 34; indeed, Per2
upregulation is necessary for the circadian rhythm of the central extended amygdala, a part of
the limbic system that plays pivotal roles in the regulation of fear and anger, and transmits
emotional information to the stress system 35. The amygdala are involved in glucocorticoid-
mediated regulation of glucose metabolism by influencing the secretion of adipokines like
leptin, and subsequently, the sensitivity of peripheral tissues to insulin 34. Further,
glucocorticoids regulate expression of other clock genes, including the adenovirus E4
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promoter-binding protein/nuclear factor regulated by IL-3 (E4BP4/NFIL3), Timeless, Rev-
Erbβ, Dec2 and NPAS2, some of which contain functional GREs in their regulatory regions
34.

Clock/Bmal1 directly regulates GR transcriptional activity through acetylation
The CLOCK and stress systems crosstalk with each other at peripheral target tissues through
the GR. Indeed, Clock/Bmal1 physically interact with the ligand-binding domain of the GR
through a region enclosed in the C-terminal part of the Clock protein, and suppressed GR-
induced transcriptional activity 36. In serum shock-synchronized cells, GR transactivational
activity, assessed by mRNA expression of an endogenous glucocorticoid-responsive gene that
contains functional GREs in its promoter region, fluctuated spontaneously in a circadian
fashion, in reverse phase with Clock/Bmal1 mRNA expression 36. Clock shares high amino
acid and structural similarity with the activator of thyroid receptor (ACTR), a member of the
p160-type nuclear receptor coactivator family with inherent histone acetyltransferase (HAT)
activity, and, not surprisingly, has such enzymatic function as well 37. Clock acetylated a lysine
cluster located in the hinge region of the human GR, including lysines at amino acid positions
480, 492, 494 and 495, reducing GR’s affinity for its cognate DNA sequence GREs 36. These
findings indicate that Clock/Bmal1 is a reverse phase negative regulator of glucocorticoid
action in target tissues, antagonizing the biological actions of diurnally fluctuating circulating
glucocorticoids and providing a local target tissue counter regulatory feedback loop to the
central CLOCK on the HPA axis.

Implications of the CLOCK-HPA axis interaction for the development of
metabolic and immune disorders

As evidenced in the sections above, the CLOCK system and HPA axis influence the activity
and function of the CNS and peripheral tissues, while the master CLOCK system clearly
dictates the circadian activity of the HPA axis. In the following sections, we discuss these
mutual interactions and their implications in the development of pathologic conditions, with
metabolic and immune disorders as illustrative examples.

Intermediary metabolism handles the turnover of carbohydrates, proteins and lipids, as well as
energy production/storage, all functions essential for survival. Expression of a substantial
number (~10%) of the energy-controlling genes, including those encoding nuclear hormone
receptors and enzymes for glucose and lipid metabolism, are under circadian regulation, in a
tissue-specific fashion 38–41. One nuclear receptor, Rev-erbα, which is also a negative
regulator of the circadian CLOCK transcription circuit, suppresses gluconeogenesis and lipid
metabolism in the liver, inhibits adipocyte differentiation and represses the transcriptional
activity of several other nuclear receptors, including PPARγ and RORα 42, 43. Mice defective
in the Clock or Bmal1 gene demonstrate disturbances in gluconeogenesis and defective diurnal
variation of circulating glucose and triglycerides, and develop obesity, hyperlipidemia and
diabetes mellitus 44, 45, as well as elevated expression of the plasminogen activator inhibitor-1
(PAI-1), all known risk factors for obesity, diabetes and cardiovascular disease 46–48. Another
CLOCK protein, Per2, represses PAI-1 expression in a Clock/Bmal1-dependent manner,
indicating that Per2 is also an interface for the development of these metabolic diseases upon
dysregulation of the CLOCK system 48. In humans, rotating shift workers whose circadian
system is continuously reset by night-time activity/day-time sleep show a higher risk of obesity,
hypertension, high triglycerides, insulin resistance and subsequent development of ischemic
heart disease 49, 50. Furthermore, specific single nucleotide polymorphisms (SNPs) within the
Clock gene have been associated with development of obesity 51, 52, while mRNA expression
of Bmal1, Per2 and Cry1 in visceral fat are associated with increased waist circumference, an
indicator of visceral adiposity and the metabolic syndrome 53.
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Persistent stimulation of the HPA axis by various stressors or administration of high doses of
glucocorticoids strongly shift intermediary metabolism toward catabolism and visceral fat
accumulation 19, 22. Elevated circulating glucocorticoids stimulate gluconeogenesis,
glycogenolysis, lipolysis and degradation of proteins into amino acids, and over time cause
central obesity and insulin resistance/overt diabetes mellitus, hyper(dys)lipidemia and muscle
loss and thinning of the skin, all of which are typically observed in patients with Cushing’s
syndrome 19, 22, 54.

Interestingly, most of the metabolic phenotypes associated with dysregulation of the CLOCK
system and the HPA axis overlap with each other (Table 3). Whether disruption of the former
system leads to metabolic problems through modulation of the HPA axis, or these distinct
systems influence the same metabolic pathways independently is not known. We hypothesize
that both mechanisms are functional in the development of the metabolic syndrome upon
dysregulation of the CLOCK system. Indeed, several molecules, such as PPARγ, PAI-I and
PGC1α, which play key roles in intermediary metabolism, respond to both the CLOCK system
and glucocorticoids; furthermore, mice defective in the clock genes, such as Per1−/− and
Per2−/− mice, have defective glucose metabolism and obesity with an impaired HPA axis and
altered diurnal glucocorticoid rhythm 26, 27. Furthermore, Clock/Bmal1-mediated modulation
of GR-induced transcriptional activity may also participate in the development of metabolic
abnormalities, as these transcription factors suppress glucocorticoid-induced mRNA
expression of glucose-6 phosphatase, a rate-limiting enzyme in the process of glycogenolysis
36.

The circadian activity in the sensitivity of glucocorticoid target tissues to cortisol may explain
the development of central obesity and the metabolic syndrome in chronically stressed
individuals, whose HPA axis circadian rhythm is characterized by blunting of the evening
decreases of circulating glucocorticoids, as a result of enhanced input of higher centers upon
the hypothalamic PVN secretion of CRH and AVP (Figure 4). Similarly disrupted coupling of
the secretion of cortisol and target tissue sensitivity to glucocorticoids may explain the
increased cardiometabolic risk of persons who are exposed to frequent jet lag because of
traveling across time zones 55, 56.

Similar interactions between the CLOCK system and the HPA axis are also observed in the
regulation of immune function. In both humans and rodents, the CLOCK system produces a
circadian fluctuation of several cytokines, including interferon (IFN) γ, interleukin-1 (IL-1)β,
IL-6, and TNFα in T- and B-lymphocytes and natural killer cells 57, 58. Indeed, knockout mice
defective in components of the CLOCK system demonstrate various immune dysfunctions,
such as a blunted and/or absent circadian rhythm in circulating leukocytes and cytokine
secretion, an impaired response to lipopolysaccharide (LPS)-induced endotoxic shock and
defective B-lymphocyte development 57, 58. Activation of the HPA axis and subsequent
release of glucocorticoids, in turn, strongly influence immune activity and the inflammatory
reaction 4, 19, 22. Physiologic concentrations of glucocorticoids are crucial for proper function
of the immune system, whereas pharmacologic doses and/or high concentrations observed
under stress strongly suppress its activity primarily by repressing the activity of transcription
factors/other molecules crucial for the regulation of immune function/inflammation, such as
activator protein-1 (AP-1), NF-κB and STAT5, through protein-protein interaction with GR
20, 21, 59. Since many immune cells are in the circulation, with decreased access to the CNS,
their peripheral CLOCK system seems to be mainly regulated through humoral factors,
including glucocorticoids, that are under the control of the central CLOCK 58. The CLOCK
system may also regulate immune function and lead to development of immunologic defects
in part through modulation of endogenously secreted glucocorticoid actions on numerous
components of the immune system via mutual interaction between transcription factors Clock/
Bmal1 and GR.
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Concluding remarks
The circadian CLOCK and stress systems regulate each other’s activity through multi-level
interactions to ultimately coordinate homeostasis against the day/night change and various
unforeseen random internal and external stressors. As the day/night changes are more general
and continuously happen, the circadian CLOCK system controls the stress system, while the
latter adjusts the circadian rhythmicity of the non-master peripheral components of the former
in response to various stressors. Thus, dysfunction in either system may alter internal
homeostasis and cause pathologic changes virtually in all organs and tissues, including those
responsible for intermediary metabolism and immunity. Only recently, the mutual interactions
of the CLOCK circadian system and the stress HPA axis have been investigated, thus most of
their physiologic as well as pathologic inter-communications remain to be examined.
Specifically, nutritional availability, an environmental factor essential for survival of
organisms and a major regulator of intermediary metabolism, strongly influences both of these
systems, whereas little has been reported on their mutual regulations regarding this biologic
activity. Indeed, traveling across time zone is now quite frequent and approximately 8.6 million
Americans perform night-shift work, while prevention of overfeeding-associated metabolic
abnormalities and subsequent development of cardiovascular diseases are crucial for public
health 56. Thus, further studies are required to understand the exact molecular interactions
between these systems and their interplay in the development of human pathology. Such
research will eventually help develop rational therapies for various disorders, including
behavioral, metabolic and immune diseases.

Box-1: Pathologic conditions associated with chronic activation of the HPA axis

• Prolonged activation of the HPA axis increases circulating glucocorticoid levels,
thus causing pathologies such as those seen in endogenous or exogenous
hypercortisolism (Cushing syndrome as described below.

• Suppression of the immune function (shift from T-helper 1 to T-helper 2 response)
(Immune system).

• Central obesity/dyslipidemia and peripheral tissue resistance to insulin and glucose
intolerance/overt diabetes mellitus type 2 (Metabolic syndrome).

• Muscle wasting and osteoporosis (Musculoskeletal system).

• Alteration in mood and cognition (Central nervous system).

• All these pathologic changes ultimately may reduce life expectancy. From 4, 5

Box-2: Central CLOCK-dependent and -independent regulation of peripheral
CLOCKs

• The circadian CLOCK system consists of central and peripheral components.

• The central CLOCK regulated by the light-dark cycle (master CLOCK)
synchronizes the circadian rhythm of peripheral CLOCKs through various as yet
poorly defined neural and humoral connections (Figure I of Box-2); thus, they
respectively function as “master” and “slave” CLOCKs.

• Destruction of central CLOCK abolishes synchronization of peripheral CLOCKs
in different organs, while circadian rhythm of each peripheral CLOCK is still
maintained, suggesting that peripheral CLOCKs have conditional autonomy from
the central CLOCK.
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• Circadian rhythm of peripheral CLOCKs can also be shifted by food restriction
and various other regulators, such as glucocorticoids, fibroblast growth factor, and
activators of protein kinases A and C and mitogen-activated protein kinase 16.
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Figure 1.
The circadian CLOCK system is regulated by a self-oscillating transcriptional loop.
The C heterodimer Clock/Bmal1 binds to E-box elements located in the promoter region and
stimulates expression of essential clock transcription factors Pers and Crys (i), which in turn
repress the transcriptional activity of the CLOCK/BMAL1 heterodimer by inhibiting its
binding to the E-box response elements located in their own promoters through formation of
a complex with and subsequent phosphorylation by the caseine kinase 1ε and δ (ii). Clock/
Bmal1 also stimulates expression of other CLOCK-related proteins, such as Rev-erbα,
RORα, Dec1, Dec2 and Dbp (iii), which create an auxiliary loop that helps stabilize the main
regulatory loop. These clock transcription factors control numerous “downstream” CLOCK-
responsive genes to influence a variety of biologic activities (iv). Bmal1: brain-muscle-arnt-
like protein 1, Clock: circadian locomotor output cycle kaput, Crys: cryptochromes, Csnk1ε/
δ: caseine kinase 1ε/δ, P: phosphate residue on the phsphorylated molecules, Pers: periods,
RORγ: retinoic acid receptor-related orphan nuclear receptor γ.
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Figure 2.
The circadian CLOCK system and the HPA axis influence each other’s activity at multiple
levels. The central CLOCK under the regulation of the light input controls the HPA axis and
produces regular diurnal secretion of glucocorticoid hormones from the adrenal glands, while
the peripheral CLOCKs, which is located in the adrenal glands and other components of the
HPA axis and are regulated by the central CLOCK through the sympathetic nervous system,
also contribute to the rhythmic glucocorticoid secretion from these organs. Secreted
glucocorticoids in turn reset and phase-delay circadian rhythm of the peripheral CLOCKs by
stimulating the expression of several CLOCK-related genes; this is especially important for
temporal adjustment of body’s activity against stress. The peripheral CLOCKs also regulate
glucocorticoid effect in local tissues through interaction between Clock/Bmal1 and GR,
providing a local counter regulatory feedback loop to the effect of central CLOCK on the HPA
axis.
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ACTH: adrenocorticotropic hormone, AVP: arginine vasopressin, CRH: corticotropin-
releasing hormone, PVN: paraventricular nucleus, SCN: Suprachiasmatic nucleus.
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Figure 3.
Clock/Bmal1 suppresses GR-induced transcriptional activity through acetylation. (a) Clock
physically interacts with the ligand-binding domain of the GR through the domain enclosed in
it s C-terminal part and suppresses GR-induced transcriptional activity by acetylating via its
intrinsic HAT activity a lysine cluster located in the hinge region of the GR, through which (b)
Clock reduces affinity of GR to its cognate DNA sequences GREs.
A: acetylation, Bmal1: brain-muscle-arnt-like protein 1, DBD: DNA-binding domain, GR:
glucocorticoid receptor, GRE: glucocorticoid response element, HR: hinge region, K: lysine
residue, LBD: ligand-binding domain, NTD: N-terminal domain C: A heuristic model of the
physiologic implications of this study. Modified from 36.
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Figure 4.
A heuristic scheme of the circadian secretion of cortisol in non-stressed and chronically stressed
humans (top left panel) and their responses to midnight dexamethasone administration (top
right panel), the corresponding circadian changes of target tissue sensitivity to glucocorticoids
(middle panel) and the mean target tissue sensitivity to glucocorticoids in the human population
(bottom panel).
It is obvious that even mild evening cortisol elevations, as those seen in chronically stressed
individuals, will exert disproportionately increased glucocorticoid effects because of the
natural circadian target tissue sensitivity increase at this time of the day. CS: Chronically
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stressed individuals, D: midnight dexamethasone administration, HS: hypersensitivity, N:
normal sensitivity, NS: non-stressed individuals, R: resistance Modified from 65.
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Figure I of Box-1.
Central CLOCK synchronizes the peripheral CLOCKs and regulates peripheral organ activities
via neural and humoral interactions.
The central master CLOCK located in the SCN (core) obtains light/dark information from the
retina through the retinohypothalamic track (RHT), and adjusts its circadian rhythm, while it
indirectly projects several efferent neurons to transmit timing information to other parts of the
brain and distant organs for synchronizing their peripheral CLOCKs and influencing their
activities, such as secretion of pituitary hormones and melatonin, food intake, sleep and body
temperature. The central master CLOCK employs the autonomic nervous system and humoral
mediators for organ regulation. For simplicity, detailed anatomical structures for the
sympathetic and parasympathetic nervous systems, such as nuclei located in the brain stem
including the solitary nucleus and the ambiguous nucleus and the sympathetic and
parasympathetic ganglia, are omitted.
DMH: dorsomedial nucleus of hypothalamus, DMV: dorsal motor nucleus of vagus, MPO:
medial preoptic region, PVN: paraventricular nucleus, RHT: retinohypothalamic tract, SCN:
suprachiasmatic nucleus.
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Table 1

Mice Defective in Components of the Circadian CLOCK system Have a Compromised HPA axis

Animals CLOCK system Effect on the HPA axis References

Per1Brd mice (male) Short circadian cycle Conserved glucocorticoid circadian rhythm, but
circulating levels elevated

26

Per2Brd mice (male) Short circadian cycle with loss
of persistent circadian
rhythmicity

Elevated glucocorticoid levels without circadian
rhythm

26

Per2Brdm1/Cry1−/− mice (male) Loss of circadian rhythm Loss of ACTH and glucocorticoid circadian rhythm 12

Per2drmd1 mice (female) Short circadian cycle with loss
of persistent circadian
rhythmicity

Disturbance in the excretion of daily glucocorticoid
metabolites

60

Per2tm1Brd mice Short circadian cycle with loss
of persistent circadian
rhythmicity

Absence of glucocorticoid circadian rhythm, but
intact ACTH rhythm

27
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Table 2

Glucocorticoids Influence CLOCK Circadian Rhythm and Expression of Clock-related Genes

Experiment conditions Tissues and cells examined Effect on clock genes expression References

Dexamethasone administration to
mice with ablated SCN

Liver Regulation of 60% of the hepatic circadian
transcriptome (e.g. Per1, Bmal1, and Cry1)

61

Corticosterone administration to
intact and bilaterally
adrenalectomized rats (male)

BNSTov and CEA of the
amygdala

Control of Per2 gene expression by the daily
fluctuation of corticosterone secretion from
the adrenal gland

30, 62

Exposure of cultured cells to
dexamethasone and/or prednisolone

Human bronchial epithelial
cells

Induction of human and rat Per1 29, 32

Human peripheral
mononuclear cells
Rat fibroblasts

Acute physical stress in mice Liver, heart, lung and stomach Induction of Per1 mRNA 33

GRNesCre mice (tissue-specific GR
knockout)

BNSTov and CEA of the
amygdala

The presence of GR confers rhythmic Per2
expression

35

Dexamethasone treatment Mouse primary mesenchymal
stem cells

Regulation of mRNA expression of Per1,
Per2, E4BP4 and Timeless. Identification of
functional GREs in the promoter region of the
Per1, Per2 and E4BP4 genes.

34
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Table 3

Metabolic Disturbances Associated with Loss of Circadian Rhythm or Glucocorticoid Excess.

Signs and symptoms Loss of circadian rhythm Glucocorticoid excess

Glucose metabolism

      Elevation of plasma glucose ++ ++

      Peripheral insulin resistance ++ ++

Fat metabolism

      Elevation of circulating triglycerides ++ +

      Elevation of circulating cholesterol + +

Fatty liver + +

Central obesity ++ ++

Protein turnover Biosynthesis ↓? Catabolism ↑

Appetite ↑ ↑

Hypertension + +

From 1, 19, 22, 27, 45, 54, 63–65
+: positive effect. ++: strongly positive effect
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