ull«e;i;ufﬂ\m MM\QJ»M\

3915 395 9 syl o 50 B 0597 Wy Loy :.S‘)-! ‘) [S,b] e a5 (s’ connl

45 (9,5 &l yeol cnl 0 Loty Loy 10y (iuigS 9 )15 @ (3 5o G ol 18] o LaSI
G [105 Cngry 9 508 g oo g5 1] o lis igin 1y @ lis

\JL.w /°' '//.j
\(*)

w2015 51,8 [Olacl saws o] Liwl,T g colywl alo Iy oyLulgs

*« &\



Circadian Rhythms



CIRCADIAN RHYTHMS

THE BODY CLOCK

Introduction

6:00am
Lotzgﬁdy SUNRISE Sha?[;:sst;:(?;e in
Temperature Blood Pressure Aiéf,a(t)g:?n
Secretion Stops
MORNING

s Almost all life on earth uses an internal biological clock to 2.00am 8.30am
anticipate the profound changes that result from the Earth’ s Dglepest Bowellli\cglvement
rotation upon its axis. =P y

10:00am

< The Nobel Prize in Physiology or Medicine 2017 was awarded High AlCEEEE
jointly to Jeffrey C. Hall, Michael Rosbash and Michael W. Young 12:00 12:00
fqr thgir work on the molecular mechanisms controlling the MIDNIGHT NOON
circadian rhythms. 10.30pm

: : _ _ _ _ Bowel Movements 2.30pm

% A circadian rhythm or circadian cycle, is a natural, internal Suppressed Best
process that regulates the sleep—wake cycle and repeats roughly 9.00pm Coordination
every 24 hours. It can refer to any process that originates within Melatonin

3.30pm
Fastest Reaction Time

Secretion Starts
EVENING
7.00pm

< The term circadian comes from the circa, meaning "around" (or IR 2 [emperature

n H n = H n " 6.30pm
approximately"), and diém, meaning "day". et BIOO‘:, .

an organism (i.e., endogenous) and responds to the environment
(entrained by the environment).

5:00pm
Greatest Cardiovascular
6:00pm Efficiency and Muscle Strength

% Chronobiology is a field that studies the effects of time on SUNSET

biological systems. Periodicity is of particular interest.

020ZOHTY

EASsE=Ird


https://en.wikipedia.org/wiki/Endogeny_(biology)
https://en.wikipedia.org/wiki/Entrainment_(chronobiology)
https://en.wiktionary.org/wiki/circa#Latin

Internal circadian clocks and external Zeitgebers

Exogenous rhythms are Zeitgebers that

means environmental time cues such as sunlight,
alarm clocks, or social interaction that helps trigger
an organism to entrainment to a 24-hour cycle.

External 24 h light-dark cycle

Photic Zeitgeber

Nonphotic Zeitgeber S
= Sleep—-wake cycle
= Physical activity
= Social time

= Meals

Entrainment

Endogenous biological rhythms are naturally occurring
cycles within our bodies. Endogenous means that it is 'built
in' and it naturally occurs within our body.

Endogenous circadian rhythm

SCN (Master clock)

Peripheral
oscillators

Cellular
oscillators

Nature Reviews | Rheumatology



Hierarchical organization of the mammalian clock system

L---"*C{\r; ST 7 SCN (master oscillator)
Y = ¥ — e
/ D i /’ " — /-\T'\ e
/,}"/& / ) B — /// N // )\ - o)
Input pathway V- o A X ! i

Central clock (~24 hours)

Excitatory: Excitatory: Inhibitory:
Glutamate| _  PACAP| | |GABA

Peripheral clocks

e Heart

* Bronchi of lungs
e Liver

* Stomach

* Small intestines

Core clock gene
expression:

: E::g: yilntestine Sympathetic and PER1 and PER2
e Rectum parasympathetic pathways _—

Hormonal control

* Glucocorticoids
* Melatonin
e Orexin

Postsynaptic
SCN neuron



Central clock

cerebellum

olfactory
bulb

vetiin mid-brain

AL hypothalamus

e e, pigmented
O S ) epithelium

rod and cone
photoreceptors

inner retinal
cells

thalamus /
retinal ganglion cells hypothalamus ¢
\S 1
photosensitive retinal ganglion cell (pRGC) optic chiasm



The transcription—translation feedback loop

@
GSK3, CK2 '
« The circadian transcriptional machinery @ ©
consists of two transcription factors, CLOCK CLOCK, TIP60, SlRT1~LA (P) CK18/¢, CK2, PP1d
and BMAL1 (the activators) that \9]o)
heterodimerize and bind to the E-Box ASlRTlJ'
sequences of the promoters of ~10-15% of our ,
genes to direct their rhythmic transcription. .’ , — 5
« This transcriptional activity peaks during the ' IE
day but is inhibited at night by the proteins ! IO SUNZN LN /N
period (PER) and cryptochrome (CRY) (the : PER1/2/3
repressors). l CRY1/2 ~~e—v
E DBP __________________ @\
« Additionally, several kinases and : : REV-ERBai/f} s =, ;
phosphatases regulate the phosphorylation of : GSK3, CDK1 (P) CCce |mRNA : l
both activators and repressors, controlling the ' ARF-BP. PAM, b : i
localization and stability of these integral clock : SIAH2, FBXW?7 & : ,
proteins. | - @
! N'/N"/\N"/\\' N/N/NN
------- BMAL1 ROR o/ 1y ~—~——~—
I NFIL3 s~ CCG

| CCG
®

___________________________________________________________________



Melatonin and orexin signalling in circadian rhythm

2 ,‘/ // - ) _\\\ '~»\\ \"-,
~ A = S
> \_ Pineal =Y
R\ S R C ( =
\\| NE __. & .
\ : - j N \ \ A

—z
S

RHT
Eye

% * Inhibition of cAMP.
\ * Inhibition of protein kinase A
" * Reduced CREB phosphorylation

\
!
1
\
\
A

.) > | S
t.l’ |g e —_—
/ » <y | N
6 p.m. 6 a.m.

k ¢ Inhibition of the neuronal | ® Phase-shifting
firing in the SCN effects on the
* Facilitates bedtime circadian rhythm
sleep onset




Melatonin and orexin signalling in circadian rhythm

Day

6 a.m.

: Lateral
, hypothalamus

* Regulation of the transition between
wakefulness and the NREM sleep state,
and the stabilization of wakefulness (by OX2R)
e Suppression of REM sleep
(by both OX1R and OX2R)
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The peripheral clocks in humans

e SCN (central clock)

Light * Peripheral brain

Nervous

* Sleep disorders
* Mood disorders

Brown fat * Neurodegenerative diseases
Hormones l Core body
SNS, PNS temperature
AV, Lymph nodes Cardiovascular
Stromalcells ——— Y n
{ AR '- * Heart * Myocardial infarction
e Lung e Stroke
* Acute pulmonary oedema
) * Hypertension
\h{i.._;--\ i
Food Metabolic
e Liver | * Obesity
* Pancreas * Diabetes
e Kidney
e RPN S ask * Intestine
<4, — U ® White, brown fat

e Skeletal muscle

&

¢ &
Exercise ———————ouou

——Bone marrow

e Lymph nodes
| ® Spleen
U' * Bone marrow

| It e Stromal tissue
Wil e Epithelial tissue

Ovary ——>

Immune

® Response to infection, vaccination

e Autoimmune disorders

Proliferative

* Wound healing
* Cancer

J Reproductive

Infertility

Oscillations in
Adrenal \| peripheral clocks
gland k L

Glucocorticoid

o

—Norepinephrine

5 °
Epinephrine
Kidney Bone marrow Liver Spleen
a Activity ; Rest
Bone Mice: night lgggtgme ' Mice: day .
Marrow. Humans: da molecule | Humans: night
Leukocyte ’ - ) ; :

vessel

Skeletal
muscle

~ Chemokine
receptor




Crosstalk between metabolism and circadian clocks

Fed (actiye phase) Fasting (nlast phase)
f N
Glucose Insulin Glucose Glucagon
AN/ AYAY/ NN/
G 0 .
Insulin Glucagon
GLUT receptor LUT receptor
| AVAVE A f\pf ti' AV N f\p.f'
Plasma .
R bl g
Cytoplasm sensitivity j (E) ORI
AN/ ——-CRY

@4—] 1 1 cAMP __(L?’LUF\DEDFHCDM
@ Glucose T CREB Cb‘Glucn:)(:t:)rti-::i:)id
@ > So« transcriptional receptor

activity AVAV)
<—J Metabolites N N /
Glycogen Glycogen Ava * Lactate
synthesis breakdown @coneagenesis ¢ Glycerol, fatty acids
Y \C Amino acids

~—> (lycogen / ‘

=



Circadian Regeneration Organ Systems

High Per2 expression correlated with increased motility and a
significantly faster time to heal. This rhythmicity of wound
healing efficacy also correlated with human burn healing data ﬁ .
that showed an approximate 60% increase in the time to heal

when the injury occurred during the nighttime (human resting
phase) versus the daytime.

ZTO0 6 12 18 24

More specifically, differentiation-related genes are upregulated
in “late night and early morning” while UV protection, DNA
replication, and cell cycle genes are upregulated in “afternoon

® ——-—*'k 9

Skin

keratinocytes ® e

and evening”.

Mitotic activity of crypt cells peaked from ZT0-4 (light on from
ZT0-12 and light o from ZT12-24) with a nadir of ZT12-16.

al

At light onset, NE and TNF secretion induce HSPC
differentiation and egress through an increase in ROS levels
in HSPCs (a characteristic of HSPC activation) and by
increasing vascular permeability.

HSPC

In mouse liver, the number of ribosomal mMRNAs incorporated
into polysomes, an indirect measurement of translation, was
higher at night than in the morning, although the levels of the
total ribosomal MRNA remained unchanged. Consistently,
ribosomal protein translation and assembly occurred at night,
indicating a higher capacity for protein synthesis during
mouse active hours.

Biosynthesis | Requlation Regeneration| Wounding

Ribosome
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Epithelial and stromal circadian clocks are inversely regulated by

their mechano-matrix environment

Mechano-sensitivity of gene expression
B  Epithelial cells on 3D vs 2D matrix

A RORa B RORy
3D 2D : "
c — % — — % — c — % — — % —
Ke] o
2 24
Y 2 1
Q. Q. 34
3 Y ,
S =
5 51
[] ]
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\‘:&" SR R & ¢ o~
& Fibroblasts on 3D vs 2D matrix
2D C Bmall D PGCla
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Circadian Rhythms and Disease

Extrinsic factors

* Clock gene mutations * Shift-work

* Aging : * Chronic jet-lag
Circadian rhythm
disruption

O

Metabolic/cardiovascular

disease
* Depression * Diabetes
* Poor sleep quality * Metabolic syndrome
* Alzheimer’s Disease * Hypertension

* Cardiovascular disease



Chronotherapy and Future Prospects

a Insomnia b Jetlag
Plasma melatonin level

Lifestyle

Before
|  — D
@ . . i
. Circadian pharmacology Em
= Pharmacological interventions for E m

[ I iine zone
6p.m.

]

— insomnia and jet lag
_ ‘% _ Abnormal melatonin/orexin actions

= Targeting the circadian Lol
machinery | f\f\
TT E— 0

* Metabolic disease
Phase delay 6am. o
f ] CESEREN  —— e— DoStination
|

time zone

\<’/ Melatonin Orexin L )
T
- ‘ - PRM (circadin) Melatonin receptor Orexin receptor
N ° . agonist (ramelteon) antagonist (suvorexant) T
= E n VI ro n I I l e n t a I a n d I I fe St | e ¢ Promote sleep * Promote sleep Indications: 5-20mg per day,
 Phase-shifting

Destination
time zone

/_
—

* Phase-shifting insomnia characterized by Melatonin
Indications: 2 mg perday,  Indications: 8mg per difficulty with SI?BP onset Immediate release Melatonin receptor
. s and/or sleep maintenance A ; b
d ° f' t e increase sleep continuity  day, treatment of melatonin agonist (tasimelteon)
m O I I C a I O n S and improve daytime insomnia characterized SFromotaslee > Premee dee
well-being in people by difficulty with sleep . Phase—shifting . Phase—shifting
older than 55 years with onset

insomnia in Europe



Targeting the circadian machinery

Table 2 | Preclinical studies of small-molecule modulators targeting clock components and key regulators

Chemical modulators
CRY1/CRY2

KL001 and CRY-stabilizing
derivative (SHP656, KL101
and TH301)

2-Ethoxypropanoic acid
{KS15)

REV-ERBs
GS5K4112

SR9009, SR9011

SR8278

RORs
MNobiletin

Neoruscogenin
SR1001

SR2211,SR1555, digoxin,
ursolic acid, ML209

S5R3335
SR1078

CK1 kinases

CKI-7,1C261,D4476,
PF-670462, PF-4800567
longdaysin, LH846,
compounds 1-3 among
others

PER2

Lithium

Mechanism of action

Stabilize CRY, lengthen period, reduce amplitude

Inhibits CRY, activates E-box transcription,
reduces amplitude

Enhances REV-ERB and NCOR peptide
interaction

Derived from GSK4112, they are selective
agonists for REV-ERB that alter circadian
behaviour, clock gene expression (BMAL1, PER1,
and PER2) and expression of some glioblastoma
stem cell markers (for example, OLIG2 and SOX2)

GS5K4112-derived antagonist that increases

expression of REV-ERB target genes (for
example, BMALI, PCK1 and G6PC1)in cells

Agonist, enhances amplitude and lengthens
period

Agonist promoting ROR interaction with
NCOAZ2/TIF2, activates BMAL1 expression

Derived from T0901317 with high inverse agonist
activity and selectivity for RORa and RORyt

RORyinverse agonist

RORa inverse agonist

RORa agonist

Inhibitors, lengthen period

Increased transcription of PER2, lengthens
period and enhances amplitude of PER2 rhythms

Physiological effects Refs

Improvement of glucose tolerance in obese mice, 94.194.196.187

inhibition of glioblastoma stem cell proliferation
invitro, inhibition of glioblastoma tumour growth
in vivo, enhancers of brown adipocyte differentiation

Inhibition of breast cancercell growth =0

Inhibition of gluconeogenesis and inflammatory N H)

response in primary cells

Improvement of glucose homeostasisin obese mice, PELEGLE

promotion of wakefulness, anxiolytic, inhibition of
glioblastoma stem cell proliferation

Anxiety attenuation and amelioration of myocardial SIS
injury

Metabolic homeostasis improvementin L EREE

obese/diabetic mice; broad efficacies withregard to
inflammation and atherosclerosis

Activation of hepatic expression of ROR metabolic £

target genes

Inhibition of T 17 cell differentiation and LRE
autoimmunity

186,101,192

Inhibition of T 17 cell differentiation

Reduction of blood glucose level in obese mice i

Induction of apoptosis and inhibition of hepatoma L3t

cell growth

199-201,237

Phammacological inhibition of CK1, significantly
lengthen circadian rhythms mainly by nuclear
retention of PER2. CK1is broadly involved in various
pathophysiologies, including familial sleep and
mooddisorders

Treatment of bipolar disorder associated with CEL

circadian rhythm disruptions



Targeting the circadian machinery

Cytoplasm

Drugs targeting
REV-ERB:

» GSK4112

* SR9009/SR9011
* SR8278

N
Drugs targeting ROR:
* SR1555
* Nobiletin
* Digoxin
* Ursolic acid

’ NFIL3 o O

Nucleus

RORA/RORB

INRID1/NR1D?|

~ DBP
PER1/PER2

_CRY1/CRYZ

Repression

OPERs

CK1' |Drugstargeting CK1:
*C261
e s * CKI-7

* PF-4800567

* PF-670462
* Longdaysin

~24 hours

Drugs targeting
PERs and CRYs
* KLOD1

* SHP656

» KL101

* TH301

Ubiquiti:nation &)
_—

(€8
O



Environmental and lifestyle modifications

Blue light is a dominant zeitgeber, and the pervasive
night-time light exposure in modern societies
interferes with neuroendocrine circuits to perturb
sleep and dampen rhythms of melatonin and cortisol.

Conversely, bright light therapy, commonly
conducted by exposure to broad-spectrum bright
light (2,000-10,000 [lux) for 1-3 hours in the
morning, can improve sleep—wake cycles, mood and
cognitive functions in patients with sleep or seasonal
affective disorders.

For example, time-restricted feeding (TRF),
characterized by food access for 8-9 hours during
the active phase, has been found to exert strong
preventive and therapeutic effects in metabolic
disorders.

Temporally controlled activity has also been studied
in laboratory and clinical settings. In humans,
exercise and activity can reset circadian melatonin
rhythms, and afternoon exercise has been found to
Improve sleep quality in older people.

Table 3 | Clinical trials involving behavioural and environmental modifications

Modifications Disease indications

Light therapy  Stroke, ageing,
Parkinson disease,
Alzheimer disease,
mood disorders,
metabolic disease,
night shift, PTSD,
traumatic brain injury,
sepsis, cancer-related

fatigues

Time-restricted Obesity, metabolic

feeding syndrome, shiftwork
Sleep Night-shift work,
intervention traumatic brain injury
Scheduled Diabetes, Alzheimer
activity disease

Combination:  Night-shift work,

including HIV-related fatigue,
sleep, light, mood disorders, ICU
exercise and stay

lithium

Parameters

Circadian rhythmsin sleep
and blood parameters,
cognition, activity, fatigue,
depressionand PTSD
scores, inflammation
markers

Body weight,
metabolic homeostasis,
cardiometabolic parameters

Sleep quality

Sleep, glucose homeostasis

Circadian phase, sleep,
metabolic parameters,
mood rating, clock gene
expression

ICU, intensive care unit; PTSD, post-traumatic stress disorder.

Examples

NCT02186392
NCT02502045
NCT02769858
NCT01855126
NCT01048294
NCT01747811

NCT02204735
NCT03527290

NCT02838082
NCT02609373
NCT03553524
NCT01920672
NCT01284140
NCT01767181
NCT02126007
NCT01799733
NCT03405493
NCT01431573



Cytoplasm

PERY. %
CRY
REV-ERB
ROR =7

Suprachiasmatic
nucleus

Hypophysis

NIGHT

— Melatonin Cortisol




