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The circadian clock is an endogenous biological timekeeping
system that synchronizes physiology and behavior to day/
night cycles. A wide variety of processes throughout the
entire gastrointestinal tract and notably the liver appear to
be under circadian control. These include various metabolic
functions such as nutrient uptake, processing, and detoxifi-
cation, which align organ function to cycle with nutrient
supply and demand. Remarkably, genetic or environmental
disruption of the circadian clock can cause metabolic dis-
eases or exacerbate pathological states. In addition, modern
lifestyles force more and more people worldwide into
asynchrony between the external time and their circadian
clock, resulting in a constant state of social jetlag. Recent
evidence indicates that interactions between altered energy
metabolism and disruptions in the circadian clock create a
downward spiral that can lead to diabetes and other meta-
bolic diseases. In this review, we provide an overview of
rhythmic processes in the liver and highlight the functions of
circadian clock genes under physiological and pathological
conditions; we focus on their roles in regulation of hepatic
glucose as well as lipid and bile acid metabolism and
detoxification and their potential effects on the development
of fatty liver and nonalcoholic steatohepatitis.
Keywords: Circadian Clock; Metabolism; Liver; Nonalcoholic
Steatohepatitis.

ammals have overt rest/activity and feeding/fast-
Abbreviation used in this paper: SCN, suprachiasmatic nucleus.
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Ming cycles throughout the day. The resulting diurnal
changes in nutrient supply and demand need to be handled
primarily by the gastrointestinal tract and the liver, where
nutrients are absorbed, processed, and directed to other or-
gans in the body. The liver is a major metabolic hub; hepatic
functions such as nutrient metabolism, detoxification, and
synthesis of essential serum components must adapt to a
rhythmically changing systemic environment. Like many
other organs in the body, the liver has an internal timing
system, the circadian clock, which adjusts physiological pro-
cesses to their relevant time of day. The liver uses this system
to anticipate recurring systemic and environmental changes
and function in a proactive manner. Numerous studies have
used the liver as a prototype for identifying general principles
of core clock circuitry. We review the evidence to support the
circadian control of liver metabolic functions.

Virtually all metabolic activities in the gastrointestinal
tract and the liver have daily rhythms regulated by the
clock, food, or both. In fact, food- and clock-regulated pro-
cesses interact and in many cases cannot be readily
uncoupled. Several recent reviews have addressed circadian
control mechanisms of different parts of the gastrointestinal
tract (the stomach and small and large intestine1–4). In this
review, we focus on the various metabolic functions of the
liver that are under circadian control and thereby are likely
to support proper liver and whole body homeostasis.

Molecular and Anatomic Organization
The circadian clock is a cell-autonomous molecular

mechanism that is organized in a hierarchical structure on
the organismal level. Cellular circadian oscillators confer
rhythmic expression to large numbers of genes, which leads
to overt daily changes in physiology and behavior.5 The core
of the molecular mammalian clock comprises a negative
feedback loop of period (Per) and cryptochrome (Cry) gene
expression (Figure 1). Expression of Per and Cry genes is
activated by the transcription factors ARNTL (also known as
BMAL1) and CLOCK. Over time, period and cryptochrome
proteins accumulate in the cell and ultimately repress
transcription at their own gene loci. The core oscillator is
stabilized by nuclear receptors of the ROR (RORA, RORB,
RORG) and NR1D1 (also known as REV-ERBA) and NR1D2
(also known as REV-ERBB) types, which regulate expression
of Bmal1. Clocks are fine-tuned by posttranscriptional
regulation of these gene products.6

Mammalian oscillators are structured hierarchically on
the anatomic level. A master clock in the brain sets the time
for all other body clocks. This central pacemaker resides in
the suprachiasmatic nucleus (SCN) in the hypothalamus and
is synchronized with the geophysical time by the zeitgeber
(time giver) light via the retinohypothalamic tract. The SCN
uses neuronal and humoral pathways to transmit temporal
information to peripheral organs in the rest of the body.7

Feeding cycles appear to serve as the dominant zeitgeber
for clocks in peripheral organs,8 which supports the idea
that these clocks are highly responsive to metabolic cues.9,10
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Figure 1. The core circa-
dian oscillator. The acti-
vator proteins CLOCK
and BMAL1 control the
expression of Per, Cry,
Nr1d, and Ror genes via E-
box elements in their pro-
moter regions. PER and
CRY proteins repress their
own transcription, gener-
ating a transcriptional
and translational feedback
loop. NR1D and ROR pro-
teins form an auxiliary
feedback loop by regu-
lating Bmal1 expression.
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Accordingly, the molecular clockwork has been linked
to the cellular redox metabolism via a reduced nicotin-
amide adenine dinucleotide (NADH)–nicotinamide phos-
phoribosyltransferase (NAMPT) feedback loop11,12 with
connections to SIRT proteins,13–17 PARP1,18 and evolu-
tionarily conserved redox oscillators.19,20 In particular,
peripheral oscillators such as the liver clock are addition-
ally coupled to cellular and organismal physiology through
energy and nutrient sensing systems such as AMP-
activated protein kinase (AMPK),21 PPARGC1A (also
known as PGC1),22 metabolic feedback loops involving
metabolites such as polyamines,23 and nuclear hormone
receptor signaling pathways.24 They also sense physical
parameters such as body temperature and use this infor-
mation to fine-tune their functions in an organ-specific
manner.25–27 Thus, in contrast to the master clock, for
which light is the dominant zeitgeber, peripheral clocks are
strongly affected by cell metabolism, the physiological and
metabolic state of the surrounding tissue, and serum-borne
signals28; they can be efficiently entrained by feeding/
fasting rhythms to the point of being fully uncoupled from
SCN rhythms.8
Circadian Liver Functions
Oscillations of the core circadian clock have to be

transmitted to transcriptional signals to control rhythmic
output. For this purpose, many rate-limiting metabolic
enzymes are under the direct control of core clock tran-
scription factors. More frequently, however, the core
clock controls the rhythmic expression of auxiliary, often
organ-specific, transcription factors that in turn control the
cyclic expression of different enzymes and metabolic master
regulators.

Genome-wide gene expression studies provided the first
and important insights into the role of the circadian clock in
global liver physiology.29–32 In mouse liver, 2 peaks of
rhythmically regulated transcripts are observed at the end
of the light and dark phases, respectively, likely reflecting
the highly differential physiological requirements, such as in
energy demand or detoxification activity, mediated by ac-
tivity or rest. The circadian expression phases of many
rhythmic messenger RNAs are in accordance with the pha-
ses of the proteins they encode and their respective
biochemical pathways. It should be noted, however, that
recent proteomic studies33,34 found that some metabolic
enzymes cycle whereas their transcripts are relatively con-
stant throughout the day, indicating that posttranscriptional
mechanisms are also involved in circadian regulation of
liver functions. Recent analyses of the liver metabolome
further support this idea.35,36

The first set of global transcriptome analyses29–31

revealed that most principal functions of the liver are rhyth-
mically regulated, as exemplified for the following metabolic
pathways (Figure 2). The liver controls energy homeostasis,
and many rate-limiting enzymes in nutrient metabolism are



Figure 2. Circadian regulation of liver physiology. The hypothalamic master clock synchronizes peripheral oscillators, such as
the liver clock, via rhythmic activity, feeding, and temperature cues. The liver clock drives the cyclic expression of master
regulators and rate-limiting enzymes of key hepatic metabolic outputs.
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expressed in a circadian manner. For example, the expression
levels of glucose transporters, the glucagon receptor, and
other enzymes regulating the metabolism of hexose sugars
were observed with peak phases of expression in the early
evening, when animals ingest most of their daily food ration.
In regard to lipid homeostasis, multiple enzymes within the
glycerol 3-phosphate pathway (such as glycerol-3-phosphate
acyltransferase [GPAT], 1-acyl-glycerol-3-phosphate acyl-
transferase [AGPAT], and LPIN), which regulates glycerol
and lipid metabolism and triglyceride accumulation, are
expressed in a circadian manner.36

The liver also metabolizes cholesterol and steroid hor-
mones. Expression of 3-hydroxy-3-methylglutaryl–coenzyme
A (HMG-CoA) reductase, a cholesterol biosynthetic protein,
peaks at a time of day when cholesterol is not supplied from
the diet, whereas the expression phases of P450 and various
cytochromes involved in the breakdown of cholesterol and
steroid hormones aremorewidely distributed. The liver is the
main site for the production of active thyroxine hormone,
which is controlled by cycling hepatic expression of deiodi-
nase 1, which rhythmically deiodinizes inactive T4 thyroxine
to the active T3 form. Furthermore, the expression phase of
the gene for the thyroid hormone receptor a is aligned with
the circadian rhythm of T3 and T4 serum levels. Also, tran-
script levels of innate immunity proteins, many of which are
synthesized in liver, have circadian rhythms. As a last
example, the liver is a major site for the synthesis of coagu-
lation and fibrinolytic proteins, and tissue factor pathway
inhibitor 2, which has a central role in the inhibition of TF-VIIa
complex formation, is rhythmically induced in the liver.
More globally, uptake and secretion of small molecules in
the liver is in many cases regulated in a circadian manner via
the rhythmic expression of membrane channels and
transporters.29–31
Subsequent studies revealed that rhythmic hepatic gene
expression seems to be controlled through many interacting
cellular and systemic circadian mechanisms. Expression of
genes that control the circadian clock can by regulated
directly by the cellular clock, by rhythmic systemic signals
that originate, for example, from periodic food ingestion, or
by a combination of both mechanisms.37,38 It is conceivable
that the circadian component of this regulation optimizes
the anticipation of predicable fluctuations in the organ
environment, whereas the responsiveness to systemic cues
adds a degree of flexibility to the system that is necessary to
adapt to unforeseeable changes of environmental conditions
(eg, in times of food scarcity).
Regulation of Glucose Homeostasis
The liver has an important role in regulation of glucose

homeostasis, along with the pancreas, brain, and skeletal
muscle. Although direct glucose signaling is the main process
by which the body adapts to rapid changes in glucose avail-
ability, the circadian clock seems to provide rhythmic baseline
regulation to regularly recurring events, such as food uptake
after nocturnal starvation.39 Accordingly, many related pro-
cesses, such as insulin and glucagon secretion40,41 as well as
glucose production and uptake,42,43 have a circadian compo-
nent that is clearly discernible from nutrient signaling.
Rhythmic insulin secretion is controlled by pancreatic clocks
in rodents44 and humans,45 which seem to be indispensable
for pancreatic function. The circadian clocks in the SCN and
the liver use different mechanisms to generate antiphasic
rhythms of glucose metabolism, which in combination pro-
duce nearly constant blood levels of glucose throughout the
day.39 The master pacemaker in the brain controls rest/ac-
tivity and feeding/fasting rhythms, which lead to rhythmic
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nutrient uptake and signaling. The main role of the liver clock
is to buffer the circadian fluctuations of blood glucose levels
that originate from these behavioral cycles.

The importance of this mechanism was revealed by
targeted disruption of the liver clock. Disruption of the
essential clock gene Bmal1 in livers of mice led to excessive
fluctuations in blood glucose levels, mainly in the post-
absorptive phase, controlled by the now-dominant clock in
the SCN.39 In contrast, loss of clock function in the whole
body resulted in only slight defects in glucose tolerance and
gluconeogenesis after insulin-induced hypoglycemia but
otherwise normal glucose levels throughout the day.39,46

Several core clock and clock-controlled genes have
additional roles in glucose metabolism. Cryptochromes
regulate hepatic gluconeogenesis through interaction with G
protein–coupled receptors, which blocks accumulation of
adenosine 30,50-cyclic monophosphate (cAMP) and activa-
tion of transcription of gluconeogenic genes regulated by
CREB.47 Importantly, the same study showed that over-
expression of Cry1 specifically in the liver lowers blood
glucose levels and increases insulin sensitivity in diabetic
mice. In an alternative pathway, cryptochromes repress
transcription of the genes encoding the glucocorticoid re-
ceptor and phosphoenolpyruvate carboxykinase, which
regulates gluconeogenesis.48 Glucocorticoids also affect
glucose metabolism by inducing expression of Per2 under
hyperglycemic conditions; mice lacking an essential gluco-
corticoid response element in the Per2 gene are protected
from glucose intolerance provoked by prolonged glucocor-
ticoid treatment.49

Interestingly, KLF10, a transcription factor regulated by
CLOCK and BMAL1, links the circadian clock and meta-
bolism in a sex-specific manner. In mouse liver, KLF10
regulates the expression of genes involved in glycolysis and
gluconeogenesis. Loss of KLF10 from male mice led to
postprandial and fasting hyperglycemia, whereas female
mice remained normoglycemic.50 Notably, another member
of the Klf transcription factor family, KLF15, is believed to
regulate rhythmic expression of multiple enzymes involved
in hepatic nitrogen and amino acid homeostasis.51

In summary, clock-dependent regulation of glucose
metabolism is controlled by positive and negative regulators
of the core clock oscillator. From there, multiple signaling
pathways converge on rate-limiting enzymes of glucose
anabolism and catabolism, such as phosphoenolpyruvate
carboxykinase or pyruvate kinase.47,50
Control of Lipid and Bile Acid
Metabolism

The liver participates in lipid metabolism by regulating
lipoprotein synthesis and lipid uptake and conversion, as
well as de novo synthesis and oxidation of fatty acids. The
circadian clock regulates most aspects of hepatic lipid
metabolism; conversely, lipids are potential regulators of
circadian rhythmicity.52 A recent lipidomic analysis of mice
that do (control) vs do not express CLOCK provided exten-
sive insight into the rhythmic accumulation of lipids in the
liver. Surprisingly, a similar fraction of all lipids (approxi-
mately 17%) oscillated diurnally in mice with and without
CLOCK. However, the composition and circadian phase
differed in CLOCK-null mice. Moreover, when control mice
were fed only during the night, the circadian phase of tri-
glyceride accumulation shifted and hepatic triglyceride
levels decreased by 50%, without changes in total caloric
intake. Consequently, the combination of circadian clock-
–dependent regulation and feeding time determines circa-
dian oscillations of hepatic triglycerides, which can
nevertheless persist in the absence of a functional clock.36

Circadian lipid metabolism is not surprisingly controlled
to a large extent by the clock-dependent regulation of key
enzymes and transcription factors. Among others, the
biosynthetic enzymes in the glycerol 3-phosphate pathway,
an important pathway of triglyceride biosynthesis in the
liver, together with enzymes that regulate fatty acid syn-
thesis, such as ELOVL3, ELOVL6, and FAS, have rhythmic
expression patterns. Likewise, lipid regulatory factors such
as peroxisome proliferator-activated receptor (PPAR), PGC1,
SREBP1, NR1D2, and ROR are expressed in rhythmic pat-
terns in liver cells.52,53 The expression of several lipid
metabolism genes is altered in mice with disruption of
Clock, which results in dysregulated accumulation of in-
termediates and products related to lipid metabolism in the
liver.35 Similarly, mice lacking the Per2 gene have
dyslipidemia.54

Another core clock protein, NR1D1, represses expression
of Apoc3 messenger RNA in the liver. Consequently, serum
levels of APOC3 and very-low-density lipoprotein tri-
glycerides, which are risk factors for atherosclerosis, are
increased in mice with disruption of Nr1d1.55 Disruption of
the circadian clock can also lead to hepatic steatosis, which
has been shown in mice with disruptions in Clock56 and
Nr1d1-Nr1d257 or on deletion of the histone deacetylase
HDAC3, which is recruited by NR1D1 to genes that regulate
lipid metabolism.58 In contrast, restricted feeding can pro-
tect mice from hepatic steatosis.59

Indirect evidence for the control of circadian clock
functions by lipids mainly stems from studies of nuclear
receptors that are embedded within the core oscillator
mechanism. RORA, RORG, and PPAR (A, G, and D), which are
all expressed in the liver, are an integral part of the core
clock by regulating Bmal1 transcription and at the same
time participating in the control of lipid metabolism.
Importantly, cholesterol and certain oxysterols regulate the
transcriptional activation potential of RORA and RORG,
whereas PPAR isoforms are bound by various fatty acids
and eicosanoids.52 Moreover, SIRT6, a chromatin modifier
involved in hepatic clock gene transcription as well as
SREBP-dependent regulation of fatty acid and cholesterol
metabolism,17 is activated by long-chain fatty acids.60 Taken
together, these studies provide evidence for a metabolic
feedback loop within the core clock mechanism involving
lipid metabolic intermediates.

The liver is the principal organ for the conversion of
cholesterol into bile acids, which facilitate the absorption of
nutrients in the intestine and have paracrine and endocrine
functions. Bile acid homeostasis is principally governed by a
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feedback loop involving FXR, FGF15, and SHP,61 but
similarly to the homeostatic regulation of systemic
glucose levels, the circadian clock provides additional reg-
ulatory layers. NR1D1 promotes circadian signaling via
INSIG2–SREBP and LXR, which promotes rhythmic expres-
sion of the rate-limiting enzyme cholesterol 7a-hydroxylase
CYP7A1 and other genes involved in cholesterol and lipid
metabolism.53 Additionally, the PAR-domain basic leucine
zipper (PAR bZIP) protein DBP rhythmically activates
expression of CYP7A1 in the liver.62 The cycling transcrip-
tion factor KLF15, which functions as a repressor of the
FXR–FGF15 signaling pathway, also controls bile acid syn-
thesis.63 Notably, diurnal rhythms of bile acid synthesis
have also been shown in humans.64
Rhythmic Detoxification in the Liver
The liver also functions to clear toxic substances from the

blood. Hepatic detoxification is separated into different pha-
ses, which are under individual control of the circadian clock.
In general, toxins or xenobiotics are first transformed into
water-soluble metabolites and then excreted from the body.

The first step in detoxification often involves the binding
of xenobiotics to nuclear receptors, followed by transcrip-
tional activation of detoxification pathways. Circadian
regulation in this step is controlled by rhythmic expression
levels of nuclear receptor genes in the liver and other tis-
sues.65 Phase 1 detoxification involves substrate oxidation
by various cytochromes, which are, together with other
phase 1 proteins, regulated in a circadian manner in the
liver; expression peaks at the time when animals ingest food
and have the highest chance for exposure to foodborne
toxins.66

In phase 2 of the detoxification process, toxins are
rendered hydrophilic by conjugating enzymes to make them
excretable. These enzymes are also rhythmically expressed,
but in contrast to the phase 1 enzymes, their expression
peaks in widely different circadian phases.66 Excretion is
initiated by transporter proteins of various classes in phase
3 detoxification.

In the liver, toxins are excreted into the bile by mem-
brane transporters, although this step has weak circadian
regulation. Master regulators of all classes of detoxification
enzymes are the liver-specific PAR bZIP proteins DBP, TEF,
and HLF, which are rhythmically activated through CLOCK
and BMAL1 binding sites in their promoters. Mice that lack
all 3 PAR bZIP proteins have premature aging syndromes
and deficits in basal and inducible hepatic detoxification due
to widespread dysregulation of phase I and II detoxification
enzymes and regulators, such as the nuclear receptor CAR.67
Effects on Fatty Liver, Nonalcoholic
Steatohepatitis, and the Microbiome

Clock-related research might also lead to ways to prevent
or treat nonalcoholic fatty liver disease, a major public health
challenge. The circadian clock is involved in regulation of
hepatic triglyceride accumulation, inflammation, oxidative
stress, and mitochondrial dysfunction,36,59,68 which contribute
to the pathogenesis of nonalcoholic steatohepatitis—the
advanced form of nonalcoholic fatty liver disease.69 Interven-
tion strategies targeted at circadian oscillator components70

might therefore be used for treatment of liver diseases. Even
more importantly, circadian misalignment has been identified
as a risk factor for metabolic disease.71 Behavioral modification
is widely seen as a powerful tool in the battle against socio-
economic diseases, such as the various manifestations of
nonalcoholic fatty liver disease and their comorbidities, so
strategies to optimize rotating shift work schedules and to
reduce social jetlag might improve the health of the entire
population.

A recent series of studies analyzed the rhythmicity of the
intestinal microbiome and found that it affected metabolic
homeostasis in the gastrointestinal tract.72–75 More specif-
ically, feeding time was shown to shape the rhythmicity and
composition of the gut microbiota, raising the possibility
that daily rhythms in bile acid synthesis also take part in
this process. Disruptions of the intestinal microbiome have
been associated with diet, obesity, and metabolic disease
and might be reversed, so circadian control of the micro-
biota will be an interesting area of research with potential
relevance to fatty liver and nonalcoholic steatohepatitis.
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