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chronobiology: the basics and the clinical implications

Rodolfo Costa & Sara Montagnese 

the circadian timing system as an adaptation to cyclic environmental changes

Allada & Bass, NEJM 2021

talk outline
• the discovery of the first clock gene

• circadian, infradian and ultradian clocks 

• a model for the circadian clock system

• the evolution of circadian rhythmicity

• adaptive significance of circadian programs

• the mammalian circadian clock system

• genetic variability in clock genes

the first clock mutants in the fruit fly
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1984 - period controls circadian rhythmicity

per0 arrhythmic fly

per0 transformed with per+ gene 
rhythmic fly

2017 Nobel prize in Physiology or Medicine

Cyanobacteria

Neurospora

Arabidopsis
Drosophila

all these organisms have a circadian clock

Mouse Human
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different endogenous clocks dictate time in different temporal domains

Platynereis dumerilii, a marine worm, has two independent clocks, a circadian and a circalunar one

lunar clocks t = 29.5 giorni

Zantke et al Cell Reports 2013

• long records (up to 32 years) of menses onsets in 22 women 
• the approach allows to investigate the possibility that lunar influence might be 

present intermittently and in different forms over a woman’s life
• the study tests the influence of both moon gravity and moon luminance on 

menses onsets

lunar influence on human reproductive behaviour remains controversial

Helfrich-Foerster et al Science Adv 2021
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24

period: both mRNA and protein cycle with a period of 24 hours

0 12

mRNA

PROTEIN

delay

Hardin et al, Nature,1990

timeline of major discoveries in circadian clock research in the last century

Loudon et al, Trends in Genetics,  2000

mRNA clock
proteins

clock genes

a transcriptional-translational negative feedback loop the clock controls the expression of thousands downstream genes

ccg

mRNA

clock
genes

clock
proteins
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phylogenetic origins of circadian oscillatory systems

Edgar et al Nature 2012

non transcriptional time-keeping:
rhythmic production of peroxide (H2O2) drives rhythms in the oxidation level of peroxiredoxin (PRX) proteins

van Ooijen & Millar, 2012, 

Trends in Biochem. Sci., 37: 484-492

a proto-clock based on kinases

Edgar et al Nature 2012

peroxiredoxins oxidation-reduction cycles are an indicator of 
time being kept by an unknown ancient timekeeper

while core clock gears are different in different life domains, 
it is always kinases - and the same type of kinases - that
set the speed of the clock

two of these, Casein kinase 1 (CK1) and Glycogen
synthase kinase 3 (GSK3) are also important in pacing
peroxiredoxin clocks

It is therefore possible that:
- kinases may have formed a simple ancestral timer leading to the features of the clocks we see today
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talk outline
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• circadian, infradian and ultradian clocks 

• a model for the circadian clock system

• the evolution of circadian rhythmicity

• adaptive significance of circadian programs

• the mammalian circadian clock system

• genetic variability in clock genes

adaptive significance of circadian programs in cyanobacteria

wild type and mutant strains exhibit different free running periods

t = 23 h

t = 25 h

t = 30 h

this is the first rigorous demonstration in any organism of an advantage conferred by a circadian system to fitness
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the mammalian circadian master clock maps in the suprachiasmatic nuclei (SCN)

Allada & Bass, NEJM 2021

the molecular mechanism of the circadian clock in mammals the activating heterodimer CLOCK:BMAL1 binds to the E-box elements on the genome

additional regulators and chromatin remodelers contribute to circadian gene expression

Masri et al, 2015. Curr Opin Oncol
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Buttgereit et al, Nature Rev Rheumat, 2015

master clock and peripheral clocks

SCN: Suprachiasmatic Nuclei

about 20.000 neurons

tissue-specific transcriptional programmes

brain liver adrenal glands

Allada & Bass, NEJM 2021

Zeitgebers

• light-dark cues

• meal timing

• activity timing

• social interaction

intrinsically photosensitive retinal ganglion cells (ipRGC, about 1% of the all RGCs)  within the inner retina send monsynaptic projections to 
the SCN

Hattar et al 2002 Science;   Provencio et al 2002 Nature
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circadian regulation in the retina: from molecules to network

KO, 2018 Europ. J. Neurosci. 

light synchronizes the master clock activating several signaling pathways and inducing clock genes expression which, in turn, affects the clock phase

Costa & Montagnese, 2021 J Neurochemistry

the SCN is composed of regional oscillators dissociable under specific conditions such as photoperiod changes

this feature adds to the circadian clock a “calendar” function

a double clock within the SCN? astrocytes as clock cells
anti-phasic patterns of SCN neuronal and astrocytic circadian rhythms

Hastings et al, 2019 Biology
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restoration of circadian locomotor behaviour by genetic complementation of the astrocyte clock

Cry1/Cry2 null
arrhythmic mice

Hastings et al, 2019 Biology

talk outline
• the discovery of the first clock gene

• circadian, infradian and ultradian clocks 

• a model for the circadian clock system

• the evolution of circadian rhythmicity

• adaptive significance of circadian programs

• the mammalian circadian clock system

• genetic variability in clock genes

what happens when mutations occur in clock genes? 
genetic variability in clock genes modulates chronotype
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2003

Repeat of 54bp  (18aa)

(Exon 18)

Per3

Sleep (2003), 26: 413

PER3 5/5         morningness ? 

PER3 4/4         eveningness ?

chronotype is the most obvious expression of human endogenous circadian rhythmicity
assessment of complex traits needs more than one gene

Biscontin et al, 2022 JBR

entire genetic variability of 19 target genes involved in circadian rhythmicity and/or 
sleep duration was assessed

Biscontin et al, 2022 JBR

two panels (35 or 13 polymorphisms) were identified, with a predictive value of 
about 80% for chronotype assessment

Biscontin et al, 2022 JBR
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clock genes-related sleep syndromes
Familial Advanced Sleep Phase Syndrome (FASPS)

sleep-phase anticipated by 
4-5 hrs

t << 24 h in DD

LD 12:12

DD

LD 12:12

DD

DD: dark:dark
LD: 12h light:12h dark

Toh et al, Science 2001

FASPS: a mutation in Period 2

Toh et al, Science 2001

Familial Delayed Sleep Phase Syndrome (FDSPS)

Patke et al, Cell, 2017
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mid-sleep in carriers of the mutation at the Cry1 gene

mid sleep in 
normal subjects

mid-sleep in mutants

Patke et al, Cell, 2017

Office1

human sleep regulation

Borbély AA. Hum Neurobiol. 1982

endogenous 
circadian 

clock

social 
time

solar 
time

desynchrony between external and 
internal time



Diapositiva 49

Office1 Utente di Microsoft Office; 24/01/2018
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desynchrony between external and 
internal time
• poor sleep
• waking hours: napping, fatigue,

reduced performance, increased 
accident/injury risk

desynchrony between external and 
internal time
• poor sleep
• waking hours: napping, fatigue,

reduced performance, increased 
accident/injury risk

• overweight
• metabolic syndrome
• cardiovascular disease
• some types of cancer

Vetter et al., JAMA 2016

NHS female nurses
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Morris et al., PNAS 2016

misalignement,
BP and HR

Morris et al., PNAS 2016

misalignement,
BP and HR

Morris et al., PNAS 2016

misalignement,
BP and HR

Markwald, PNAS 2013

sleep
deprived

sleep
deprived

sleep loss and energy expenditure
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Markwald, PNAS 2013

sleep
deprived

sleep
deprived

sleep
deprived

sleep
deprived

sleep loss and energy expenditure disturbance of daily rhythms in chronic illness

• epidemiological data on chronic illnesses that have been associated 
with misalignment

• pertinent pilot treatment data /mechanistic data in healthy volunteers

• sporadic examples of the relevance of circadian rhythmicity to disease 
outcome/management

• circadian profiles in a few illnesses of interest

• circadian syndrome within such profiles (DSPD in cirrhosis)

• pertinent pilot treatment data 

• circadian profiles in environments of interest

disturbance of daily rhythms in chronic illness

• epidemiological data on chronic illnesses that have been associated 
with misalignment

• pertinent pilot treatment data /mechanistic data in healthy volunteers

• sporadic examples of the relevance of daily rhythms to disease 
outcome/management

• circadian profiles in a few illnesses of interest

• circadian syndrome within such profiles (DSPD in cirrhosis)

• pertinent pilot treatment data 

• circadian profiles in environments of interest

Lancet 2018
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disturbance of daily rhythms in chronic illness

• epidemiological data on chronic illnesses that have been associated 
with misalignment

• pertinent pilot treatment data /mechanistic data in healthy volunteers

• sporadic examples of the relevance of daily rhythms to disease 
outcome/management

• circadian profiles in a few illnesses of interest

• circadian sleep-wake disturbance within such profiles

• pertinent pilot treatment data 

• circadian profiles in environments of interest

organ clock disruption

organ disease/complications

organ clock disruption

organ disease/complications
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organ clock disruption

organ disease/complications

Cordoba et al., 1998; Montagnese et al., 2009; Kim et al., 2021

disturbed sleep and cirrhosis

Steindl et al., 1995; Velissaris et al., 2008; Montagnese et al., 2010

24-hour melatonin rhythm in cirrhosis melatonin response to light in cirrhosis

Montagnese et al., Am J Gastro 2010
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De Rui et al., Neurochemical Research 2015

treatment with light in cirrhosis

De Rui et al., Neurochemical Research 2015

treatment with light in cirrhosis

De Rui et al., Neurochemical Research 2015

treatment with light in cirrhosis portal-systemic
shunt

portal-systemic
shunt

hepato-cellular 
failure
hepato-cellular 
failure

NH4
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….with a little help from my friends ….with a little help from my friends

Granados-Fuentes et al., Liver International 2023

disturbance of daily rhythms in chronic illness

• epidemiological data on chronic illnesses that have been associated 
with misalignment

• pertinent pilot treatment data /mechanistic data in healthy volunteers

• sporadic examples of the relevance of daily rhythms to disease 
outcome/management

• circadian profiles in a few illnesses of interest

• circadian sleep-wake disturbance within such profiles

• pertinent pilot treatment data 

• circadian/daily profiles in clinical environments of interest

intensive care units
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pediatric intensive care units

BMJ, 1986

pediatric intensive care units

BMJ, 1986

medical wards medical wards

Formentin et al., Front Physiol – Chronobiol. 2020
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Breakfast Lunch Dinner

07:00 12:30 18:30

08:00 13:30 19:30

09:00 14:30 20:30

Morning Evening

08:00-08.30 18:00-18:30

09:00-09:30 18:30-19:00

10:00-10:30 19:00-19:30

Morning Evening

Morning
type 06:45 20:00

Intermediat
e type 07:45 21:00

Evening type 08:45 22:00

medical wards disturbance of daily rhythms in chronic illness

disturbance of daily rhythms in chronic illness disturbance of daily rhythms in chronic illness

• reasonable pathophysiological implications vs. RCTs

• lack of normative data

• no normative data  no abnormality thresholds

• prescription and reimbursement

• access to in- and outpatient circadian servicescircadian 
profiles in environments of interest
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disturbance of daily rhythms in chronic illness

• reasonable pathophysiological implications vs. RCTs

• lack of normative data

• no normative data  no abnormality thresholds

• prescription and reimbursement

• access to in- and outpatient circadian servicescircadian 
profiles in environments of interest
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suggested readings

https://www.sleeprhythm.org/


