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Circadian rhythm of cortisol in 33 individuals with 20-minute cortisol profiling

Circadian rhythm of cortisol

Chan S & De Bono M. Replication of cortisol circadian rhythm: new advances in hydrocortisone replacement therapyTher Adv Endocrinol Metab(2010) 1(3)



• About 10% of the entire genome is under 
circadian control. 

• More than 50% of all genes in the mouse 
genome oscillate with circadian rhythm 
somewhere in the body.

Zhang et al., PNAS 2015



Zhang et al., PNAS 2015



HPA control of immune circadian rhythm

Scheiermann C et al. Nat Rev Immunol 2013;13:190.

CRH

ACTH, adrenocorticotropic hormone; SNS, sympathetic nervous system; 
MIF, macrophage inhibitory factor; CRH, Corticotropin-releasing hormone; 
SCN, suprachiasmatic nuclei

Interleukins



Molecular circadian clockwork

Principal or core feedback loop CLOCK and BMAL1, form heterodimers to activate the
transcription of their target genes containing E-box element

These target genes include their negative regulators the Periods (PERs: PER1, PER2 and PER3) 
and the Cryptochromes (CRYs: CRY1 and CRY2).  
The concentration of BMAL1 is adjusted by an auxiliary or stabilizing feedback loop formed by 
the clock-controlled nuclear receptors REVERBα 

Gi Hoon Son, Sooyoung Chung, Kyungjin Kim The adrenal peripheral clock: Glucocorticoid and the circadian timing system Frontiers in Neuroendocrinology 32 
(2011) 451–465 



Alexei Leliavski, Anton Shostak, Jana Husse, 
and Henrik Oster Impaired Glucocorticoid
Production and Response to Stress in Arntl-
Deficient Male Mice Endocrinology 155: 133–
142, 2014

Clock genes influence GC rhythm and release

BMAL1 (arntl -/-) ko mice Per ko mice

Shutong Yang et al The Role of mPer2 Clock 
Gene in Glucocorticoid and Feeding Rhythms
Endocrinology 150: 2153–2160, 2009 



Dexamethasone induces
circadian gene expression1

GRAlfpCre mice with a liver-specific disruption of the GR gene

The glucocorticoid receptor (GR) is required for 
dexamethasone-induced Per1 phase shifting1

Cortisol synchronizes peripheral clocks

1. Balsalobre A et al. Science 2000;289:2344-2347; 2. Gi Hoon Son et al. Frontiers in Neuroendocrinology 2011;32:451–465.

DBP, TBP

4h shift



Nader, N., Chrousos, G. P., Kino, T. 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 (2009)

The clockwork influence
responsiveness to 

glucocorticoids

The Clock-HPA axis counter-regulatory feedback (2)



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

The clockwork influence responsiveness to GC

Nancy Nader et al Trends Endocrinol Metab. 2010 May ; 21(5): 277–286. 

By disrupting the clock -> we can alter the efficacy (side effects) of GC



“Gating mechanism”: the local clock machinery in the adrenal gland contributes to the diurnal
rhythm of GC by controlling the daily variation in the adrenal sensitivity to ACTH.

Adrenal intrinsic mechanisms: the involvement of adrenal oscillator

H. Oster, S. Damerow, S. Kiessling, V. Jakubcakova, D. Abraham, J. Tian, M.W. Hoffmann, G. Eichele, The circadian rhythm of glucocorticoids is

regulated by a gating mechanism residing in the adrenal cortical clock, Cell Metab. 4 (2006) 163–173.

I geni clock regolano 
La sensibilità del 
surrene all’ACTH 



Examination of mice with adrenal-specific
knockdown of the canonical clock protein BMAL1 
reveals that the adrenal clock machinery is
required for circadian GC production

Son GH et al Proc Natl Acad Sci U S A. 2008 Dec 30;105(52):20970-5 Adrenal
peripheral clock controls the autonomous circadian rhythm of glucocorticoid by 
causing rhythmic steroid production

Adrenal intrinsic mechanisms: the involvement of adrenal oscillator

Geni clock controllano la 
produzione dei glucocorticoidi
modulando l’espressione StAR



Light activates the adrenal gland

A. Ishida, T. Mutoh, T. Ueyama, H. Bando, S. Masubuchi, D. Nakahara, G. Tsujimoto, H. Okamura, Light activates the adrenal gland: timing of gene 
expression and glucocorticoid release, Cell Metab. 2 (2005) 297–307.

Light-induced Per1-luc luminescence in visceral organs

HOW?



Light activates the adrenal gland through SCN activation and 
splanchnic innvervation of the gland

A. Ishida, T. Mutoh, T. Ueyama, H. Bando, S. Masubuchi, D. Nakahara, G. Tsujimoto, H. Okamura, Light activates the adrenal gland: timing of gene 
expression and glucocorticoid release, Cell Metab. 2 (2005) 297–307.



Circadian Metabolism 

in the Light of Evolution

Endocr Rev. 2015;36(3):289-304

Sunlight, 
temperature, physical 
activity, and food 
intake serve as basic 
entraining cues, or 
zeitgebers, to reset 

the master clock (A) 

in the hypothalamic 

SCN each day.



Phase shifts

• The phase-response can be phase-advances
or phase delays according to when the 
external zeitgeber is perceived. 

• In humans, the phase delay region is generally 
longer than the phase advance region, and 
phase delays. As a consequence the “average” 
human clock can be more easily phase 
delayed than phase advanced.



Circadian rhythm of cortisol in 33 individuals with 20-minute cortisol profiling

Circadian rhythm of cortisol

Chan S & De Bono M. Replication of cortisol circadian rhythm: new advances in hydrocortisone replacement therapyTher Adv Endocrinol Metab(2010) 1(3)



Phase shifts

• Restricted feeding can uncouple the phase of 
peripheral clocks from the SCN, which stays phase-
locked to the light-dark cycle.



2 vs 3 Carbohydrate Meals / day



Acute Sleep Deprivation
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REVIEWS

The pathogenesis of chronic-stress-related disorders 

can also be explained by sustained, excessive secretion 

and effects of the major mediators of stress and sickness 

syndromes, which influence the activities of multiple 

homeostatic systems.2,3,9,30–36 These disorders thus rep-

resent chronic, maladaptive effects of two physio logical 

processes whose mediators are meant to be secreted in a 

quantity-limited and time-limited fashion but have gone 

awry. The negative consequences of these effects are both 

behavioral and somatic.

Behavioral and somatic consequences

The behavioral consequences of chronic stress result 

from continuous or intermittent activation of the stress 

and sickness syndromes, and prolonged secretion of 

their mediators.2,7,8,12,41–47 Thus, CRH, norepinephrine, 

cortisol and other hormones activate the fear system, 

which produces anxiety, anorexia or hyperphagia; the 

same mediators cause tachyphylaxis of the reward 

system, which produces depression and cravings for 

food, other substances or stress. These mediators also 

suppress the sleep system, which causes insomnia, loss 

of sleep and daytime somnolence. On the other hand, 

IL-6 and other mediators, possibly in synergy with those 

mentioned above, generate fatigue, nausea, headaches 

and other pains. Executive and cognitive systems also 

malfunction as a result of prolonged, chronic activa-

tion of stress and sickness syndromes and people may 

perform and plan suboptimally and make and pursue 

the wrong decisions. A vicious cycle is initiated and 

sustained, in which be havioral maladjustment leads to 

psychosocial problems in the family, peer group, school 

and/or work, which sustain or cause further mediator 

changes and exacerbate behavioral mal adjustment. The 

young, developing brain is particularly vulner able, as it 

lacks prior useful experiences to which it can resort.

The somatic consequences of continuous or inter-

mittent activation of the stress and sickness syndromes 

can be equally devastating (or even worse) than their 

behavioral consequences.2,3,7,8,27,31,41–47 In develop-

ing children, growth may be suppressed as a result of 

a hypo functioning growth hor mone axis; in adults, 

stress-induced hypo gonadism can manifest as loss of 

libido and/or hypo ferti lity, and hyperactivity of the 

sympathetic system can lead to essential hypertension. 

Chronic hypersecretion of stress mediators, in indivi-

duals with a vulnerable background exposed to a permis-

sive environment, may lead to visceral fat accumu lation 

as a result of chronic hypercortisolism, reactive insulin 

hyper secretion, low growth-hormone secretion and 

hypogonadism (Figure 2).2,3,27,47–52 These same hormonal 

changes lead to sarcopenia, osteo penia and/or osteo-

porosis. Visceral obesity and sarco penia are associ ated 

with manifestations of the metabolic- syndrome, such 

as dyslipidemia (elevated levels of total cholesterol, tri-

glycerides and LDL-cholesterol and decreased level 

of HDL-cholesterol), hypertension and carbo hydrate 

in tolerance or type 2  diabetes  mellitus. Genetically or 

 constitutionally vulnerable women of reproductive age 

may develop polycystic ovary syndrome. Stress-related 

IL-6 hypersecretion plus adipose-tissue-generated 

inf lammatory hypercytokinemia, as well as hyper-

cortisolism, contribute to increased production of 

acute-phase reactants and blood hypercoagulation.49–52 

Insulin resistance, hypertension, dislipidemia, hyper-

cytokinemia and blood hypercoagulation lead to endo-

thelial dysfunction and consequently atherosclerosis , 

with its  cardio vascular and neurovascular sequelae.

Chronic-stress-induced immune dysfunction, pri-

marily the T
H
1 to T

H
2 switch, increases the vulner ability of  

indivi duals to certain infections and autoimmune  dis-

orders (Figure 1).6–8,29–31,34 For instance, the immune dys-

function observed in individuals who are chronically 

stressed might contribute to the persistence of infection  

with Helicobacter pylori, granted that this pathogen 

Box 3 | Conditions with altered HPA axis activity2

Increased activity of the HPA axis

Cushing syndrome  ■

Chronic stress ■

Melancholic depression ■

Anorexia nervosa ■

Obsessive–compulsive disorder ■

Panic disorder ■

Excessive exercise (obligate athleticism) ■

Chronic, active alcoholism ■

Alcohol and narcotic withdrawal ■

Diabetes mellitus ■

Central obesity (metabolic syndrome) ■

Post-traumatic stress disorder in children ■

Hyperthyroidism ■

Pregnancy ■

Decreased activity of HPA axis

Adrenal insufficiency ■

Atypical/ seasonal depression ■

Chronic fatigue syndrome ■

Fibromyalgia ■

Premenstrual tension syndrome ■

Climacteric depression ■

Nicotine withdrawal ■

Following cessation of glucocorticoid therapy ■

Following Cushing syndrome cure ■

Following chronic stress ■

Postpartum period ■

Adult post-traumatic stress disorder ■

Hypothyroidism ■

Rheumatoid arthritis ■

Asthma, eczema ■

Abbreviation: HPA, hypothalamic–pituitary–adrenal.
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Conditions with altered HPA axis activity

Chrousos GP. Stress and disorders of the stress system. Nat Rev Endocrinol 2009;5:374–381

Alterations in its rhythmicity are frequently found in many human diseases

Although the precise significance of the daily GC rhythm is not yet well established, a growing 
body of evidence does point to its clinical importance. 



Cushing’s Disease



Cushing’s Disease

• Overall circadian modulation is absent , but a low amplitude 
circadian variation may persist in some patients with pituitary-
dependent Cushing’s disease.

• Cortisol pulsatility is blunted in about 70% of patients with 
Cushing’s disease

• However, in about 30%of these patients, the magnitude of the 
pulses is instead enhanced.

• In adrenal Cushing’s data a more pronounced loss of circadian 
rhythm seems to occur compared to  pituitary Cushing’s.



Perspectives: toward better Chronopharmacology



A circadian gene expression atlas: 
implications in medicine

Zhang et al., PNAS 2015



Modification of GC replacement should be 
undertaken with care 

Peak M Mah Clinical Endocrinology 2004;61:367–375.



Single Pulse GC

Immune cell 
oscillator

Multiple Pulses GC

Immune cell
oscillator

In-phase amplified 
oscillation

Out-phase disrupted 
oscillation

Adapted from: Windle RJ et al. Endocrinology 1998;139:443–450.

Stress response superimposed on cortisol rhythm

A stress 
coincident with 
the rising/falling 
(secretory) phase



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.

Nader et al. Page 12
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Open clinical issues?

Nancy Nader et al Trends Endocrinol Metab. 2010 May ; 21(5): 277–286. 

Patients feeding and HC

Night rise? Relevance ?
Early night vs. Late night

Other Pharmacological zeithgebers?

Mineralocorticoid administration?
Reverse rhythm?

Night shift vs. Jet Lag in AI patients?

Week-end time shift?

BEARING IN MIND THAT GC ARE THE POTENT SYNCHRONIZERS OF CENTRAL AND PERPHERAL CLOCK

Targeting rhythm in CS?
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