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Introduction
Circadian clocks oscillate over a period of z24 h in light-
sensitive organisms and coordinate a wide variety of behav-
ioral, physiological, and molecular functions with geophysical
time. In mammals, clocks are present in virtually every cell of the
body and function in a cell autonomous and self-sustained
manner. The molecular clockwork relies on transcription-
translation feedback loops, which generate self-sustained oscil-
lations in the expression levels of the clock components (e.g.
PERs, CRYs, CLOCK, BMAL1, NR1D1,2, RORs). These oscillations
further control downstream processes through transcriptional
and post-transcriptional regulation.1

The mammalian circadian system is hierarchical: a central
clock in the suprachiasmatic nucleus of the brain synchronizes
millions of clocks in peripheral tissues. The peripheral clocks are
synchronized through a multitude of input mechanisms such as
hormonal signals and temperature cycles. Of the peripheral or-
gans, the liver circadian system is probably the most well char-
acterized. Indeed, many of the liver’s key functions exhibit
rhythmicity. Roughly 15% of the hepatic transcriptome is circa-
dian (i.e. exhibits rhythms of z24 h) along with rhythms in
protein levels, post-translational modifications, and various
metabolites.2–4 Liver rhythmicity can be driven both by the liver
clock and directly by rhythmic systemic signals. In addition, the
clock itself is synchronized by various timing cues. These sys-
temic cues include oscillations in body temperature, oxygen
levels, and a myriad of signaling factors (hormones, metabolites)
delivered via the blood stream.5 In this Snapshot, we highlight
key rhythmic processes and emphasize the main regulators and
metabolites involved.

Glucose homeostasis
The liver is critical for maintaining glucose homeostasis. Both
food intake and the glucose demand of different organs change
throughout the day. Accordingly, the liver anticipates and
counteracts these variations, in a clock-controlled manner. In the
active phase (day for human, night for mouse), following meal-
time, blood glucose rises, and the liver takes up glucose and
stores it as glycogen. In the rest phase, due to fasting, the liver is
required to address the changing energetic demand and there-
fore gluconeogenesis and glycogenolysis are elevated. Key
rhythmic factors that play a role in these processes include:
glucose transporter 2 (GLUT2), glycogen synthase (GYS),
glycogen synthase kinase 3 (GSK3), and the insulin receptor
(InsR).6,7

Lipids and mitochondrial dynamics
The overall organization and structure of mitochondria is
rhythmic. Fusion is increased in the rest phase, while fission is
increased in the active phase – coinciding with higher turnover
(mitophagy) and the peak in reactive oxygen species (ROS)
levels.

Moreover, the levels and activity of many mitochondria-
related proteins are rhythmic, which eventually leads to rhyth-
mic activity. For example, CPT1 rhythmicity gates fatty-acid
oxidation mostly to the rest phase, while the production and
export of Acetyl-CoA is more prominent in the active phase,
facilitating lipogenesis. Among the key regulators of these
rhythms are AMPK, SIRTs and PGC1, which are mostly activated
in the rest phase to facilitate lipid catabolism and mitochondrial
biogenesis, while inhibiting lipogenesis.8
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In general, liver lipid metabolism exhibits robust circadian
rhythmicity that is manifested in the transcript levels of relevant
enzymes and the lipids themselves. Both phospholipids and
triglycerides undergo daily changes, as do organelle-specific
lipids and cholesterol synthesis.8,9

Detoxification and bile acid metabolism
A related and important process is that of bile production and
secretion, which peak in the beginning of the active phase.3

Detoxification processes peak around this time as well, due to
multilevel regulation. CYP enzymes' expression is largely regu-
lated by the PARbZip transcription factors (Dbp, Tef, Hlf), which
are themselves highly rhythmic. In addition, ALAS1, which is
required for CYP activity, displays daily rhythmicity. Last, the
expression of many ABC transporters, responsible for the
excretion of various compounds into the bile duct, is rhythmic as
well, and mostly elevated during the rest-active transition.10

Hepatic size
The overall size of the liver, and specifically the size of hepato-
cytes, undergoes daily rhythmicity. The underlying mechanism
involves rhythmic control of SRF over G-ACTIN and F-ACTIN
accumulation alongside rhythmic ribosomal assembly and pro-
tein synthesis.11,12

Abbreviations
ABCs, ATP-Binding Cassette transporters; ACLY, ATP citrate lyase;
ALAS1, 5'-Aminolevulinate Synthase 1; AMPK, 5' AMP-activated
protein kinase; BMAL1, Brain and Muscle ARNT-like 1; CLOCK,
Circadian Locomotor Output Cycles Kaput; CPT1, Carnitine Pal-
mitoyl Transferase 1; CRYs, Cryptochromes; CYPs, Cytochrome
P450 family; DBP, D-Box Binding PAR BZIP Transcription Factor;
GLUT2, Glucose Transporter 2; GYS, Glycogen Synthase; HLF,
Hepatic Leukemia Factor; HMGCR, HMG-CoA reductase; InsR,
Insulin Receptor; NR1D1/2, Nuclear Receptor 1 D1/2; PERs, Pe-
riods; PGC1, Peroxisome proliferator-activated receptor gamma
coactivator 1; ROR, Retinoic Acid Receptor-Related Orphan Re-
ceptor; RORE- ROR responsive element; ROS, Reactive Oxygen
Species; SIRTs, Sirtuins; SRF, Serum Response Factor; TEF, Thy-
rotroph Embryonic Factor

Financial support
G.A. is supported by the European Research Council (ERC-2017
CIRCOMMUNICATION 770869), Abisch Frenkel Foundation for
the Promotion of Life Sciences, Adelis Foundation, Susan and
Michael Stern. R.A. is a recipient of the Azrieli Foundation
fellowship.

Conflict of interests
The authors declare no conflict of interest.

Please refer to the accompanying ICMJE disclosure forms for
further details.

Authors’ contribution
R.A, G.M., and G.A.: conceptualization, writing and figure design.
Acknowledgment
We are grateful to all the members of the Asher lab for their
advice and valuable comments.
21 vol. 74 j 1240–1242 1241



Hepatology Snapshot
Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jhep.2021.01.011.

References
[1] Takahashi JS. Transcriptional architecture of the mammalian circadian

clock. Nat Rev Genet 2017;18:164–179.
[2] Zhang R, Lahens NF, Ballance HI, Hughes ME, Hogenesch JB. A circadian

gene expression atlas in mammals: implications for biology and medicine.
Proc Natl Acad Sci U S A 2014;111:16219–16224.

[3] Mukherji A, Bailey SM, Staels B, Baumert TF. The circadian clock and liver
function in health and disease. J Hepatol 2019;71:200–211.

[4] Zwighaft Z, Reinke H, Asher G. The liver in the eyes of a chronobiologist.
J Biol Rhythms 2016;31:115–124.

[5] Dibner C, Schibler U, Albrecht U. The mammalian circadian timing system:
organization and coordination of central and peripheral clocks. Annu Rev
Physiol 2010;72:517–549.
1242 Journal of Hepatology 20
[6] Reinke H, Asher G. Crosstalk between metabolism and circadian clocks.
Nat Rev Mol Cell Biol 2019;20:227–241.

[7] Lamia KA, Storch KF, Weitz CJ. Physiological significance of a peripheral
tissue circadian clock. Proc Natl Acad Sci U S A 2008;105:15172–15177.

[8] Manella G, Asher G. The circadian nature of mitochondrial biology. Front
Endocrinol (Lausanne) 2016;7:162.

[9] Panda S. Circadian physiology of metabolism. Science 2016;354:1008–
1015.

[10] Gachon F, Firsov D. The role of circadian timing system on drug meta-
bolism and detoxification. Expert Opin Drug Metab Toxicol 2011;7:147–
158.

[11] Reinke H, Asher G. Liver size: waning by day, waxing by night. Hepatology
2018;67:441–443.

[12] Sinturel F, Gerber A, Mauvoisin D, Wang J, Gatfield D, Stubblefield JJ, et al.
Diurnal oscillations in liver mass and cell size accompany ribosome as-
sembly cycles. Cell 2017;169:651–663 e614.
21 vol. 74 j 1240–1242

https://doi.org/10.1016/j.jhep.2021.01.011
https://doi.org/10.1016/j.jhep.2021.01.011
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref1
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref1
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref2
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref2
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref2
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref3
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref3
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref4
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref4
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref5
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref5
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref5
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref6
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref6
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref7
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref7
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref8
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref8
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref9
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref9
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref10
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref10
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref10
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref11
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref11
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref12
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref12
http://refhub.elsevier.com/S0168-8278(21)00018-0/sref12

	Hepatology Snapshot

