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Abstract: The liver is a critical organ of energy metabolism. At least 10% of the liver transcriptome
demonstrates rhythmic expression, implying that the circadian clock regulates large programmes
of hepatic genes. Here, we review the mechanisms by which this rhythmic regulation is conferred,
with a particular focus on the transcription factors whose actions combine to impart liver- and
time-specificity to metabolic gene expression.
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1. Introduction
The circadian clock maintains homeostasis in the face of rhythmic environmental changes and
as such, regulates critical physiological processes, including inflammation and energy metabolism.
Rhythms of hepatic metabolism have been especially well-studied, as interest grows in the potential of
circadian medicine to have therapeutic applications for disorders of energy metabolism and storage.
Here, we summarise the current understanding of the mechanisms by which programmes of metabolic
genes are under circadian regulation in the liver, particularly by core clock transcription factors.
2. Rhythmic Control of Metabolic Gene Expression
2.1. The Circadian Clock
In mammals, there is a network of cellular clocks that are coordinated, or synchronized, by the
central clock in the suprachiasmatic nucleus of the hypothalamus. The suprachiasmatic nucleus
of the hypothalamus functions as the dominant pacemaker tissue, responsive to light via the
retinohypothalamic tract. This central clock entrains clocks in peripheral tissues by autonomic
and endocrine signals. Entrainment refers to the synchronisation of a rhythm to a fixed time signal, in
the absence of entrainment, rhythms are free-running, and as the endogenous circadian clock period is
not exactly 24 h, this results in separation of the endogenous circadian phase from that of the external
environment through time. Peripheral tissue clocks are sensitive to phase setting by other stimuli
(zeitgebers) and are highly responsive to feeding time [1–3] and glucocorticoids [4], such that altered
feeding times or dexamethasone administration can reset peripheral clocks. Synchrony between
central and peripheral clocks promotes harmony between the behaviour of the organism (activity,
rest, feeding patterns) and for example, its immune response and nutrient utilisation. A further layer
of desynchrony is conferred by shift work in which the internal clock phase is non-aligned with the
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external clock phase, resulting in attempting to sleep at a non-permissive circadian phase, or eating
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2.2. Layers of Gene Regulation
This tissue-specificity demonstrates that the core clockwork is not the only determinant of
rhythmic gene expression. Gene expression is regulated by transcription factor activity at promoter
regions, activity at distal regulatory regions (enhancers) and chromatin architecture [13,14]. Chromatin
architecture encompasses chromosome accessibility, modifications to the histone proteins (which
together with DNA comprise chromatin), and the three-dimensional organisation. Chromatin is
typically arranged into nucleosomes (the repeating unit of DNA wrapped around histones akin to
a string of beads). Active transcription is associated with open, accessible chromatin (euchromatin),
whilst inactive areas of the genome are associated with tightly packed, inaccessible chromatin
(heterochromatin). Certain transcription factors will only bind the genome at sites of open chromatin,
whilst others have been shown to bind nucleosomes and trigger chromatin opening (pioneer factors).
The histone proteins contain lysine residues which can be modified; different modifications are
associated with different transcriptional states. H3K27ac (acetylation of lysine 27 on histone H3) is
associated with active enhancer elements; H3K27me3 (trimethylation of lysine 27 on histone H3) is
associated with the formation of heterochromatin and gene inactivation. Furthermore, transcriptional
regulation does not take place in two dimensions, forwards and backwards along a length of DNA.
Rather, the three-dimensional organisation of the genome permits sites some distance from each other
to interact, being brought close together in loops of chromatin. Current understanding [15] suggests
that loop formation is at the smaller scale end of organisational structures, extending upwards to
chromosome compartments, and even positioning of individual chromosomes. Enhancer-promoter
loop interactions occur more frequently within topologically-associating domains (TADs), which are
bounded by insulator elements.
Any of these factors above can confer rhythmic regulation to gene expression. In fact, only 22%
of oscillating genes are thought to be rhythmic due to de novo transcription [16], the remainder of
the regulation resulting from post-transcriptional modification. A circadian rhythm of chromatin
accessibility has been observed in mouse liver [17]. There are rhythms to histone modification [16]
(again demonstrated in mouse liver) paralleling rhythmic activity of histone acetyltransferases and
methyltransferases [18–20]. Time-of-day differences in loop formation have also recently been
demonstrated [21,22].
In terms of conferring tissue-specific rhythmicity, current thinking suggests that patterns
of chromatin accessibility, determined by tissue-specific pioneer factors, produce cistromes (the
genome-wide binding profiles) of key clock factors distinct to different tissues. These can show
surprisingly little overlap. A recent study has found only 6% of BMAL1 binding sites to be common to
liver, kidney and heart [22], whilst only 183 REV-ERBα binding sites have been reported to be common
to liver, white adipose tissue and brain [23]. One would predict that circadian loop formation is also
tissue-specific, but this work has yet to emerge.
2.3. Circadian Control of Hepatic Gene Expression
Approximately 10% of the mouse liver transcriptome is reported to show rhythmic expression
(the most recently published liver dataset detected 2029 genes with circadian oscillation [24]). In
peripheral tissues such as the liver, disruption of the core molecular clock does not necessarily result in
arrhythmicity, with evidence of newly rhythmic genes emerging in the absence of Bmal1 [25], but loss
of BMAL1 in the liver reduced the amplitude of the oscillations, and was accompanied by changes in
DNAse1 footprint patterns marking loss of BMAL1:CLOCK heterodimer action [17]. Furthermore,
restoration of the liver clockwork in an otherwise arrhythmic animal (Bmal1−/− with liver-specific
Bmal1 reconstitution) only partly restores the rhythms seen in wild-type animals [24]. These findings
underscore the importance of systemic cues in acting as zeitgebers to the liver clock, with insulin [3],
the gut microbiome [26] and distal inflammation [27], all having the demonstrated ability to do so.
Whilst glucocorticoids (administered in supraphysiological doses) have been shown to synchronise
peripheral clocks [4], the role of endogenous glucocorticoids in regulating liver rhythmicity is unclear.
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In fact, although there is evidence that these signals can serve as zeitgebers to peripheral clocks, the
evidence that they are important in physiology is rather weak.
In the livers of intact animals with normal behaviour, there is a coordinated rhythm of
CLOCK:BMAL1 recruitment to the genome during the day, accompanied by histone acetylation
and RNA polymerase II recruitment, which triggers a peak phase of transcription in the early part of
the night [14,24]. As the translation of the repressive CRY and PER proteins increases, CLOCK and
BMAL1 levels fall and transcription is repressed [14]. REV-ERBα, also regulated by CLOCK:BMAL1,
shows peak recruitment to the genome at ZT8–10 (late day, where ZT0 = “lights on”) in liver [28,29],
with a nadir at ZT20–22 (late night). This constitutes another negative feedback loop.
2.4. Hepatocyte Nuclear Factors
Following the theory that tissue-specific chromatin accessibility dictates clock protein binding [22],
one could hypothesise that liver-specificity to rhythms of gene expression is conferred by liver-specific
transcription factors such as FOXA2 and the hepatocyte nuclear factors (HNFs). This question
has yet to be directly tested experimentally, however. In both mouse and human adult liver, the
hepatocyte nuclear factor (HNF) transcription factors regulate large programmes of transcription.
Chromatin immunoprecipitation experiments have demonstrated broad associations of HNF4α (an
orphan nuclear receptor) and HNF6 (a transcriptional activator and part of the ONECUT family)
with transcriptionally-active genes in adult human hepatocytes [30]. In mouse liver, chromatin
accessibility and ChIP studies have shown that liver-specific enhancers are maintained by FOXA2,
which subsequently permits HNF4α recruitment to these enhancers [31]. Together with a repressive
complex comprising HDAC3 and PROX1, HNF4α then exerts control over liver lipid homeostasis [32].
The cistrome of HNF6 is similarly associated with a large number of genes in mouse liver, with genes
related to cytochrome P450 and steroid metabolism being found close to HNF6 binding sites, although
it should be noted, that the HNF6 cistrome shows considerable sexual dimorphism [33]. HNF6 has
also been proposed to have repressive control of lipid metabolism, with liver Hnf6 deletion leading to
lipid accumulation [34] through tethering and recruitment of REV-ERBα.
Work demonstrating the synchronising effect of glucocorticoids in the liver has found the HNF4α
motif to be associated with synchronised genes and that the synchronising effect was partly lost in liver
Hnf4α knockout [35]. This supports the idea that HNF4α plays a role in conferring liver-specific gene
rhythmicity. A more direct role for HNF4α in regulating the clock has also been proposed: namely,
that HNF4α may itself repress CLOCK and BMAL1. This was concluded from the demonstration of
reduced Clock and Bmal1 expression with Hnf4α overexpression and co-occurrence of HNF4α binding
at CLOCK:BMAL1 sites [36], but this work has yet to be expanded.
3. Core Clock Repressors Which Regulate Hepatic Energy Metabolism
Over the course of the day-night cycle, the nocturnal mouse undergoes transitions between the
inactive and active states and the fasted and fed states. As the key organ of metabolism, the liver
can both produce glucose as an immediate energy supply (gluconeogenesis) and produce lipid as a
longer-term energy store (de novo lipogenesis) (Figure 2A). It is perhaps not surprising that these
processes are under circadian control, to confer temporal regulation in line with behaviour at the level
of the organism (Figure 2B). Two of the core clock proteins which have repressive activity, CRY and
REV-ERBα, are of particular importance in regulating these pathways. Both CRY and REV-ERBs can
affect metabolic function by actions on the core circadian clock, but both can also act outside of the
transcription-translation-feedback loop by acting independently as transcriptional repressors, such as
the transrepression of glucocorticoid receptor protein (GR) by CRYs [37].
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3.1. Cryptochrome Regulation of Hepatic Gluconeogenesis
The CRY proteins in mammals are related to blue-light receptors and photolyases found in plants.
They play a key role in both the early and late repressive phases of the circadian cycle, with CRY1
repressing the CLOCK:BMAL1 heterodimer by binding directly to the PAS (Per-Arnt-Sim) domain [38].
Degradation of PER and CRY proteins is one of the factors determining circadian periodicity, and it is
of note that phosphorylation of CRY by the energy sensor AMPK (AMP-activated protein kinase) [39]
reduces its stability, thus creating a means by which nutrient availability can influence the clock.
Decreased CRY stability under conditions of energy deprivation, causes increased amplitude and
therefore, more robust circadian oscillations.
In mouse liver, activity at the fasting-responsive cyclic adenosine monophosphate (cAMP) response
element (CRE), which regulates gluconeogenesis, is lowest at the night-day transition when CRY activity
is highest [40]. This has prompted investigation of the role of CRY in regulating gluconeogenesis, and
the finding that CRY prevents the accumulation of cAMP in response to glucagon stimulation, likely
via the inhibition of the Gs alpha subunit, thus reducing gluconeogenic gene expression [40]. The
authors propose that pharmacological intervention to stabilise CRY might be a means of reducing
gluconeogenesis and indeed, the small molecule activator of CRY, KL001, has been shown to reduce
gluconeogenesis in response to glucagon stimulation of hepatocytes in vitro [41]. CRY has also been
found to promote degradation of the FOXO1 (forkhead box O1) transcription factor, which is a
positive regulator of gluconeogenic genes such as Pepck and G6pc, thus suppressing gluconeogenesis
further [42].
Separately, CRY has been found to associate with the glucocorticoid receptor C-terminus [37]. It
appears by mechanisms unclear, that this allows CRY to repress GR-mediated transcription, with an
increased transcriptional response to dexamethasone seen in CRY-deficient mouse embryonic fibroblasts,
with a particular effect seen on transactivated target genes. Furthermore, glucocorticoid-activation of
the Pepck gene shows time-of-day dependency being highest when CRY levels are lowest. Chromatin
immunoprecipitation experiments do suggest that CRY can associate with the Pepck GRE (Glucocorticoid
Response Element), in a dexamethasone-dependent manner. Chronic dexamethasone treatment in
CRY double-knockout mice significantly impairs glucose tolerance, this effect is not seen in wild-type
mice [37]. Taken together, this strongly suggests that CRY directly inhibits glucocorticoid-induction
of gluconeogenesis.
3.2. REV-ERBα Regulation of Hepatic Lipid Metabolism
3.2.1. REV-ERBα Is a Nuclear Receptor
REV-ERBα is a member of the nuclear receptor superfamily. Its endogenous ligand is haem,
a cofactor important for enzymes involved in mitochondrial respiration [43]. Haem synthesis is
rate-limited by the ALAS-1 enzyme, which is under control of the master metabolic coactivator
PGC-1α (PPARγ co-activator 1α). PGC-1α can itself co-activate ROR to drive Bmal1 and Rev-erbα
transcription [44]. When haem binds to REV-ERBα, it induces the recruitment of the repressive
NCoR/HDAC3 (nuclear co-repressor/histone deacetylase 3) complex, which represses PGC-1α, thus
allowing haem to regulate its own production and prevent haem toxicity [45]. This is also one of
the many links between REV-ERBα and energy metabolism, with PGC-1α being a key activator of
gluconeogenesis [46].
REV-ERBα has properties which distinguish it from other nuclear receptors. It has not, for
example, been found to form functional heterodimers with other NR1 family members at the RORE
site, unlike RXR and PPAR [47]. Co-regulator proteins, which include co-activators such as SRC-1,
SRC-2, SRC-3 and the CBP (CREB binding protein)/p300 family, share an LXXLL motif (where L is
leucine and X is any amino acid), which mediates interactions with ligand-bound nuclear receptors
through the C-terminal H12 helix of the nuclear receptor [48]. REV-ERBα lacks this H12 helix [49] and
so cannot interact with co-activators, underlining its function as a constitutive repressor. Interestingly,
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CRY and PER proteins possess the LXXLL motif [6] and have been shown to form heterodimers with
diverse nuclear receptors [37].
3.2.2. Constitutive Repressive Function of REV-ERBα
The P-box in the DBD of NR1 receptors recognises the AGGTCA motif, typically found as repeats
(direct/inverted/everted) with variable numbers of spacing nucleotides between. REV-ERBA binds
WAWNTAGGTCA as a monomer (where WAWNT is an A/T-rich sequence immediately 5’ to AGGTCA)
demonstrating activation of transcription in vitro [47]. Later experiments (alongside REV-ERBβ) could
not reproduce this activation as a monomer [50]. Both REV-ERBα and REV-ERBβ can, however,
suppress transcriptional activation by ROR proteins at WAWNTAGGTCA sites (hereafter referred to as
ROR elements, ROREs) [51] (Figure 3A). By contrast, as a homodimer, REV-ERBα binds the RevDR2 site
(direct repeat of AGGTCA, with a 2 bp spacer) stably and with high affinity, demonstrating repressive
function [52] (Figure 3B). It is this homodimerisation which permits recruitment of the co-repressor
NCoR [53,54]. In addition, two REV-ERBα molecules binding in close proximity (in this case to two
WAWNTAGGTCA motifs arranged as everted repeats 20 bp apart) are also able to recruit NCoR and
repress transcription [55]. It is the presence of two RORE sites, 26 bp apart, in the Bmal1 promoter
which is proposed to be the mechanism by which REV-ERBα exerts repressive control over Bmal1
Biology 2019, 8, x FOR PEER REVIEW
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binding sites of HDAC3, as determined by ChIP-sequencing, vary markedly by time-of-day [28]. At
ZT10, more than 100-times more binding sites are seen for HDAC3 than at ZT22, and indeed, as this
suggests, there are concurrent REV-ERBα and NCoR recruitment to these sites. Reduced acetylation
of H3K9 (the target of the deacetylase activity of HDAC3) and decreased recruitment of RNA
polymerase II, indicative of decreased transcription, are also seen. Interestingly, some of these
binding sites are associated with genes for the enzymes of de novo lipogenesis, such as SCD1, FASN
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displays diurnal variation, and SRC-2 functions as a co-activator for the CLOCK:BMAL1 heterodimer,
such that SRC-2 ablation in the liver disrupts hepatic metabolism [58]. In the activation phase of the
circadian cycle, SRC-2 recruits PBAF members of the SWI/SNF chromatin remodelling family, to allow
the formation of a BMAL1/ROR complex, promoting maximal chromatin accessibility. REV-ERBA
preferentially binds open chromatin, thus PBAF is gradually displaced over the course of the activation
phase and gene expression falls. More recently, it has been shown that there are fewer functional
intra-TAD interactions at the time of peak REV-ERBA action (ZT10) compared to the physiological
nadir of REV-ERBA (ZT22) or in Rev-erbα knockout, thus it has been proposed that REV-ERBA opposes
the formation of functional enhancer-promoter loops at its target genes [21].
3.2.3. Dual Roles of REV-ERBα
REV-ERBα is proposed to have roles as a component of the core clock and as a master regulator of
metabolism. Over recent years, evidence has suggested that these two roles are mediated by distinct
mechanisms. Characterisation of the cistromes of REV-ERBα and REV-ERBβ in mouse liver has
revealed overlap at sites associated with core clock genes, suggesting that both contribute to clock
regulation [29] (similar overlap demonstrated separately in [59]). Motif analysis of REV-ERB binding
sites from this dataset found the RevDR2 motif, but also motifs for other NRs (e.g., PPAR, CEBP,
HNF4α). Comparison of the cistromes of REV-ERBα and RORα and of the transcriptomes of mice
lacking either of these (Rev-erbα−/− mice and RorαFl/Fl RorγFl/Fl mice injected with AAV-Cre, respectively),
suggests that the two proteins might compete for binding at RORE/RevDR2 sites associated with highly
rhythmic genes [23].
This same study noted that many genes were Rev-erbα-dependent but did not associate with
RORE/RevDR2 REV-ERBα binding sites. Rather, they associated with REV-ERBα binding sites
containing the motif for the liver lineage-determining factor HNF6 (hepatocyte nuclear factor 6),
which is thought to promote gene transcription by recruiting CBP/p300 to the genome. Using mice
with a liver-targeted mutation in the REV-ERBα DBD, who concurrently had liver-targeted Rev-erbβ
knockdown (AAV-Cre approach), it was hypothesised that REV-ERBα has both DBD-dependent and
DBD-independent actions and that these are dissociable [23]. The DBD-dependent cistrome associates
with RORE/RevDR2 motifs and with clock genes, whilst the DBD-independent cistrome associates
with the HNF6 motif and lipid metabolism genes (Figure 3C). In the absence of HNF6, there is reduced
REV-ERBα binding at sites associated with REV-ERBα-dependent genes [34]. As with liver depletion
of HDAC3, liver depletion of HNF6 also leads to hepatosteatosis and up-regulation of the known
REV-ERBα repressive targets SCD1, FASN, and ACC [34].
3.2.4. REV-ERBα as a Metabolic Regulator
REV-ERBα is therefore proposed to mediate these DBD-independent metabolic effects by tethering
to HNF6 and recruiting the NCOR/HDAC3 co-repressor complex [23,34]. The genome-wide binding
sites of HDAC3, as determined by ChIP-sequencing, vary markedly by time-of-day [28]. At ZT10,
more than 100-times more binding sites are seen for HDAC3 than at ZT22, and indeed, as this suggests,
there are concurrent REV-ERBα and NCoR recruitment to these sites. Reduced acetylation of H3K9
(the target of the deacetylase activity of HDAC3) and decreased recruitment of RNA polymerase II,
indicative of decreased transcription, are also seen. Interestingly, some of these binding sites are
associated with genes for the enzymes of de novo lipogenesis, such as SCD1, FASN and ACC. In mice
fed standard chow, depletion of HDAC3 in the liver leads to hepatosteatosis and increased de novo
lipogenesis [28]. When the metabolic consequences of hepatic HDAC3 depletion are studied in greater
detail, accumulation of small droplets of lipid is seen within hepatocytes of these mice [60]. This is a
pathology distinct from the very large lipid droplets which accumulate around the central vein of the
hepatic lobule of mice fed a high-fat diet, perhaps supporting further the idea of increased hepatic
lipogenesis, rather than increased fat absorption or reduced peripheral uptake. The same investigators
also report that liver HDAC3 depletion appears to reduce hepatic glucose output and suggest that
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metabolic intermediates are shunted towards lipid production, rather than glucose production, with
the loss of HDAC3 (and by extrapolation, of REV-ERBα action).
The metabolic phenotype of mice lacking Rev-erbα is not as severe as that caused by depletion of
HDAC3 or HNF6; this supports a role for Rev-erbβ, and indeed, in Rev-erbα−/− mice who then have
hepatic depletion of Rev-erbβ, the hepatosteatosis does become more severe and less NCoR/HDAC3
recruitment to the genome is seen [58]. Nonetheless, evidence of increased de novo lipogenesis,
particularly towards the end of the rest period and during the active period (when the animal
eats most), is seen in Rev-erbα−/− mice [61]. Using indirect calorimetry, the authors also detect
differences between knockout mice and wild-type controls in circadian patterns of fuel utilisation,
with evidence of a preference for fatty acid use during the rest phase and glucose use during the
active phase in the knockout mice [61]. They suggest too that this is due to imbalances in the shift of
metabolic intermediates, with excess acetyl-CoA in the Rev-erbα−/− mice driving excessive fat storage
and ketogenesis.
Together, these studies build a picture of REV-ERBα/NCoR/HDAC3 repressive activity during the
inactive period at sites regulated by HNF6 binding, which serves to downregulate de novo lipogenesis
(potentially shunting the metabolic intermediates into gluconeogenesis). During the active feeding
phase, this repressive activity falls, allowing lipogenesis and lipid accumulation. The absence of these
repressive components therefore, produces a phenotype of increased de novo lipogenesis and hepatic
lipid accumulation. Furthermore, an in vivo study with a REV-ERBα agonist has demonstrated the
loss of fat mass with enhancement of REV-ERBα activity [62].
REV-ERBα is degraded by the proteasome having been ubiquitinated by the F-box protein
FBXW7, this ubiquitination is itself triggered by phosphorylation by cyclin-dependent protein kinase
1 (CDK1) [63]. Modulating FBXW7 or CDK1 activity, therefore modulates rhythmicity of the core
clock genes (FBXW7 ablation disrupts not only clock gene expression but also lipid metabolism [63],
providing further evidence that REV-ERBα plays a role in regulating liver lipid metabolism). REV-ERBα
degradation via SUMOylation and ubiquitination is also promoted by inflammatory processes [64],
providing a means by which inflammation can modulate circadian amplitude.
4. The Role of Glucocorticoid Signalling in Circadian Control of Hepatic Energy Metabolism
Hepatic energy metabolism is also subject to regulation by rhythmic hormones, notably endogenous
glucocorticoids (cortisol in humans, corticosterone in mice). Acute treatment with dexamethasone (a
synthetic glucocorticoid) influences the expression of large programmes of metabolic genes in mouse
liver [65], in keeping with the role of glucocorticoid hormones in the stress response in mobilising
energy stores and increasing hepatic glucose output. Glucocorticoid production displays a diurnal
rhythm, typically with a peak at the start of the active phase and a trough in the middle of the rest
phase. Expression of the glucocorticoid receptor gene is rhythmic [66] and levels of the glucocorticoid
receptor protein (GR) in hepatocyte nuclei, as quantified in proteomic studies [67], closely follow the
rhythm of endogenous corticosterone. N-terminal phosphorylation marks associated with nuclear
location of GR similarly peak at the start of the active phase, whilst phosphorylation marks associated
with GR being cytoplasmic appear to be more abundant during the inactive phase [68].
Glucocorticoid action is context-specific [69–71] and indeed, a time-of-day effect on
glucocorticoid action has been demonstrated [65], with many more genes in mouse liver being
glucocorticoid-responsive during the day (inactive phase) than during the night. The mechanisms by
which the circadian clock might confer time-specificity to GR action are being elucidated. The CRY
proteins have been shown to negatively regulate glucocorticoid action [37] and it has been proposed
that REV-ERBA facilitates circadian recruitment of GR to GC-responsive genes [65]. It has also been
suggested that REV-ERBα can affect the nuclear localisation and the stability of GR [72].
This raises the attractive possibility that manipulating the timing of glucocorticoid administration
could minimise the undesirable metabolic side effects associated with therapeutic glucocorticoid use.
A study of chronic glucocorticoid administration has found that when given at ZT12, glucocorticoids
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up-regulate lipogenic genes to a lesser extent than at ZT0 [73]. Further work is needed in this
area, however.
5. Summary
The liver plays a critical role in enabling the necessary switch between the fed and the fasted
state. As such, gene expression programmes in the liver show a strong time of day dependence. The
relative importance of the liver-autonomous circadian clock versus the systemic circadian system in
generating these rhythms of gene expression and enzymatic function remains unclear. A number of key
circadian transcription factors, including CRY and REVERBa, have been shown to play dominant roles
in regulating either carbohydrate or lipid metabolic switches in the liver through time, and both these
transcription factors have been targeted by small, drug-like molecules. A further manifestation of the
circadian phenotype results from regulation of the hepatic nuclear receptor expressome, with actions
identified both for lineage-determining nuclear receptors including HNF4A, and also signal-dependent
receptors, such as the glucocorticoid receptor. Taken together, there is now abundant evidence for the
importance of the hepatic circadian clock in driving energy metabolism, utilisation and storage and for
the actions of systemic diseases, such as obesity, in affecting this process. It seems certain that new
approaches to tackle the prevalent disease of over-nutrition in developed economies will require the
liver clock to be harnessed for maximal efficacy.
Author Contributions: A.L.H. and D.W.R.; writing, review and editing.
Funding: This work was supported by MRC Clinical Research Training Fellowship MR/N021479/1 awarded to
ALH. DWR is a Wellcome Senior Investigator 107849/z/15/z.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.

3.

4.

5.
6.
7.
8.

9.

Damiola, F.; Le Minli, N.; Preitner, N.; Kornmann, B.; Fleury-Olela, F.; Schibler, U. Restricted feeding
uncouples circadian oscillators in peripheral tissues from the central pacemaker in the suprachiasmatic
nucleus. Genes Dev. 2000, 14, 2950–2961. [CrossRef]
Vollmers, C.; Gill, S.; DiTacchio, L.; Pulivarthy, S.R.; Le, H.D.; Panda, S. Time of feeding and the intrinsic
circadian clock drive rhythms in hepatic gene expression. Proc. Natl. Acad. Sci. USA 2009, 106, 21453–21458.
[CrossRef]
Crosby, P.; Hamnett, R.; Putker, M.; Hoyle, N.P.; Reed, M.; Karam, C.J.; Maywood, E.S.; Stangherlin, A.;
Chesham, J.E.; Hayter, E.A.; et al. Insulin/IGF-1 Drives PERIOD Synthesis to Entrain Circadian Rhythms
with Feeding Time. Cell 2019, 177, 896–909.e20.
Balsalobre, A.; Brown, S.A.; Marcacci, L.; Tronche, F.; Kellendonk, C.; Reichardt, H.M.; Schütz, G.; Schibler, U.
Resetting of Circadian Time in Peripheral Tissues by Glucocorticoid Signaling. Science 2000, 289, 2344–2347.
[CrossRef]
Bechtold, D.A.; Gibbs, J.E.; Loudon, A.S.I. Circadian dysfunction in disease. Trends Pharmacol. Sci. 2010, 31,
191–198. [CrossRef]
Gustafson, C.L.; Partch, C.L. Emerging models for the molecular basis of mammalian circadian timing.
Biochemistry 2015, 54, 134–149. [CrossRef]
Padmanabhan, K.; Robles, M.S.; Westerling, T.; Weitz, C.J. Feedback regulation of transcriptional termination
by the mammalian circadian clock PERIOD complex. Science 2012, 337, 599–602. [CrossRef]
Shearman, L.P.; Sriram, S.; Weaver, D.R.; Maywood, E.S.; Chaves, I.; Zheng, B.; Kume, K.; Lee, C.C.;
van der Horst, G.T.; Hastings, M.H.; et al. Interacting molecular loops in the mammalian circadian clock.
Science 2000, 288, 1013–1019. [CrossRef]
Tanoue, S.; Fujimoto, K.; Myung, J.; Hatanaka, F.; Kato, Y.; Takumi, T. DEC2-E4BP4 Heterodimer Represses
the Transcriptional Enhancer Activity of the EE Element in the Per2 Promoter. Front. Neurol. 2015, 6, 166.
[CrossRef]

Biology 2019, 8, 79

10.

11.

12.

13.
14.
15.
16.
17.

18.

19.
20.

21.
22.

23.

24.

25.
26.

27.
28.

29.

11 of 14

Goriki, A.; Hatanaka, F.; Myung, J.; Kim, J.K.; Yoritaka, T.; Tanoue, S.; Abe, T.; Kiyonari, H.; Fujimoto, K.;
Kato, Y.; et al. A novel protein, CHRONO, functions as a core component of the mammalian circadian clock.
PLoS Biol. 2014, 12, e1001839. [CrossRef]
Mure, L.S.; Le, H.D.; Benegiamo, G.; Chang, M.W.; Rios, L.; Jillani, N.; Ngotho, M.; Kariuki, T.;
Dkhissi-Benyahya, O.; Cooper, H.M.; et al. Diurnal transcriptome atlas of a primate across major neural and
peripheral tissues. Science 2018, 359, eaao0318. [CrossRef]
Zhang, R.; Lahens, N.F.; Ballance, H.I.; Hughes, M.E.; Hogenesch, J.B. A circadian gene expression atlas
in mammals: Implications for biology and medicine. Proc. Natl. Acad. Sci. USA 2014, 111, 16219–16224.
[CrossRef]
Tessarz, P.; Kouzarides, T. Histone core modifications regulating nucleosome structure and dynamics. Nat.
Rev. Mol. Cell Biol. 2014, 15, 703–708.
Venkatesh, S.; Workman, J.L. Histone exchange, chromatin structure and the regulation of transcription. Nat.
Rev. Mol. Cell Biol. 2015, 16, 178–189. [CrossRef]
Stadhouders, R.; Filion, G.J.; Graf, T. Transcription factors and 3D genome conformation in cell-fate decisions.
Nature 2019, 569, 345–354. [CrossRef]
Koike, N.; Yoo, S.-H.H.; Huang, H.-C.C.; Kumar, V.; Lee, C.; Kim, T.-K.K.; Takahashi, J.S. Transcriptional
Architecture and Chromatin Landscape of the Core Circadian Clock in Mammals. Science 2012, 338, 349–354.
Sobel, J.A.; Krier, I.; Andersin, T.; Raghav, S.; Canella, D.; Gilardi, F.; Kalantzi, A.S.; Rey, G.; Weger, B.;
Gachon, F.; et al. Transcriptional regulatory logic of the diurnal cycle in the mouse liver. PLoS Biol. 2017, 15,
e2001069. [CrossRef]
Etchegaray, J.P.; Yang, X.; Debruyne, J.P.; Peters, A.H.; Weaver, D.R.; Jenuwein, T.; Reppert, S.M. The
polycomb group protein EZH2 is required for mammalian circadian clock function. J. Biol. Chem. 2006, 281,
21209–21215. [CrossRef]
Katada, S.; Sassone-Corsi, P. The histone methyltransferase MLL1 permits the oscillation of circadian gene
expression. Nat. Struct. Mol. Biol. 2010, 17, 1414–1421.
Valekunja, U.K.; Edgar, R.S.; Oklejewicz, M.; van der Horst, G.T.J.; O’Neill, J.S.; Tamanini, F.; Turner, D.J.;
Reddy, A.B.; O’Neill, J.S.; Tamanini, F.; et al. Histone methyltransferase MLL3 contributes to genome-scale
circadian transcription. Proc. Natl. Acad. Sci. USA 2013, 110, 1554–1559. [CrossRef]
Kim, Y.H.; Marhon, S.A.; Zhang, Y.; Steger, D.J.; Won, K.J.; Lazar, M.A. Rev-erba dynamically modulates
chromatin looping to control circadian gene transcription. Science 2018, 359, 1274–1277. [CrossRef]
Beytebiere, J.R.; Trott, A.J.; Greenwell, B.J.; Osborne, C.A.; Vitet, H.; Spence, J.; Yoo, S.-H.; Chen, Z.;
Takahashi, J.S.; Ghaffari, N.; et al. Tissue-specific BMAL1 cistromes reveal that rhythmic transcription is
associated with rhythmic enhancer–enhancer interactions. Genes Dev. 2019, 33, 294–309. [CrossRef]
Zhang, Y.; Fang, B.; Emmett, M.J.; Damle, M.; Sun, Z.; Feng, D.; Armour, S.M.; Remsberg, J.R.; Jager, J.;
Soccio, R.E.; et al. Discrete functions of nuclear receptor Rev-erbalpha couple metabolism to the clock. Science
2015, 348, 1488–1492. [CrossRef]
Koronowski, K.B.; Kinouchi, K.; Welz, P.S.; Smith, J.G.; Zinna, V.M.; Shi, J.; Samad, M.; Chen, S.; Magnan, C.N.;
Kinchen, J.M.; et al. Defining the Independence of the Liver Circadian Clock. Cell 2019, 177, 1448–1462.
[CrossRef]
Kornmann, B.; Schaad, O.; Bujard, H.; Takahashi, J.S.; Schibler, U. System-driven and oscillator-dependent
circadian transcription in mice with a conditionally active liver clock. PLoS Biol. 2007, 5, e34. [CrossRef]
Thaiss, C.A.; Levy, M.; Korem, T.; Dohnalová, L.; Shapiro, H.; Jaitin, D.A.; David, E.; Winter, D.R.;
Gury-BenAri, M.; Tatirovsky, E.; et al. Microbiota Diurnal Rhythmicity Programs Host Transcriptome
Oscillations. Cell 2016, 167, 1495–1510.e12. [CrossRef]
Masri, S.; Papagiannakopoulos, T.; Kinouchi, K.; Liu, Y.; Cervantes, M.; Baldi, P.; Jacks, T.; Sassone-Corsi, P.
Lung Adenocarcinoma Distally Rewires Hepatic Circadian Homeostasis. Cell 2016, 165, 896–909. [CrossRef]
Feng, D.; Liu, T.; Sun, Z.; Bugge, A.; Mullican, S.E.; Alenghat, T.; Liu, X.S.; Lazar, M.A. A circadian rhythm
orchestrated by histone deacetylase 3 controls hepatic lipid metabolism. Science 2011, 331, 1315–1319.
[CrossRef]
Cho, H.; Zhao, X.; Hatori, M.; Yu, R.T.; Barish, G.D.; Lam, M.T.; Chong, L.W.; DiTacchio, L.; Atkins, A.R.;
Glass, C.K.; et al. Regulation of circadian behaviour and metabolism by REV-ERB-alpha and REV-ERB-beta.
Nature 2012, 485, 123–127. [CrossRef]

Biology 2019, 8, 79

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.
46.

47.
48.

12 of 14

Odom, D.T.; Zizlsperger, N.; Gordon, D.B.; Bell, G.W.; Rinaldi, N.J.; Murray, H.L.; Volkert, T.L.; Schreiber, J.;
Rolfe, P.A.; Gifford, D.K.; et al. Control of Pancreas and Liver Gene Expression by HNF Transcription Factors.
Science 2004, 303, 1378–1381. [CrossRef]
Iwafuchi-Doi, M.; Donahue, G.; Kakumanu, A.; Watts, J.A.; Mahony, S.; Pugh, B.F.; Lee, D.; Kaestner, K.H.;
Zaret, K.S. The Pioneer Transcription Factor FoxA Maintains an Accessible Nucleosome Configuration at
Enhancers for Tissue-Specific Gene Activation. Mol. Cell 2016, 62, 79–91. [CrossRef] [PubMed]
Armour, S.M.; Remsberg, J.R.; Damle, M.; Sidoli, S.; Ho, W.Y.; Li, Z.; Garcia, B.A.; Lazar, M.A. An
HDAC3-PROX1 corepressor module acts on HNF4α to control hepatic triglycerides. Nat. Commun. 2017, 8,
549. [CrossRef] [PubMed]
Conforto, T.L.; Steinhardt, G.F.; Waxman, D.J. Cross Talk between GH-Regulated Transcription Factors HNF6
and CUX2 in Adult Mouse Liver. Mol. Endocrinol. 2015, 29, 1286–1302. [CrossRef]
Zhang, Y.; Fang, B.; Damle, M.; Guan, D.; Li, Z.; Kim, Y.H.; Gannon, M.; Lazar, M.A. HNF6 and Rev-erbalpha
integrate hepatic lipid metabolism by overlapping and distinct transcriptional mechanisms. Genes Dev. 2016,
30, 1636–1644. [CrossRef]
Reddy, A.B.; Maywood, E.S.; Karp, N.A.; King, V.M.; Inoue, Y.; Gonzalez, F.J.; Lilley, K.S.; Kyriacou, C.P.;
Hastings, M.H. Glucocorticoid signaling synchronizes the liver circadian transcriptome. Hepatology 2007, 45,
1478–1488. [CrossRef]
Qu, M.; Duffy, T.; Hirota, T.; Kay, S.A. Nuclear receptor HNF4A transrepresses CLOCK: BMAL1 and
modulates tissue-specific circadian networks. Proc. Natl. Acad. Sci. USA 2018, 115, E12305–E12312.
[CrossRef]
Lamia, K.A.; Papp, S.J.S.; Yu, R.T.; Barish, G.D.; Uhlenhaut, N.H.; Jonker, J.W.; Downes, M.; Evans, R.M.;
Ruth, T. Cryptochromes mediate rhythmic repression of the glucocorticoid receptor. Nature 2011, 480,
552–556. [CrossRef]
Michael, A.K.; Fribourgh, J.L.; Chelliah, Y.; Sandate, C.R.; Hura, G.L.; Schneidman-Duhovny, D.; Tripathi, S.M.;
Takahashi, J.S.; Partch, C.L. Formation of a repressive complex in the mammalian circadian clock is mediated
by the secondary pocket of CRY1. Proc. Natl. Acad. Sci. USA 2017, 114, 1560–1565. [CrossRef]
Lamia, K.A.; Sachdeva, U.M.; DiTacchio, L.; Williams, E.C.; Alvarez, J.G.; Egan, D.F.; Vasquez, D.S.;
Juguilon, H.; Panda, S.; Shaw, R.J.; et al. AMPK regulates the circadian clock by cryptochrome phosphorylation
and degradation. Science 2009, 326, 437–440. [CrossRef]
Zhang, E.E.; Liu, Y.; Dentin, R.; Pongsawakul, P.Y.; Liu, A.C.; Hirota, T.; Nusinow, D.A.; Sun, X.;
Landais, S.; Kodama, Y.; et al. Cryptochrome mediates circadian regulation of cAMP signaling and
hepatic gluconeogenesis. Nat. Med. 2010, 16, 1152–1156. [CrossRef]
Hirota, T.; Lee, J.W.; St John, P.C.; Sawa, M.; Iwaisako, K.; Noguchi, T.; Pongsawakul, P.Y.; Sonntag, T.;
Welsh, D.K.; Brenner, D.A.; et al. Identification of small molecule activators of cryptochrome. Science 2012,
337, 1094–1097. [CrossRef]
Jang, H.; Lee, G.Y.; Selby, C.P.; Lee, G.; Jeon, Y.G.; Lee, J.H.; Cheng, K.K.Y.; Titchenell, P.; Birnbaum, M.J.; Xu, A.;
et al. SREBP1c-CRY1 signalling represses hepatic glucose production by promoting FOXO1 degradation
during refeeding. Nat. Commun. 2016, 7, 12180. [CrossRef]
Yin, L.; Wu, N.; Curtin, J.C.; Qatanani, M.; Szwergold, N.R.; Reid, R.A.; Waitt, G.M.; Parks, D.J.; Pearce, K.H.;
Wisely, G.B.; et al. Rev-erbalpha, a heme sensor that coordinates metabolic and circadian pathways. Science
2007, 318, 1786–1789. [CrossRef]
Liu, C.; Li, S.; Liu, T.; Borjigin, J.; Lin, J.D. Transcriptional coactivator PGC-1alpha integrates the mammalian
clock and energy metabolism. Nature 2007, 447, 477–481. [CrossRef]
Wu, N.; Yin, L.; Hanniman, E.A.; Joshi, S.; Lazar, M.A. Negative feedback maintenance of heme homeostasis
by its receptor, Rev-erb-alpha. Genes Dev. 2009, 23, 2201–2209. [CrossRef]
Yoon, J.C.; Puigserver, P.; Chen, G.; Donovan, J.; Wu, Z.; Rhee, J.; Adelmant, G.; Stafford, J.; Kahn, C.R.;
Granner, D.K.; et al. Control of hepatic gluconeogenesis through the transcriptional coactivator PGC-1.
Nature 2001, 413, 131–138. [CrossRef]
Harding, H.P.; Lazar, M.A. The orphan receptor Rev-ErbA alpha activates transcription via a novel response
element. Mol. Cell. Biol. 1993, 13, 3113–3121. [CrossRef]
Heery, D.M.; Kalkhoven, E.; Hoare, S.; Parker, M.G. A signature motif in transcriptional co-activators
mediates binding to nuclear receptors. Nature 1997, 387, 733–736. [CrossRef]

Biology 2019, 8, 79

49.
50.

51.

52.
53.

54.

55.
56.
57.

58.
59.

60.

61.

62.

63.

64.

65.

66.
67.

13 of 14

Yin, L.; Wu, N.; Lazar, M.A. Nuclear receptor Rev-erbalpha: A heme receptor that coordinates circadian
rhythm and metabolism. Nucl. Recept. Signal. 2010, 8, e001. [CrossRef]
Dumas, B.; Harding, H.P.; Choi, H.S.; Lehmann, K.A.; Chung, M.; Lazar, M.A.; Moore, D.D. A new orphan
member of the nuclear hormone receptor superfamily closely related to Rev-Erb. Mol. Endocrinol. 1994, 8,
996–1005.
Forman, B.M.; Chen, J.; Blumberg, B.; Kliewer, S.A.; Henshaw, R.; Ong, E.S.; Evans, R.M. Cross-talk among
ROR alpha 1 and the Rev-erb family of orphan nuclear receptors. Mol. Endocrinol. 1994, 8, 1253–1261.
[PubMed]
Harding, H.P.; Lazar, M.A. The monomer-binding orphan receptor Rev-Erb represses transcription as a
dimer on a novel direct repeat. Mol. Cell. Biol. 1995, 15, 4791–4802. [CrossRef] [PubMed]
Zamir, I.; Harding, H.P.; Atkins, G.B.; Hörlein, A.; Glass, C.K.; Rosenfeld, M.G.; Lazar, M.A. A nuclear
hormone receptor corepressor mediates transcriptional silencing by receptors with distinct repression
domains. Mol. Cell. Biol. 1996, 16, 5458–5465. [CrossRef] [PubMed]
Phelan, C.A.; Gampe, R.T.; Lambert, M.H.; Parks, D.J.; Montana, V.; Bynum, J.; Broderick, T.M.; Hu, X.;
Williams, S.P.; Nolte, R.T.; et al. Structure of Rev-erbα bound to N-CoR reveals a unique mechanism of
nuclear receptor–co-repressor interaction. Nat. Struct. Mol. Biol. 2010, 17, 808–814. [CrossRef] [PubMed]
Zamir, I.; Zhang, J.; Lazar, M.A. Stoichiometric and steric principles governing repression by nuclear hormone
receptors. Genes Dev. 1997, 11, 835–846. [CrossRef] [PubMed]
Yin, L.; Lazar, M.A. The orphan nuclear receptor Rev-erbalpha recruits the N-CoR/histone deacetylase 3
corepressor to regulate the circadian Bmal1 gene. Mol. Endocrinol. 2005, 19, 1452–1459. [CrossRef]
Zhu, B.; Gates, L.A.; Stashi, E.; Dasgupta, S.; Gonzales, N.; Dean, A.; Dacso, C.C.; York, B.; O’Malley, B.W.
Coactivator-Dependent Oscillation of Chromatin Accessibility Dictates Circadian Gene Amplitude via
REV-ERB Loading. Mol. Cell 2015, 60, 769–783. [CrossRef]
Stashi, E.; York, B.; O’Malley, B.W. Steroid receptor coactivators: Servants and masters for control of systems
metabolism. Trends Endocrinol. Metab. 2014, 25, 337–347. [CrossRef]
Bugge, A.; Feng, D.; Everett, L.J.; Briggs, E.R.; Mullican, S.E.; Wang, F.; Jager, J.; Lazar, M.A. Rev-erbalpha
and Rev-erbbeta coordinately protect the circadian clock and normal metabolic function. Genes Dev. 2012, 26,
657–667. [CrossRef]
Sun, Z.; Miller, R.A.; Patel, R.T.; Chen, J.; Dhir, R.; Wang, H.; Zhang, D.; Graham, M.J.; Unterman, T.G.;
Shulman, G.I.; et al. Hepatic Hdac3 promotes gluconeogenesis by repressing lipid synthesis and sequestration.
Nat. Med. 2012, 18, 934–942. [CrossRef]
Delezie, J.; Dumont, S.; Dardente, H.; Oudart, H.; Grechez-Cassiau, A.; Klosen, P.; Teboul, M.; Delaunay, F.;
Pevet, P.; Challet, E. The nuclear receptor REV-ERBalpha is required for the daily balance of carbohydrate
and lipid metabolism. FASEB J. 2012, 26, 3321–3335. [CrossRef] [PubMed]
Solt, L.A.; Wang, Y.; Banerjee, S.; Hughes, T.; Kojetin, D.J.; Lundasen, T.; Shin, Y.; Liu, J.; Cameron, M.D.;
Noel, R.; et al. Regulation of circadian behaviour and metabolism by synthetic REV-ERB agonists. Nature
2012, 485, 62–68. [CrossRef] [PubMed]
Zhao, X.; Hirota, T.; Han, X.; Cho, H.; Chong, L.W.; Lamia, K.; Liu, S.; Atkins, A.R.; Banayo, E.; Liddle, C.;
et al. Circadian Amplitude Regulation via FBXW7-Targeted REV-ERBalpha Degradation. Cell 2016, 165,
1644–1657. [CrossRef] [PubMed]
Pariollaud, M.; Gibbs, J.E.; Hopwood, T.W.; Brown, S.; Begley, N.; Vonslow, R.; Poolman, T.; Guo, B.; Saer, B.;
Jones, D.H.; et al. Circadian clock component REV-ERBα controls homeostatic regulation of pulmonary
inflammation. J. Clin. Investig. 2018, 128, 2281–2296. [CrossRef]
Caratti, G.; Iqbal, M.; Hunter, L.; Kim, D.; Wang, P.; Vonslow, R.M.; Begley, N.; Tetley, A.J.; Woodburn, J.L.;
Pariollaud, M.; et al. REVERBa couples the circadian clock to hepatic glucocorticoid action. J. Clin. Investig.
2018, 128, 4454–4471. [CrossRef]
Hughes, M.E.; DiTacchio, L.; Hayes, K.R.; Vollmers, C.; Pulivarthy, S.; Baggs, J.E.; Panda, S.; Hogenesch, J.B.
Harmonics of circadian gene transcription in mammals. PLoS Genet. 2009, 5, e1000442. [CrossRef]
Wang, J.; Mauvoisin, D.; Martin, E.; Atger, F.; Galindo, A.N.; Dayon, L.; Sizzano, F.; Palini, A.; Kussmann, M.;
Waridel, P.; et al. Nuclear Proteomics Uncovers Diurnal Regulatory Landscapes in Mouse Liver. Cell Metab.
2017, 25, 102–117. [CrossRef]

Biology 2019, 8, 79

68.

69.

70.

71.

72.
73.

14 of 14

Robles, M.S.; Humphrey, S.J.; Mann, M.; Altelaar, A.F.; Munoz, J.; Heck, A.J.; Baker, C.L.; Kettenbach, A.N.;
Loros, J.J.; Gerber, S.A.; et al. Phosphorylation Is a Central Mechanism for Circadian Control of Metabolism
and Physiology. Cell Metab. 2017, 25, 118–127. [CrossRef]
John, S.; Sabo, P.J.; Thurman, R.E.; Sung, M.H.; Biddie, S.C.; Johnson, T.A.; Hager, G.L.;
Stamatoyannopoulos, J.A. Chromatin accessibility pre-determines glucocorticoid receptor binding patterns.
Nat. Genet. 2011, 43, 264–268. [CrossRef]
Uhlenhaut, N.H.; Barish, G.D.; Yu, R.T.; Downes, M.; Karunasiri, M.; Liddle, C.; Schwalie, P.; Hübner, N.;
Evans, R.M.; Hübner, N.; et al. Insights into Negative Regulation by the Glucocorticoid Receptor from
Genome-wide Profiling of Inflammatory Cistromes. Mol. Cell 2013, 49, 158–171. [CrossRef]
Goldstein, I.; Baek, S.; Presman, D.M.; Paakinaho, V.; Swinstead, E.E.; Hager, G.L. Transcription factor
assisted loading and enhancer dynamics dictate the hepatic fasting response. Genome Res. 2017, 27, 427–439.
[CrossRef] [PubMed]
Okabe, T.; Chavan, R.; Costa, S.S.F.; Brenna, A.; Ripperger, J.A.; Albrecht, U. REV-ERBα influences stability
and nuclear localization of the glucocorticoid receptor. J. Cell Sci. 2016, 129, 4143–4154. [CrossRef] [PubMed]
Wu, T.; Jiang, J.; Yang, L.; Li, H.; Zhang, W.; Chen, Y.; Zhao, B.; Kong, B.; Lu, P.; Zhao, Z.; et al. Timing
of glucocorticoid administration determines severity of lipid metabolism and behavioral effects in rats.
Chronobiol. Int. 2016, 34, 1–15. [CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

