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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. 



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)



The apparent peak and trough of circadian activity actually reflects changes in the amplitude of 
the pulses, with the largest pulses coinciding with the awakening response and the onset of 
circadian activity daytime in humans (nighttime in nocturnal animals such as rodents)

The circadian rhythm tracks an underlying ultradian activity of the HPA axis.

Lightman SL et al  The crucial role of pulsatile activity of the HPA axis for continuous dynamic equilibration. Nat Rev Neurosci. 2010 Oct;11(10):710-8

Circadian rhythm of cortisol



Effects of gender and age on the levels and circadian rhythmicity of 
plasma cortisol

E Van Cauter, R Leproult, D J Kupfer Effects of gender and age on the levels and circadian rhythmicity of plasma cortisol. USA.  Journal of Clinical Endocrinology
&Metabolism. 08/1996; 81(7):2468-73. 

Solid lines age ≥ 50 yrs
Dotted lines age 25-29

Cortisol level is higher in old age but the qualitative characteristics of circadian wave shape is
preserved. In young women the quiescent period is longer and the level of morning acrophase
is lower than in men

r=0.29 r=0.5



Effects of gender and age on the levels and circadian rhythmicity of 
plasma cortisol

r=0.48 r=0.53

r=0.48

E Van Cauter, R Leproult, D J Kupfer Effects of gender and age on the levels and circadian rhythmicity of plasma cortisol. USA.  Journal of Clinical Endocrinology
&Metabolism. 08/1996; 81(7):2468-73. 



Mean (B SEM) profiles of plasma cortisol in 8 young men (aged 25 ±4 years) and 8 older men (65 ± 5 years) studied during a 53-hour
period including an 8-hour period of nocturnal sleep, a 28-hour period of continuous wakefulness and an 8-hour period of daytime
recovery sleep. The blacks bars represent the sleep periods. The shaded bars represent the nocturnal periods of sleep deprivation

Van cauter E. Horm Res 1998;49:147–152. Alterations of Circadian.Rhythmicity and Sleep in Aging: Endocrine Consequences

With aging, there is a progressive delay of the onset of the evening quiescent period and an
advance of the onset of the circadian morning elevation.

Effects of gender and age on the levels and circadian rhythmicity of 
plasma cortisol

Sleep 
Deprivation

Sleep 
Deprivation



Circadian rhythm of cortisol

J. V. Seale et al. Gonadectomy Reverses The Sexually Diergic Patterns Of Circadian and Stress-Induced Hypothalamic-Pituitary-Adrenal Axis Activity In Male 
and Female Rats Journal of Neuroendocrinology, 2004, Vol. 16, 516–524 



Windle, R. J., Wood, S. A., Shanks, N., Lightman, S. L.& Ingram, C. D. Ultradian rhythm of basal corticosterone release in the female rat: dynamicinteraction
with the response to acute stress. Endocrinology 139, 443–450 (1998).

Influence of circadian rhythm of cortisol  on acute response to stress

A stress coincident
with the falling phase

A stress coincident
with the rising
(secretory) phase



GC fluctuations postively and negatively affect memory



Most organisms have evolved circadian clocks to optimally adjust their behavior
and physiology to such recurring changes.

 Autonomous and self-sustainable circadian oscillator

 “Zeitgebers” 

 Output rhythm

The mammalian circadian clockwork



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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Multiple mechanisms underlying the circadian regulation of 
glucocorticoid biosynthesis and secretion

1. The driving role of the SCN via the neuroendocrine ACTH axis
2. The independent autonomic nervous system 
3. The intrinsic mechanisms involving the adrenal local clockwork
4. The terminal effects on peripheral clocks



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 



Serum corticosterone levels in vivo were also robustly increased in Chrono KO when 
compared with WT mice after 0.5 h and 1 h of restraint stress

Recent development in Molecular circadian clockwork

A Novel Protein, CHRONO, Functions as a Core Component of the Mammalian Circadian Clock

Goriki A et al  A novel protein, CHRONO, functions as a core component of the mammalian circadian clock. PLoS Biol. 2014 Apr 15;12(4):e1001839. 
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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)

Circadian rhythm transcription factor CLOCK regulates the 
transcriptional activity of the glucocorticoid receptor by 

acetylating its hinge region lysine cluster



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. 
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The oscillatory patterns of GC in the periphery have been primarily attributed to the SCN 
control of the HPA neuroendocrine Axis. 

R.M. Buijs, A. Kalsbeek, T.P. van der Woude, J.J. van Heerikhuize, S. Shinn, Suprachiasmatic nucleus lesion increases corticosterone secretion, Am. 
J.Physiol. 264 (1993) R1186–R1192 

The mammalian circadian clockwork

The driving role of the Suprachiasmatic nucleus



The plasma GC rhythm persists in:
monkeys administered dexamethasone to 
suppress endogenous CRH/ACTH secretion

C. Torres-Farfan, F.J. Valenzuela, R. Ebensperger, N. Mendez, C. Campino, H.G. Richter, G.J. 
Valenzuela, M. Seron-Ferre, Circadian cortisol secretion and circadian adrenal responses to 
ACTH are maintained in dexamethasone suppressed capuchin monkeys (Cebus apella), Am. J. 
Primatol. 70 (2008) 93– 100.

GC rhythm does not simply depend on the 
rhythmic release of ACTH.

Circadian regulation of GC biosynthesis and secretion



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.

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.



“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
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Adrenal intrinsic mechanisms: the involvement of adrenal oscillator

An acute administration of GC can induce phase synchronization in a 
wide range of peripheral clocks both in vivo and in vitro 



Dexamethasone induces circadian gene
expression in rat-1 fibroblasts grown in
tissueculture.

The GR is required for dexamethasone-induced Per1 
and DBP expression and phase shifting

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



When the Clock stops ticking, metabolic syndrome  explodes

Staels B. When the Clock stops ticking, metabolic syndrome explodes. Nat Med 2006;12:54–55.

Clock genes are implicated in the human metabolic syndrome



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

Metabolic Disturbances Associated with Loss of Circadian Rhythm or 
Glucocorticoid Excess



Symptoms of circadian clock mutant animals and human 
glucocorticoid dysregulation

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



Clock genes are implicated in the human metabolic syndrome

Gomez-Abellan P, et al. Clock genes are implicated in the human metabolic syndrome. Int J Obes (Lond) 2008;32:121–128. 

sign ifican t d ifferen ces (Po 0.001; Figure 1). Con cretely,

hBmal1 expression was sign ifican tly lower th an hPer2 an d

hCry1 (Po 0.001), wh ereas th ere were n o sign ifican t d iffer-

en ces between th e lat ter two. Th is situat ion was sim ilar in

visceral an d in subcu tan eous AT (Figures 1a an d b).

Wh en gen e expression levels were com pared between both

depots, n o sign ifican t d ifferen ces were obtain ed (P4 0.05 in

all cases; Figures 2a–c).

Pearson ’s correlat ion coefficien ts between th e clock gen es

studied are sh own in Figure 3. In th e subcu tan eous depot , all

gen es were sign ifican t an d posit ively correlated to each

oth er, wh ereas in th e om en tal depot n o associat ion was

foun d between hBmal1 an d hPer2 (Figures 3a an d b).

All th ese resu lts con firm th e idea th at th e expression s of

th e differen t clock gen es are h igh ly correlated to each oth er.

Relations between metabolic syndrome parameters and clock
genes expression

Associat ion s between clock gen es expression an d several

param eters of th e m etabolic syn drom e were studied by

Person ’s correlat ion an alysis.

In th e om en tal depot , hPer2 expression levels were

n egatively correlated with waist circum feren ce (r ¼ 0.928,

P ¼0.01; Figure 4), a m arker of cen tral obesity an d a key

predictor of m etabolic syn drom e.

Possible correlat ion s between clock gen es expression

an d differen t cardiovascu lar risk factors were also an alyzed.

Our data sh owed th at th e th ree gen es studied were

sign ifican tly an d n egatively associated to total ch olesterol

(hBmal1: r ¼ 0.789, P ¼0.020; hPer2: r ¼ 0.891, P ¼0.003;

hCry1: r ¼ 0.890, P ¼0.003) an d LDL ch olesterol (hBmal1:

r ¼ 0.853, P ¼0.007; hPer2 : r ¼ 0.875, P ¼0.004; hCry1:

r ¼ 0.908, P ¼0.002). Th ese sign ifican t associat ion s were

observed exclusively in th e subcu tan eou s AT.
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Subcutaneous Adipose Tissue
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Figure 1 Differences in clock genes expression in both visceral and

subcutaneous adipose tissue. Relative expression of clock genes (hBmal1,

hPer2 y mCry1) in visceral (a) and subcutaneous (b) adipose tissue. Clock

genes mRNA level was measured with the real-time PCR and normalized to

18S using the ÄÄCt method of relative quantitation. Data are reported as

means7 s.e.m., and results are presented as a percentage of hBmal1 relative

expression (hBmal1 value ¼1). Different superindices indicate significant

differences with Po 0.001 (one-way analysis of variance).
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Figure 2 Comparisson of clock genes relative expression between adipose

tissue depots. Differences in clock gene expression between visceral and

subcutaneous adipose tissue. (a) hBmal1, (b) hPer2 and (c) hCry1 relative

expression. Data are reported as means7 s.e.m., and results are presented as a

percentage of visceral depot (visceral value ¼1). P4 0.05 (Student t-test). NS,

no significant difference.

Clock genes and metabolic syndrome in humans
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Differences in clock genes expression in both visceral and
subcutaneous adipose tissue. Relative expression of clock
genes (hBmal1, hPer2 y mCry1) in visceral (a) and
subcutaneous (b) adipose tissue.

Discussion

Th is study provides th e first eviden ce of expression of th e

core m olecu lar clock com pon en ts Per2, Bmal1, Cry1 in

h um an AT. Th e first d irect eviden ce th at adipocytes posses

th e m olecu lar m ach in ery for a biological clock cam e from

an alysis in m ice.20 In 2005, An do et al.14 dem on strated th at

th e in tracellu lar clock gen e system acts in visceral AT an d can

be in fluen ced by obesity or type 2 diabetes. Recen tly, it h as

been docum en ted th at th ese clock gen es are expressed in AT

from big m am m als, specifically h orse.21 However, n o studies

h ave been previously perform ed in h um an AT, an d n eith er

com pared two differen t AT region s, such as subcu tan eous

an d visceral fat , with differen t ch aracterist ics an d path oph y-

siological im plicat ion s.

In th e presen t study Per2, Bmal1 an d Cry1 were selected for

th e an alysis, sin ce th ey are key com pon en ts of th e circadian

clock, an d h ave been sh own to exh ibit robust oscillat ion s

in th e periph eral t issues of oth er species.9,21 Our data sh ow

th at hPer2 an d hCry1 are expressed 10–20 t im es m ore th an

mBmal1 in both visceral an d subcu tan eous ATs, bein g th e

relat ive expression pattern s of th e th ree clock gen es sim ilar

between both AT location s. Th e differen ces in th e relat ive

gen e expression suggest th at , at th e t im e of surgery (1100

h our), th e expression of hBmal1 occurred in an ti-ph ase to

th ose of hPer2 an d hCry1. Th ese data are in accordan ce with

previous studies perform ed in m ice, wh ich sh owed th at

hBmal1 h as its n adir (lowest levels) Zeitgeber t im e 12.22

However, in th e presen t work it was n ot possible to study

th e oscillat ion pattern s of th ese gen es expression in th e

h um an AT. To obtain AT biopsies requ ires rath er in vasive

tech n iques th at m ay in jure th e patien t . Moreover, for

visceral AT it is n ecessary to subm it th e patien t to a surgical

process, wh ich m akes it im possible to sam ple AT from th e

sam e patien t at d ifferen t h ours of th e day.

Resu lts in oth er species h ave dem on strated th at periph eral

t issues sh are a sim ilar pattern of clock gen e expression ,

exem plified by th e an ti-ph ase oscillat ion of Per2 an d Bmal1

m RNAs exh ibited in h eart , lun g, liver, eye, kidn ey an d

pan creas.23–25 With respect to AT, studies perform ed in m ice

an d h orses also sh owed an in verse expression profile

between Bmal1 an d Per2 an d Cry1.14,21,22 Parallel, h um an

studies con fin ed to less in vasive m easurem en ts in periph eral

blood, oral m ucosa an d skin sh owed sim ilar tem poral clock

gen es expression .
26–28

Wh en Pearson ’s correlat io n coefficien ts between th e th ree

clock gen es studied were calcu lated in subcu tan eous AT,

all gen es were sign ifican t an d posit ively correlated to each

oth er. It is kn own th at th e CLOCK:BMAL1 h eterodim er

activates th e tran scrip t ion of period an d cryptocrom e gen es,

an d it is on ly wh en PER an d CRY protein s reach a crit ical

con cen trat ion th at th ey atten uate th e CLOCK:BMAL1

tran sactivat ion , th ereby gen erat in g a circadian oscillat ion

in th eir own tran scrip t ion .
9,10

Of special in terest in th is study is th e lack of associat ion

between Bmal1 an d Per2 in th e visceral AT, wh ich was

sign ifican t an d posit ively correlated in th e subcu tan eous fat

obtain ed from th e sam e subjects an d at th e sam e tim e. Th ese

data suggest th at th ere is a ph ase sh ift in th e gen e expression

of both AT location s at th e t im e of sam plin g. However,

th is lack of correlat ion was observed on ly between Bmal1

an d Per2, bu t n ot between Bmal1 an d Cry1. Th ese resu lts

as a wh ole could in dicate th at in th e visceral AT, som e

distu rban ces occur in BMAL1 fun ction an d in its effects

on PER2 th at cou ld be related to th e path oph ysiology of

th is adipose region an d its im plicat ion s on th e m etabolic

syn drom e.

Wh en a paired t-test com parin g th e gen e expression from

subcutan eou s an d visceral depots was perform ed, n o sig-

n ifican t differen ces were foun d between both region s,

alth ough th ere was a ten den cy to a lower expression of th e

th ree gen es in visceral fat . Th e lack of stat ist ical sign ifican ce

could be a con sequen ce of th e low n um ber of subjects

in cluded in th e study (n ¼8), an d furth er studies are

n ecessary to con firm th ese data.

Waist circum feren ce h as been described as th e best

an th ropom etric in dex for est im ation of visceral fat

con ten t .29,30 In deed, in th e clin ical pract ice, m etabolic

syn drom e is diagn osed in m en with a waist perim eter h igh er

th an 94 cm plus an y two of th e followin g param eters: h igh

serum triglycerides, low HDL ch olesterol con cen trat ion s,

h igh serum glucose an d h igh blood pressure.19 Takin g th is

defin it ion in to accoun t, th e patien ts studied in th e presen t

work suffered from m etabolic syn drom e.

Th e curren t study clearly dem on strates th at th e expression

of hPer2 in visceral AT (n ot in th e subcu tan eou s) is n egatively

correlated to waist perim eter in m orbid obese subjects. Th e

im portan ce of Per2 as a crucial regu lator of th e m am m alian
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Figure 4 Correlation between hPer2 relative expression in visceral adipose

tissue and waist circumference (a marker of metabolic syndrome).

r ¼correlation coefficient. **Po 0.01. AU, arbitrary units.
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Differente espressione dei geni clock 
in grasso viscerale e nel sottocutaneo



LAURENCE PLAT, RACHEL LEPROULT, MIREILLE L’HERMITE-BALERIAUX,FRANDOISE FERY, JEAN MOCKEL, KENNETH S. POLONSKY, AND EVE VAN CAUTER 
Metabolic Effects of Short-Term Elevations of Plasma Cortisol Are More Pronounced in the Evening Than in the Morning* J Clin Endocrinol Metab 84: 
3082–3092, 1999

Metabolic Effects of Short-Term Elevations of Plasma Cortisol



Oral HC 50 mg given at 17.00 h  gives more 

pronounced increase in insulin secretion

LAURENCE PLAT, RACHEL LEPROULT, MIREILLE L’HERMITE-BALERIAUX,FRANDOISE FERY, JEAN MOCKEL, KENNETH S. POLONSKY, AND EVE VAN CAUTER 
Metabolic Effects of Short-Term Elevations of Plasma Cortisol Are More Pronounced in the Evening Than in the Morning* J Clin Endocrinol Metab 84: 
3082–3092, 1999

Metabolic Effects of Short-Term Elevations of Plasma Cortisol



Karlsson B, Knutsson A, Lindahl B 2001 Is there an association 
between shift work and having a metabolic syndrome? Results from 
a population based study of 27,485 people. Occup Environ Med 
58:747–752

A working population of 27 485 people from 
the Västerbotten intervention program (VIP)

Clinical consequences of environmentally disrupted GC rhythm

Rotating shift workers show a higher risk of
obesity, hypertension, high triglycerides,
insulin resistance.

Extended night-time shift work is
associated with increased incidence of
breast cancer and colorectal cancer

Schernhammer ES et al  Night-shift work and risk of colorectal cancer in the 
nurses' health study. J Natl Cancer Inst. 2003 Jun 4;95(11):825-8.



Touitou Y, Bogdan A, Lévi F, Benavides M, Auzéby A. Disruption of the circadian patterns of serum cortisol in breast and ovarian cancer
patients: relationships with tumour marker antigens Br J Cancer. 1996 Oct;74(8):1248-52.

Cortisol circadian frequency has been found to be disrupted in breast and ovarian cancer
patients : 22 out of 33 cancer patients have deeply altered serum cortisol circadianprofiles.

Role of circadian disruption in cancer development

Ovarian K Breast K



Nocturnal cortisol and
cortisol variability show
significant dysregulation in
ovarian cancer and this
dysregulation is associated

Weinrib A, Cancer 2010 116:4410-9

Role of circadian disruption in cancer development

With greater functional
dysability, fatigue and 

depression



Similar interactions between the CLOCK system and the HPA axis are also observed in the 
regulation of immune function. 

In 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

Arjona A, Sarkar DK. Are circadian rhythms the code of hypothalamic-immune communication? Insights from natural killer cells. Neurochem
Res 2008;33:708–718.

Effects of circadian gene disruption on the immune system

Several GREs elements



Since glucocorticoids interact with clock genes and regulate their expression, they
indirectly modulate clock mediated pathways and CCG.

This results in far-reaching effects, as glucocorticoids influence circadian cytokine
production, leukocyte distribution, proliferation, and apoptosis. 

Arjona A, Sarkar DK. Are circadian rhythms the code of hypothalamic-immune communication? Insights from natural killer cells. Neurochem
Res 2008;33:708–718.

Effects of circadian gene disruption on the immune system

Glucocorticoids 

Clock-Genes

CCG genes:
• STAT3, 
• STAT5, 
• NF-κB
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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. 



Primary adrenal Insuficiency is associated with 2-3 

fold increased mortality rate compared to the 

background population

Mortality Risk in Patients with Addion’s disease



Conventional GC replacement therapy in patients with AI does not provide appropriate 
physiological replacement in terms of precisely mimicking this rhythm

Non-physiological cotisol replacement in Adrenal Insufficiency

Peak M. Mah Clinical Endocrinology (2004) 61, 367–375

The non –physiological circadian profile rather than the 
dose could be the major explanation for worse outcome of AI

RE-SYNC ? ! ?



Helena Filipsson et al The Impact of Glucocorticoid Replacement Regimens on Metabolic Outcome and Comorbidity in Hypopituitary PatientsThe Journal of 
Clinical Endocrinology & Metabolism 91(10):3954–3961

Metabolic consequences

Nella AI in terapia convenzionale i parametri metabolici peggiorano



Effects on bone metabolism

Bone loss secondary to suppression of osteoblastic function, evident by lower
osteocalcin levels, may also occur with increasing HC doses. 
Serum osteocalcin levels significantly decrease with an increase in HC doses

Maria Wichers et al .The influence of hydrocortisone substitution on the quality of life and parameters of bone metabolism in patients with secondary
hypocortisolism Clinical Endocrinology (1999) 50, 759–765



Glucocorticoids are one of the most important factors in the transmission of circadian timing
from the SCN to peripheral osteoclasts, and that the osteoclast peripheral clock may regulate
the circadian rhythm of bone resorption by regulating CTSK and NFATc1 expression.

DEX 

Glucocorticoids mediate circadian timing in peripheral osteoclasts
resulting in the circadian expression rhythm of  osteoclast-related
genes

Fujihara Y, Kondo H, Noguchi T, Togari A. Bone. 2014 Apr;61:1-9



Once Daily (OD) oral modified-release HC tablet (Plenadren)

Thrice Daily (TID) conventional hydrocortisone (HC) tablets

A comparison between

followed by a 6-month extension on OD

Modified-release hydrocortisone tablet to provide circadian profile

G. Johannsson et al Improved Cortisol Exposure-Time Profile and Outcome in Patients with Adrenal Insufficiency: A Prospective Randomized Trial of a Novel 
Hydrocortisone Dual-Release Formulation J Clin Endocrinol Metab 97: 473–481, 2012
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