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Circadian clocks are characterized by three fundamen-
tal properties. The circadian oscillations persist under con-
stant conditions with a period of ~24  h (self-sustained). 
The period length is stable over a wide range of physi-
ological temperatures (temperature-compensated). Circa-
dian clocks can synchronize with rhythmic environmental 
cues such as light, temperature and feeding (entrainable). 
Circadian clocks are cell-autonomous, but systemic cues 
contribute crucially to the robustness of circadian clocks 
in animals.

Circadian clocks regulate many metabolic and physi-
ological processes in rhythmic fashion. In cyanobacteria, 
the circadian clock regulates global gene expression on 
the level of transcription [1, 2]. The majority of genes are 
expressed during the light phase when photosynthesis takes 
place, while oxygen-sensitive reactions, such as nitrogen 
fixation [3] and purine biosynthesis [4], are confined to the 
dark phase. Cyanobacterial strains with a functional clock 
outcompete clock-mutant strains when grown together 
in a rhythmic environment [5]. Similarly, when strains 
of the plant Arabidopsis thaliana were grown in a rhyth-
mic environment matching their internal clock, they grew 
faster, fixed more carbon and survived better than plants 
with clocks that had endogenous periods deviating from 
the environment cycles [6]. In mammals, many metabolic 
pathways, including glycolysis/gluconeogenesis, fatty acid 
synthesis/fatty acid oxidation and xenobiotic detoxification, 
are rhythmically coordinated by the circadian clock [7–14]. 
Reciprocally, various metabolic pathways feed back to the 
circadian clock. Mounting evidence suggests that a dis-
ruption of the circadian clock correlates with an increased 
prevalence for metabolic disorders. In this review, we dis-
cuss recent advances emphasizing the importance of the 
interlocked relationship of circadian clocks and metabolism 
for health and disease.

Abstract  Circadian clocks orchestrate behavioral and 
physiological processes in a time-of-day dependent man-
ner. The network of clock-controlled genes is intimately 
interconnected with metabolic regulatory circuits. Circa-
dian clocks rhythmically regulate the expression and activ-
ity of key metabolic players, which in turn feed back on 
the circadian machinery on the transcriptional and post-
transcriptional level. Mutations of clock genes are often 
associated with metabolic defects, especially in lipid and 
glucose metabolism. Accumulating data suggest that the 
reciprocal coordination of circadian and metabolic path-
ways is crucial for cellular homeostasis and the health of 
the organism.
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Introduction

Life on earth evolved in a rhythmic environment where the 
light, temperature and availability of nutrients cycle in a 
24-h period, i.e., the period of the earth’s rotation around 
its axis. Circadian clocks are timekeeping mechanisms 
that have evolved to anticipate these daily changes allow-
ing organisms to efficiently establish and maintain cellular 
homeostasis in a rhythmic environment. They are found in 
many organisms including cyanobacteria, plants, fungi and 
animals.
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Molecular architecture of the mammalian circadian 
clock

In mammals, the core circadian machinery is based on inter-
connected transcription feedback loops (Fig. 1). In the posi-
tive limb, the transcription activators BMAL1 and CLOCK (or 
NPAS2 in the brain) form heterodimers, which bind to E-box 
motifs and activate transcription of target genes, including the 
core clock genes Period (Per1, Per2 and Per3), Cryptochrome 
(Cry1 and Cry2), Rev-erbα/ß and Bmal1 itself [15–20]. The 
PER and CRY proteins form a complex and inhibit BMAL1/
CLOCK-driven transcription in a negative feedback loop. 
This main feedback loop is important since CRY1/2 double 
knockout (KO) or PER1/2 double KO mice are arrhythmic in 
constant conditions [21–24]. The transcription repressor REV-
ERBα is a major regulator of rhythmic Bmal1 transcription, 
but its role in circadian rhythm generation was not clear [25, 
26]. Recently, it has been shown that the circadian expression 
of core clock genes and of clock controlled genes (CCGs) is 
disrupted in liver-specific Rev-erbα and Rev-erbß double-
knockout mice. Double knockout of both Rev-erbα and 

Rev-erbß in the whole body resulted in an altered circadian 
wheel-running behavior and deregulated lipid metabolism, 
suggesting REV-ERBα and REV-ERBß are core elements 
of the circadian clock rather than just elements of a stabiliz-
ing loop [13, 27]. The repressive function of REV-ERBs on 
Bmal1 is counterbalanced by the nuclear receptors RORα/γ 
and PPARα, whose expression is also regulated by the circa-
dian clock [28–31]. Genome-wide identification of RORα/γ 
and PPARα binding sites suggests that the cooperation of the 
REV-ERBs with RORα/γ and PPARα is not restricted to the 
Bmal1 gene but found in other clock genes and many CCGs 
[32, 33]. In addition, the transcriptional co-activator PGC1α, 
a major metabolic regulator, stimulates transcription of Bmal1 
and Rev-erbα by promoting the activity of RORα/γ [34].

Circadian regulation of the key players in energy 
metabolism

The metabolic pathways that maintain energy homeostasis 
are regulated by collaboration of acute signaling systems 
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Fig. 1   The mammalian molecular clock with major metabolic regula-
tory points. The main positive limb of mammalian molecular clock 
is formed by the transcription activator BMAL1/CLOCK, which 
binds to E-boxes and drives circadian gene expression. The activity 
of BMAL1/CLOCK is inhibited by PERs and CRYs in a negative 
feedback loop. Metabolic signals that are conveyed through AMPK 
and SIRT1 regulate the levels of PER/CRY complexes. SIRT1 dea-
cetylates PER2 and thereby promotes its degradation, whereas AMPK 
enhances CK1ε activity, which leads to phosphorylation and subse-

quent degradation of PER2. In addition, phosphorylation of CRY1 
by AMPK enhances its degradation. AMPK also activates SIRT1 by 
increasing cellular NAD+ levels, adding a further critical metabolic 
feedback regulation [184]. In addition, transcription factors such as 
RORs, REV-ERBs and PPARs affect the phase and amplitude of the 
oscillation of Bmal1 expression. Genome-wide ChIPseq analyses sug-
gest that REV-ERBs, RORs and PPARs regulate in addition to Bmal1 
also other CCGs
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that instantly respond to changes in metabolites and cir-
cadian clocks that anticipate the changes and prepare the 
molecular environment in a proactive manner. In all organ-
isms analyzed so far, circadian clocks drive rhythmic 
expression of metabolic genes [9, 35–37] and production of 
metabolites [38, 39]. Core elements of the circadian clock 
can either directly regulate rhythmic transcription of meta-
bolic genes or drive rhythmic expression of transcription 
factors that regulate expression of metabolic genes on a 
second hierarchical level.

Direct regulation of energy metabolism by core clock 
elements

Genome-wide binding analyses of the core clock compo-
nents BMAL1, CLOCK, NPAS2, PER1/2, CRY1/2 and 
REV-ERBα/ß suggest that the clock machinery is highly 
enriched at promoters of genes involved in metabolism, in 
particular carbohydrate and lipid metabolism [13, 27, 35, 
40, 41]. In rats, cholesterol biosynthesis and the activity of 
the rate-limiting enzyme HMGCoA reductase (HMGCR) 
follow a circadian rhythm with a peak during the night 

[42, 43]. BMAL1 and REV-ERBα rhythmically bind to the 
Hmgcr promoter, and Hmgcr mRNA is circadian with an 
evening peak [27, 35]. The regulation of cholesterol synthe-
sis by the circadian clock at different steps is an astonishing 
example showing how strictly the circadian clock can inter-
vene in a biological pathway (Fig. 2). Cellular cholesterol 
levels are sensed by the SREBP-SCAP-INSIG complex, 
which is bound to the endoplasmic reticulum (ER) [44]. 
SREBPs are sterol regulatory element (SRE) binding tran-
scription factors that regulate lipogenesis and cholesterol 
biosynthesis [45–48]. They activate expression of multiple 
enzymes in the cholesterol biosynthesis pathway, includ-
ing HMGCR and HMGCoA synthase [48]. Both SREBP1 
and SREBP2 directly bind to Hmgcr promoter [49, 50]. In 
mouse liver, Srebf1 expression is circadian with an early 
evening phase [35]. SREBPs are synthesized as inactive, 
ER membrane-bound proteins, and translocation from the 
ER to the Golgi is required for their activation. This trans-
location is mediated by the SREBP cleavage-activating 
protein (SCAP) [51]. SCAP contains a hexapeptide motif 
that senses cholesterol levels. High cholesterol concentra-
tions in the cell prevent translocation of the SCAP-SREBP 
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Fig. 2   Regulation of cholesterol biosynthesis by the circadian clock. 
Expression of HMGCR, a rate-limiting enzyme in cholesterol syn-
thesis, is regulated by the circadian clock. Transcription of Hmgcr is 
facilitated by SREBPs, which are expressed as inactive precursors. 
Proteolytic processing is required for the activation of SREBPs. This 
process is regulated by INSIG1, INSIG2 and SCAP. Srebf1, Insig2 
and Scap transcriptions are circadian with different phases. In addi-

tion to regulation by SREBPs, REV-ERBα and BMAL1 binding 
sites are also found in the Hmgcr. The regulation results in evening-
specific expression of Hmgcr and cholesterol synthesis. In a negative 
feedback, cholesterol inhibits Hmgcr expression by promoting reten-
tion of the SCAP/SREBP complex in the ER. Sine curves indicate the 
circadian phases of the corresponding components
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complex from the ER to the Golgi. INSIG1 and INSIG2 are 
responsible for the sterol-dependent retention of the SCAP-
SREBP complex in the ER [52, 53]. In addition to Hmgcr, 
Insig2 and Scap are also regulated by the circadian clock. 
Insig2 is regulated by BMAL1 and REV-ERBα, and its 
expression peaks late at night after cholesterol biosynthesis 
[11, 35], presumably to sense the cellular cholesterol lev-
els as a quality-control system. In addition, Scap is directly 
bound by BMAL1 [35, 40], and its mRNA levels peak dur-
ing the morning before cholesterol synthesis [54]. This is 
an exquisite example of how the circadian clock coordi-
nates temporal regulation of a metabolic pathway at mul-
tiple steps.

In addition to direct transcriptional regulation of meta-
bolic genes by BMAL1/CLOCK and REV-ERBα/ß, the 
circadian clock impinges on the metabolism by interac-
tion of PER2 and CRY1/2 with key regulators of meta-
bolic pathways [8, 12, 55, 56]. The temporal regulation 
of gluconeogenesis involves both mechanisms. Although 
the circadian regulation of gluconeogenesis was observed 
long ago, the underlying mechanisms were not known [57]. 
In mammals, feeding and fasting cycles are controlled by 
the circadian clock. During the fasting period, gluconeo-
genesis is increased to maintain blood glucose levels. Low 
energy uptake stimulates release of the hormone gluca-
gon that activates a heterotrimeric G protein and induces 
cAMP-dependent signaling. This results in protein kinase 
A (PKA)-dependent phosphorylation of the cAMP regula-
tory element binding transcription factor (CREB). Tran-
scriptionally active pCREB induces the expression of key 
gluconeogenic genes, including Pck1 (encoding PEP- car-
boxykinase), G6pc (encoding G6P-phosphatase) and Pcx 
(encoding pyruvate carboxylase) [58]. CREB phosphoryla-
tion and hence its activity oscillate in a circadian manner 
[59]. In addition, during fasting, CRY1/2 modulate CREB 
activity by preventing the glucagon-mediated increase of 
intracellular cAMP levels by directly interacting with the 
stimulatory G protein α (Gsα) [8]. Furthermore, BMAL1/
CLOCK directly activates gluconeogenic genes in a rhyth-
mic fashion. The promoters of Fbp1 (encoding fructose-
1,6-bisphosphatase), Pck1, G6pc and Pcx are bound by 
BMAL1/CLOCK with a peak during the day when food 
intake of mice is low and CREB is active [35, 40].

A further example that involves the direct interaction 
of CRY1/2 with the metabolic pathway is the regulation 
of glucocorticoid receptor (GR) activity. Glucocorticoids 
have broad roles in regulating body homeostasis including 
response to environmental stress and glucose metabolism 
[60]. CRY1 and CRY2 interact with the GR in a hormone-
dependent fashion [56]. This interaction opposes GR-
dependent transcription activation and augments the repres-
sive function of the GR. Furthermore, the transcription 
induction of the gluconeogenic gene Pck1 by the synthetic 

glucocorticoid dexamethasone is enhanced in CRY-defi-
cient livers, suggesting a general role of CRYs in regulation 
of gluconeogenesis [56].

Another negative regulator of the circadian clock, PER2, 
interacts with nuclear receptors including PPARα, PPARγ, 
REV-ERBα, RORα, HNF4α, TRα and NURR1 [12, 55]. 
Nuclear receptors are ligand-regulated transcription factors 
that sense the metabolic state through endocrine and die-
tary signals and regulate many aspects of metabolism [61, 
62]. More than half of the 49 mouse nuclear receptors show 
rhythmic mRNA expression patterns, adding another layer 
of circadian control onto the regulation of energy, lipid and 
glucose metabolism [63]. The interaction of PER2 with the 
nuclear receptor PPARγ inhibits its transcriptional activity 
by preventing recruitment of PPARγ to target promoters 
[12]. In accord with the critical role of PPARγ in adipo-
genesis and lipid metabolism, PER2 knockout mice show 
altered lipid metabolism with reduced total triacylglycerol, 
non-esterified fatty acids and increased fatty acid oxidation 
[12].

In plants, the alignment of the internal clock with the 
environmental zeitgebers increases productivity and over-
all fitness [6]. This could be due to better light harvesting 
and CO2 fixation since both are under circadian control 
[64–66]. In A. thaliana, transcriptome analyses suggested 
that the genes involved in photosynthesis and starch metab-
olism as well as sugar transporters follow circadian expres-
sion [37, 67, 68]. Recently, it has been shown that a nuclear 
encoded rhythmic transcriptional regulator drives circadian 
gene expression in the chloroplast, thereby transmitting the 
circadian timing information between distinct genetic sys-
tems [69].

Cyclic activity of metabolic sensors and transcriptional 
regulators connects the circadian clock and metabolism

NAD/NADH ratio

About a century ago, NAD+ and NADH were identified 
as essential coenzymes for oxidoreductases. However, the 
molecules received new attention in the last decade after 
the identification of NAD+-consuming proteins, such as 
sirtuins and poly(ADP-ribose) polymerases. The NAD(P)+/
NAD(P)H ratio reflects the energy state and reductive 
power of the cell, so enzymes that depend on NAD+ could 
act as molecular sensors of the metabolic state. Sirtuins 
are class III histone deacetylases that require NAD+ in the 
deacetylation reaction. In addition to histones, sirtuins dea-
cetylate nonhistone proteins, such as transcription factors, 
thereby controlling their activity [70]. The research inves-
tigating their roles as sensors of the metabolic state and 
executors of downstream signaling revealed tremendously 
diverse functions of sirtuins [71]. Sirtuins are involved in 
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regulating mitochondrial function, glucose and lipid metab-
olism, oxidative stress and even lifespan extension [72–79]. 
Cellular NAD+ levels and levels/activity of the sirtuin 
SIRT1 follow a circadian rhythm in mice [80–82]. NAD+ 
can be generated by de novo synthesis starting from trypto-
phan or by the NAD+ salvage pathway starting from nico-
tinamide (NAM) [83]. The rate-limiting step of the NAD+ 
salvage pathway is controlled by the enzyme nicotinamide 
phosphoribosyltransferase (NAMPT), which catalyzes 
the synthesis of nicotinamide mononucleotide from NAM 
[84]. In mice, BMAL1/CLOCK directly regulates NAMPT 
expression in a circadian manner. Accordingly, cellular 
NAD+ levels and NAMPT expression are low in Bmal1 KO 
and ClockΔ19 mice [82, 85]. Since NAD+ has a central role 
as a cofactor in many metabolic pathways, rhythmic NAD+ 
levels could transmit the circadian signal to downstream 
pathways. Analysis of further NAD+-dependent pathways 
might reveal additional connections of metabolism with the 
circadian clock.

AMP/ATP ratio

The AMP/ATP ratio is another reflection of the cellu-
lar energy state. During starvation, cellular AMP levels 
increase, and signaling cascades are initiated to provide 
energy to the cell. For example, AMP-activated protein 
kinase A (AMPK) activates the catabolic process and inhib-
its energy-consuming processes, such as the biosynthe-
sis of lipids, carbohydrates and proteins [86, 87]. AMPKs 
are heterotrimeric protein kinases formed by catalytic 
α-subunit and regulatory β- and γ-subunits. Phosphoryla-
tion of Thr 172 of the α-subunit, primarily by the protein 
kinase LKB1, tremendously increases AMPK activity [88, 
89]. The γ-subunit acts as a sensor of ATP/ADP/AMP con-
centrations and activates phosphorylation on Thr 172 by 
binding to AMP [90]. The β subunits regulate the intracel-
lular localization of the AMPK. β1 favors the cytoplasmic 
localization, and β2 favors the nuclear localization [91]. 
Lamia et al. [92] observed that expression of β2 mRNA is 
circadian with a peak during the day in mice. In accord-
ance, they observed that rhythmic nuclear localization of 
AMPKα1 peaks with the maximal expression of ampkβ2. 
In addition, rhythmic phosphorylation of Ser792 of Raptor, 
a well-known substrate of AMPK [93], by AMPK kinase 
indicates that the kinase activity is circadian [92]. AMPK 
inhibits lipid biosynthesis by inhibiting processing and the 
nuclear import of SREBPs [94]. As mentioned earlier, the 
activity of SREBPs is controlled by the circadian clock 
by multiple pathways. Additional circadian regulation by 
AMPK could add another layer of control to determine 
the amplitude of the SREBP transcriptional activity. As 
noted in Sect. “Direct regulation of energy metabolism by 
core clock elements,” the SREBP target genes HMG-CoA 

reductase and acetyl-CoA carboxylase are the rate-limiting 
enzymes of fatty acid and sterol synthesis. Their activities 
are also inhibited by AMPK-dependent phosphorylation, 
providing a last control step in lipid biosynthesis by the cel-
lular energy state [95–97].

Rhythmic transcription factors as tools to regulate 
metabolism at a second hierarchical level

Genome-wide circadian transcriptome studies of differ-
ent organisms suggest that the peak expression of the cir-
cadian-controlled genes falls into various phases [7, 9, 35, 
36, 68, 98–101]. Analyses of polymerase-II profiles and 
pre-mRNA levels over a circadian day suggest that rhyth-
mic transcription and post-transcriptional mechanisms 
contribute to the rhythmic accumulation of mRNAs with 
different circadian phases [35, 98, 99]. Rhythmic transcrip-
tion with various phases can be achieved by the circadian 
control of genes in a second hierarchical level by rhythmic 
transcription factors. In murine liver, BMAL1/CLOCK 
directly binds to the promoters of the PARbZip transcrip-
tion factors DBP, TEF and HLF and drives their rhythmic 
transcription with a peak during the day [35, 40, 102, 103]. 
These factors form homo- and heterodimers and activate 
downstream targets that are mainly involved in the metabo-
lism of xenobiotics. Accordingly, PARbZip triple knockout 
mice are sensitive to xenobiotic stress and show premature 
death [104, 105]. In mice, DBP, TEF and HLF regulate the 
genes involved in detoxification and constitutive andros-
tane receptor (CAR), a key nuclear receptor that functions 
as a xenobiotic sensor [104, 106]. The expression of Car 
mRNA peaks at early evening, presumably to prepare the 
organism for the feeding-related detoxification [63, 104]. 
This is supported by the observation that oscillation of Dbp 
mRNA in liver can be regulated by restricted feeding [107].

Nuclear receptors are the sensors of fat-soluble hor-
mones, dietary lipids and vitamins, and they regulate 
the transcription of genes involved in every aspect of the 
physiology, including development, reproduction, toxin 
clearance, immune response, tumor formation, carbohy-
drate metabolism and lipid metabolism [108]. Since their 
activity is defined by dietary and endocrine signals, they 
form the main interface between the cellular environment 
and gene expression [109]. A comprehensive expression 
analyses of 49 mouse nuclear receptors in white adipose 
tissue, brown adipose tissue, muscle and liver over a circa-
dian cycle revealed that 45 nuclear receptors are expressed 
at least in one tissue, and 25 nuclear receptors display 
circadian expression profiles [63]. The peak expression 
of most (18) of the receptors is confined in a short time 
window (ZT4–ZT8), suggesting a common mechanism 
regulating their circadian expression. Expression could 
be directly regulated by BMAL1/CLOCK, since BMAL1 
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rhythmically binds between ZT4 and ZT8 to eight of these 
nuclear receptor genes in the liver (i.e., NGFI-B, NOR1, 
NURR1, PPARα, REV-ERBα, REV-ERBβ, RARα and 
SHP) [35]. Nevertheless, the phase of expression of GCNF 
and NURR1 is tissue specific. This observation is particu-
larly interesting since both receptors have critical roles in 
development [110, 111].

All three PPARs (PPARα/δ/γ) regulate lipid metabolism 
and energy homeostasis; hence, they are molecular targets 
for treating metabolic disorders [112]. PPARs show circa-
dian expression profiles with dispersed phases in different 
tissues [63]. PPARs have similar modular structures, and 
they are all involved in regulating lipid metabolism. Yet, 
the PPAR isoforms have unique functions in vivo, prob-
ably because of their specific response to ligands, distinct 
expression profiles in different tissues and different bio-
chemical properties [113, 114]. PPARα is the major activa-
tor of fatty acid oxidation and is expressed predominantly 
in liver, heart, brown adipose tissue and kidney [114, 115]. 
Prolonged fasting induces the hydrolysis of triacylglycerols 
in adipose tissue and the release of free fatty acids (FFAs) 
into the bloodstream. The FFAs are taken up by the liver 
where the expression and activity of PPARα are augmented 
[116, 117]. PPARα-induced fatty acid oxidation in response 
to fasting is critical, since the knockout of PPARα results 
in hypoglycemia, hyperlipidemia, hypoketonemia and fatty 
liver disease in mice [116, 118]. Accumulating evidence 
suggests that fatty acid metabolism is regulated by the 
circadian clock in animals [38, 119]. The PPARα targets 
Cyp4As and Acox2 are induced by starvation in a PPARα-
dependent manner in mice and rats [118, 120]. The Cyp4A 
family encodes cytochrome P450 enzymes that facilitate 
the degrading long-chain fatty acids by ω-hydroxylation 
of fatty acids and related compounds [121]. Acox2 encodes 
a branched-chain acyl-CoA oxidase, which is involved in 
the degradation of long-branched fatty acids and bile acid 
intermediates in peroxisomes. Both Acox2 and Cyp4A10 
are rhythmically expressed with a late evening phase in 
mice [35].

In the filamentous fungus Neurospora crassa, white col-
lar complex (WCC) is the core transcription factor driving 
light- and circadian-regulated transcription [122–124]. The 
circadian transcriptional network comprises about 20 % of 
the genes of Neurospora producing daily rhythms and light 
responses [125–127]. The direct WCC targets are morning 
specific and include ~25 transcription factors that could 
transmit time information to downstream targets [125]. 
Among these transcription factors is the repressor CSP1. 
It represses its targets during the day when CSP1 lev-
els are high, and repression is relieved during the evening 
when CSP1 levels are low [128]. CSP1 binds to promot-
ers of genes that are mainly involved in energy and lipid 
metabolism. CSP1 represses all six lipid desaturase genes 

of Neurospora, and at least one of them is rhythmically 
expressed with an evening-specific phase. Accordingly, 
lipid saturation and desaturation are modulated by CSP1 
[128].

Feedback of metabolic cues to the circadian clock

In addition to the regulation of metabolism by the circadian 
clock, metabolic cues in turn feed back to the circadian 
system. A major example is restricted feeding in animals. 
Mice that are kept in light/dark cycles consume the major-
ity of their food during the night when they are active. In 
Drosophila, food consumption is also controlled by the 
clock, being high during the late night to early morning. In 
both organisms, by changing the time of food availability, 
the phase of the circadian gene expression can be changed 
in peripheral organs without altering the phase of cyclic 
gene expression in the master clock in the brain [59, 107, 
129, 130]. Although little is known about the molecular 
mechanism, the tight coupling of the peripheral clocks to 
the metabolism suggests a reciprocal regulation of the cir-
cadian clock by feeding [131].

Metabolic cues exert their effect on the circadian sys-
tems either by triggering post-translational changes of the 
clock proteins that regulate their activity or by regulating 
the expression of clock proteins on the level of transcrip-
tion. In this section, we will discuss examples of such 
mechanisms in different organisms.

Metabolic sensors modifying the clock components

The cellular metabolic state is reflected by the AMP/ATP, 
ADP/ATP and NAD(P)+/NAD(P)/H ratios. High AMP/
ATP and ADP/ATP ratios promote the activity of AMPK, 
which then increases the activity or expression of proteins 
involved in catabolic processes [86]. Since AMPK acts 
as a central energy sensor, considerable effort has been 
expended to identify its targets [132]. One target is the 
negative clock component CRY. AMPK phosphorylates 
and promotes the degradation of CRY in mice [92]. Inter-
estingly, glucose limitation in the medium or activation of 
AMPK by the AMP analog AICAR lengthened the period 
and decreased the amplitude of the circadian oscillations 
in mouse embryonic fibroblasts. In addition, activation of 
AMPK by AICAR injection shifts the phase of entrainment 
in mouse liver [92]. The AMPK phosphorylation site on 
CRY1 is conserved among organisms in which CRYs act as 
transcriptional repressors and absent in organisms in which 
CRYs act as blue light receptors [92, 133]. In addition, 
increased body size correlates with evolutional conserva-
tion of AMPK phosphorylation sites. Hence, it is proposed 
that the light-induced degradation signals in CRYs may 
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have been evolutionarily replaced by AMPK-dependent 
degradation to entrain the clock in such organisms where 
CRYs cannot directly sense light signals anymore [134]. 
Another negative clock component, PER2, is indirectly 
regulated by AMPK in mice. Phosphorylation of PER pro-
teins by CK1ε and CK1δ facilitates their degradation by the 
proteasome [135, 136]. AMPK promotes degradation of 
PER2 by activating CKIε, resulting in lower PER2 levels 
and shortening of the circadian period length [137]. Activa-
tion of AMPK by the drug metformin, which is one of the 
most commonly used drugs for type II diabetes, changed 
the phase of circadian gene expression in wild-type but not 
Ampkα2 KO mice [137]. Regulation of the circadian clock 
by AMPK at multiple steps could act as a resetting signal to 
coordinate the circadian clock with metabolic changes.

NAD+ is another small molecule that feeds back to 
the circadian clock according to the energy status of the 
cell. NAD+ levels oscillate in a circadian fashion [82, 85] 
and regulate the acetylation of clock components by the 
NAD+-activated deacetylase SIRT1. On one hand, SIRT1-
dependent PER2 deacetylation determines PER2 stability, 
and SIRT1 downregulation results in higher PER2 levels. 
On the other hand, interaction of SIRT1 with BMAL1/
CLOCK counterbalances CLOCK-mediated acetylation of 
histone H3 and BMAL1 [80, 81]. Activation of SIRT1 by 
synthetic molecules alters BMAL1/CLOCK-driven tran-
scription, mainly by decreasing the amplitude of rhyth-
mic transcription [138]. Pharmacological manipulation of 
SIRT1 has beneficial effects on prevention of obesity and 
aging [71, 139, 140]. In addition, SIRT1 could be a useful 
target for the treatment of disorders related with the circa-
dian physiology.

Poly (ADP-ribose) polymerases (PARPs) synthesize 
ADP polymers using the ADP-ribose group of NAD+. 
Historically, PARP1 was defined as a DNA repair enzyme. 
However, recent studies suggest a broader role, including 
aging, inflammation and energy metabolism [141–143]. 
Upon activation by DNA damage, PARP1 activity con-
sumes most (80–90  %) of the cellular NAD+ [83]. To 
reconstitute the NAD+ level, NAD+ must be synthesized 
by the salvage pathway, which is energy consuming. Since 
PARP1 is involved in a number of energy-related process 
and since NAD+ levels are rhythmic, Asher et  al. [131] 
analyzed a possible role of PARP1 in regulating the circa-
dian clock. They found that PARP1 activity is circadian, 
and its phase is regulated by feeding. PARP1 interacts with 
BMAL1/CLOCK in a circadian fashion and poly(ADP-
ribosyl)ates CLOCK, changing its affinity for DNA. More-
over, the interaction of BMAL1/CLOCK with PER2 and 
CRYs is phase shifted in the PARP1 knockout mice. The 
resetting of the circadian phase of the liver clock induced 
by restricted feeding is delayed PARP1 KO mice [131]. 
Hence, PARP1 might be involved in food entrainment of 

peripheral organs by transmitting the feeding signal to cir-
cadian clock.

Poly (ADP-ribose) modifications synthesized by PARPs 
are degraded by poly (ADP-ribose) glycohydrolases. In A. 
thaliana, a mutation in the tej gene encoding a poly (ADP-
ribose) glycohydrolase lengthens the period of the circadian 
clock [144]. The long-period phenotype can be rescued 
by a PARP inhibitor, suggesting a role of the poly(ADP-
ribosyl)ation in the plant circadian clock although the tar-
get protein(s) have not yet been identified.

O-Linked ß-N-acetylglucosamine (O-GlcNAc) is a 
post-translation modification regulated by metabolism, 
particularly via glucose levels [145]. Reciprocally, it is 
involved in regulating key metabolic events, such as insu-
lin signaling, gluconeogenesis and lipogenesis [146–148]. 
Recently, O-GlcNAcylation gained attention in the regula-
tion of the circadian clock. O-GlcNAcylation is circadian 
in mice and Drosophila [149, 150]. In return, both the 
positive and negative components of the circadian clock are 
rhythmically O-GlcNAcylated in mice. BMAL1/CLOCK 
O-GlcNAcylation results in stabilization of proteins by pre-
venting phosphorylation-dependent ubiquitination [151]. 
Overexpression of O-GlcNAc transferase in mice resulted 
in the perturbations of Bmal1 oscillation and aberrant cir-
cadian rhythms of glucose homeostasis [151]. Changes in 
the O-GlcNAcylation capacity affect the circadian period in 
mice and Drosophila [150]. In mice, this is accomplished 
in part by blocking the CK1-dependent PER2 phosphoryla-
tion site S662 by O-GlcNAcylation, a position that corre-
sponds to a phoshorylation site in human PER2 implicated 
in regulation of the sleep phase [152]. Finally, rhythmic 
O-GlcNAcylation of dPER in Drosophila regulates its sub-
cellular localization [153]. Hence, O-GlcNAcylation has 
the potential to affect the circadian clock at multiple levels 
to coordinate its phase with glucose metabolism.

Regulation of core clock gene expression by metabolic 
signals

A further way of transmitting metabolic signals to the cir-
cadian clock is by transcriptional regulation of the clock 
components. By changing the expression levels of the 
core clock components, the  phase, amplitude and period 
of circadian rhythms can be modulated. In the mammalian 
circadian clock, Bmal1 transcription is regulated by dif-
ferent transcription regulators that are coupled to metabo-
lism. The nuclear receptors REV-ERBα and REV-ERBβ 
bind to ROR elements (RORE) in the Bmal1 promoter and 
repress Bmal1 transcription, whereas RORα, RORβ and 
RORγ act as transcriptional activators of Bmal1 by also 
binding to RORE [25–28, 154]. The competition between 
REV-ERBs and RORs determines Bmal1 expression lev-
els. Bmal1 mRNA is anti-phasic to REV-ERB expression, 
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and its rhythm is blunted in Rev-Erbα/β double-KO mice, 
suggesting REV-ERBs are the major components regulat-
ing the amplitude of the rhythmic Bmal1 transcript levels. 
In addition to REV-ERBs and RORs, the nuclear hor-
mone receptor PPARα regulates the expression of Bmal1 
by directly binding to its promoter [29]. In turn, PPARα 
expression is controlled by the circadian clock in rodents, 
suggesting a reciprocal regulation [29, 30, 63]. Although 
Pparα knockout mice do not show altered rhythmic loco-
motor activity [29], activation of PPARα by bezafibrate 
results in a phase shift of locomotor activity [155]. Moreo-
ver, Bmal1 expression is lower in the liver of Pparα KO 
mice, and fenofibrate, another PPARα ligand, activates 
Bmal1 expression rat fibroblasts in a PPARα-dependent 
manner [29]. PPARα regulates genes involved in fatty 
acid oxidation, lipid transport, ketogenesis, gluconeogen-
esis, glycogen metabolism and inflammation [156]. Pparα 
mRNA is induced during fasting, and PPARα plays an 
important role in the adaptive response to fasting [116]. 
Moreover, fatty acids and derivatives are endogenous 
ligands of PPARα [157]. The role of PPARα in energy 
metabolism and its connection to the circadian clock rep-
resent a further example of how the circadian clock and 
metabolism are coordinated.

PGC1α, a key transcriptional co-activator that regulates 
energy metabolism in mammals, is expressed in a circa-
dian manner [34]. PGC1α exerts its effects by regulating 
the activity of transcription factors, such as PPARγ, GR, 
HNF4α, ERRα and FOXO1 [158]. Liu et al. [34] showed 
that, by activating RORα, PGC1α activates the transcrip-
tion of Bmal1 and integrates energy metabolism with the 
circadian clock. Pgc1α KO mice have a lengthened period 
of circadian locomotor activity, and Bmal1 expression is 
altered.

As opposed to the activating roles of RORα, PPARα 
and PGC1α, the rhythmic transcription repressor 
TIEG1/KLF10/mGIF inhibits Bmal1 transcription by 
directly binding to a GC box in the Bmal1 promoter [159]. 
This repression is additive to the repression by REVERBα. 
Feeding starved mice or adding glucose to cultured rat 
fibroblasts in vitro induces TIEG1/KLF10/mGIF expres-
sion, connecting energy input to the cells to the regulation 
of Bmal1 expression [159]. A corresponding regulation by 
glucose has been reported for the Neurospora circadian 
clock. Expression of WC1, a subunit of the circadian tran-
scription activator WCC, is inhibited in a glucose-depend-
ent manner by the rhythmic transcription repressor CSP1 
[160]. Adding glucose to the medium induces expression 
of CSP1, which in turn represses wc1 transcription. The 
absence of CSP1 results in period shorting in high- but not 
low-glucose conditions, suggesting a CSP1-dependent met-
abolic compensation of the period of the circadian clock of 
Neurospora [160].

Circadian clock dysfunctions implicated in metabolic 
disorders

The vital role of the circadian players in regulating metab-
olism is self-evident in genetically modified circadian 
mutant animals. In mice, liver-specific deletion of Bmal1 
results in fasting-induced hypoglycemia, whereas deletion 
in the pancreas leads to diabetes [161–163]. This empha-
sizes the local role of BMAL1 in these peripheral tissues 
since the general circadian locomotor activity is not altered, 
and the master clock in the brain is intact. Whole-body 
Bmal1 KO mice show an arrhythmic clock phenotype in 
constant darkness [16], accelerated aging [164] and dis-
ruptions in the diurnal variation of glucose and triglycer-
ides [165]. Deletion of Clock in the whole body results in 
metabolic syndrome [166]. These mice have impaired diur-
nal feeding cycles and show hyperleptinemia, hyperlipi-
demia, hepatic steatosis, hyperinsulinemia and hyperglyce-
mia. Mice expressing a dominant-negative allele of Clock 
(Clock Δ19/Δ19) show hyperglycemia and defects in 
insulin release from the pancreas [163]. When challenged 
with a high-fat diet, ΔCry1/ΔCry2 double-knockout mice 
show hyperinsulinemia and weight gain exceeding the wt 
controls [167]. REV-ERBα and REV-ERBβ have crucial 
roles in regulating metabolism and the circadian clock [13, 
27, 168]. The modest metabolic phenotype of the Rev-erbα 
KO [11, 41, 169] was exacerbated in the double KO of Rev-
erbα and Rev-erbβ, showing the redundant roles of REV-
ERB isoforms. The deficiency of both isoforms resulted 
in hyperlipidemia, hepatic steatosis and hyperglycemia 
[13, 27, 168]. Moreover, the administration of REV-ERB 
agonists to diet-induced obese mice resulted in fat loss 
and improved dyslipidemia and hyperglycemia by regulat-
ing the expression of key metabolic genes [168]. Recently, 
Woldt et  al. [170] showed that REV-ERBα modulates the 
oxidative capacity of muscle by regulating mitochondrial 
biogenesis and autophagy. Further metabolic phenotypes 
associated with mutations of murine clock elements are 
listed in Table 1.

In humans, mutations or polymorphisms in the clock 
genes seem to be associated with metabolic phenotypes, 
such as type 2 diabetes or obesity [171–175]. Moreover, 
accumulating data suggest that the disruptions of the circa-
dian clock by shift work or social jet-lag are also associated 
with obesity and diabetes [176–179]. These epidemiologi-
cal data were supported by experimental data showing that 
circadian misalignment of the circadian clock and metabo-
lism results in reduced glucose tolerance and insulin insen-
sitivity [180]. Presumably, feeding and sleeping at abnor-
mal circadian times cause misalignment of the peripheral 
clocks with the environmental day/night cycle that result in 
metabolic problems (see “BOX1”). In a rat model of “shift 
work” based on forced activity during the inactive phase, 
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temporal patterns of food intake and metabolic oscilla-
tions were altered [181]. Such rats gained more weight and 
acquired glucose intolerance and microvesicular steatosis 
[182]. Hatori et al. [183] showed that limiting the feeding 
time only to the active phase of mice prevented the devel-
opment of metabolic disorders when they were fed with a 
high-fat diet. Mice fed a normal diet on a time-restricted 
basis also showed healthier metabolic markers than mice 
fed ad libitum [183]. The data suggested that without 
changing the caloric intake, feeding at the correct circadian 
time could protect against obesity, hyperinsulinemia, hepat-
icsteatosis and inflammation.

Concluding remarks

Circadian clocks are involved in regulating many aspects of 
metabolism, and they coordinate energy intake and expend-
iture. The feedback loops of the circadian clock and the 
regulatory networks of metabolic genes are interconnected 
in a complex manner and at various levels. Perturbing the 
circadian clock leads to metabolic anomalies especially in 
glucose and lipid metabolism. The occurrence of metabolic 
disorders increases in developed societies at an accelerating 
rate. A detailed understanding of the reciprocal interaction 
of circadian clocks and metabolic pathways may open new 
perspectives toward the treatment of such disorders.

Appendix

Box 1

Metabolic events and the circadian clock work in syn-
chrony. Consecutive events in the “active phase” and “inac-
tive phase” are both drivers and outputs of the circadian 
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clock and of metabolism. The active phase is associated 
mainly with locomotion, feeding and catabolic reactions, 
whereas the inactive phase is associated with sleep, fast-
ing and anabolic reactions. At night, circadian clocks set 
the metabolism to a state where energy expenditure is 
expected to be low for diurnal animals including humans. 
Challenges, such as eating or exercise at nighttime, are not 
anticipated by the circadian clock. Hence, the unprepared 
metabolism has to respond instantly to such perturbations, 
which desynchronizes metabolism and the circadian clock.
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