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Jiang P, Turek FW. Timing of meals: when is as critical as what and how
much. Am J Physiol Endocrinol Metab 312: E369-E380, 2017. First published
January 31, 2017; doi:10.1152/ajpendo.00295.2016.—Over the past decade, a large
body of literature has demonstrated that disruptions of the endogenous circadian
clock, whether environmental or genetic, lead to metabolic dysfunctions that are
associated with obesity, diabetes, and other metabolic disorders. The phrase, “It is
not only what you eat and how much you eat, but also when you eat” sends a simple
message about circadian timing and body weight regulation. Communicating this
message to clinicians and patients, while also elucidating the neuroendocrine,
molecular, and genetic mechanisms underlying this phrase is essential to embrace
the growing knowledge of the circadian impact on metabolism as a part of healthy
life style as well as to incorporate it into clinical practice for improvement of overall
human health. In this review, we discuss findings from animal models, as well as
epidemiological and clinical studies in humans, which collectively promote the
awareness of the role of circadian clock in metabolic functions and dysfunctions.

circadian clock; metabolism; obesity

THE EARTH’S ROTATION imposes 24-h cycles of light and dark, as
well as other associated environmental changes to all living
organisms. Thus, it is intuitive that a time-keeping system, or
circadian (“about-a-day”) clock, which prepares the organism
to anticipate these daily rhythmic changes, can be evolutionally
advantageous. Indeed, endogenous circadian clocks have been
found in organisms ranging from bacteria to humans. Although
the exact molecular clock machinery is often distinct across
different life domains and kingdoms, suggesting independent
evolutionary origins and constant selective pressure during
evolutionary history, these clocks are self-sustained and are
responsive to light in order to be synchronized to the external
light-dark cycle. Competitive advantages of having an accurate
or intact circadian clock, including increased growth, longev-
ity, and reproductive success, have been reported in plants,
fruit flies, and mammals (2, 11, 12, 21, 82, 121). As a proof of
concept, selection against inaccurate clocks has been observed
first in mixed cultures of cyanobacteria strains with different
circadian periods (74) and, more recently, in mouse popula-
tions released into outdoor experimental enclosures (102). It is
also evident in humans that natural selection has been fine-
tuning our circadian clock, as we moved out of Africa and
adapted to a wide range of latitudes and photoperiods (29).

This review provides a summary and critical commentary on the American
Physiological Society President’s Symposia, presented at Experimental Biol-
ogy 2016, San Diego, CA, entitled “Physiological Mechanisms Responsive to
Behavioral and Environmental Challenges.”
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Many clock-regulated biological functions may contribute to
adaptive fitness. In particular, energy metabolism, a fundamen-
tal necessity of all cellular life forms, has been increasingly
appreciated as being tightly linked to the circadian clocks in all
organisms that have been studied so far. In mammals, includ-
ing humans, energy intake and expenditure are regulated by the
clock through daily cycles of feed-fast, sleep-wake (or rest-
activity), and body temperature cycles, involving many neu-
roendocrine pathways. Furthermore, in the past decade, we
have begun to understand at the cellular and molecular levels
how the clock and metabolic machinery is interrelated. Such
knowledge has profound implications for human metabolic
disorders, especially obesity and diabetes.

In humans, the circadian system is often challenged by the
working and social demands of our modern industrialized
society. The availability of artificial light has greatly dimin-
ished the limits imposed by the day-night cycle, and exposure
to artificial light at night is associated with modulations of
circadian behavior in humans, as well as in wild organisms
living in urban areas (21). Such changes in humans include
shift work and an increasingly common late lifestyle, which are
associated with disruptions of the clock and/or dyssynchrony
between the clock and metabolic need. As our work and social
schedules defy our endogenous timing system that has exqui-
sitely adapted to the 24-h day over millions of years of
evolution, adverse physiological consequences of such defi-
ance are to be expected. Numerous studies have now estab-
lished that disruptions of the circadian clock are linked to
metabolic dysfunctions, including obesity and diabetes, along
with many other disorders and health problems. In this review,
we summarize the current status of circadian-metabolic re-
search and discuss the applications and implications to obesity,
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diabetes, and metabolic disorders (Fig. 1). We start by discuss-
ing key experimental findings in animal models linking the
circadian clock to energy metabolism and weight control. We
then summarize the current frontier of genetic and molecular
studies to understand the mechanisms underlying these inter-
actions. We also present clinical and epidemiological evidence
that the lessons learned in animal models are translatable to
humans. At the end of this review, we discuss future studies
that are needed to embrace these exciting findings and make a
clinical impact on the treatment of metabolic disorders, partic-
ularly obesity and diabetes.

Wrong-Time Feeding: Lessons from Animal Models

In mammals, the circadian timing system is organized in a
hierarchy. The master circadian clock is located in the supra-
chiasmatic nucleus (SCN) of the brain, which generates self-
sustained molecular and electrophysiological rhythms. The
SCN clock receives resetting signals via direct synaptic input
from the retina and sends neural/humoral output signals to
synchronize clocks in other brain regions and peripheral tis-
sues, which, in turn, govern rhythmicity in a wide range of
physiological and neurobehavioral functions, including the
feeding-fasting cycle, in a coordinated fashion. The coordina-
tion between the feeding-fasting cycle and other physiological
rhythms is thought to contribute to a tightly regulated meta-
bolic homeostasis and maximizing metabolic efficiency. How-
ever, only relatively recently have studies begun to probe the
impact of feeding times with regard to the master circadian
clock and other clock-controlled rhythms.

Studies in animal models provided the first direct evidence
for a role of circadian timing of food intake in body weight
regulation. As a nocturnal species, mice typically consume
~70-80% of the food during the dark phase when they are
most active. When food availability is restricted to the light
phase (i.e., the “wrong” time of the day), mice fed on a high-fat
diet gain more weight in as short as 2 wk, compared with those
fed on the same diet but during the dark phase (4). This
increased weight gain is not associated with any significant
increase in the total amount of daily food intake or any
significant decrease in the daily activity levels (4), suggesting
that the timing of food intake, like diet and excise, is important
for body weight regulation. In addition to restricting food
intake to a certain circadian phase, mice kept under constant
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bright light or a bright-dim light cycle show reduced ampli-
tudes in the activity-rest and feeding-fasting rhythms, as they
consume more food during the circadian daytime compared
with those housed under the normal light-dark cycle (28). This
light-at-night model produces a pronounced increase in body
weight and a decrease in glucose tolerance without changes in
the total amount of daily activity or food intake (28).

These findings resonate with earlier epidemiology studies in
humans suggesting that shift workers are at a higher risk for
metabolic disorders, obesity, and cardiovascular diseases (3,
48). It is typical for shift workers to have a significant amount
of food intake during the wake-work phase when normally a
person would be at sleep-rest (48, 53). Thus, it is possible that
wrong-time eating plays a role in shift work-associated health
problems, although other confounding factors commonly ob-
served in shift workers, such as unhealthy diet, lack of physical
activity, and insufficient sleep, may also contribute to the
adverse health outcomes. In a rat model of shift work, rats were
kept awake for 8 h during the light phase each day of the five
“work days” in the week, resulting in weight gain and meta-
bolic disruptions (90). Interestingly, these changes were, in-
deed, largely attributable to feeding at the wrong circadian
phase, as the adverse effects of being kept awake during the
light phase were prevented by restricting feeding to the dark
phase (93). Similar to shift work, jet lag creates dyssynchrony
between the environmental light-dark cycle and the circadian
clock, as well as internally among multiple oscillators of the
circadian system. Mouse and rat models of chronic frequent jet
lag have demonstrated disruptions in the adipose clock, accom-
panied by rapid weight gain, elevated plasma leptin levels, as
well as central leptin resistance (8, 45, 109).

Importantly, restricting feeding to the right circadian phase
can be protective against high-fat diets and excessive caloric
intake, which are known to associate with a range of metabolic
disorders, such as glucose intolerance, lipid imbalance, insulin
resistance, and hormonal dysregulations, in addition to obesity.
Compared with ad libitum feeding, restricting caloric intake to
the dark phase enhances circadian metabolic rhythms and
confers a range of protections against high-fat diet-induced
adverse effects in mice, including obesity, glucose intolerance,
leptin resistance, and liver damage (39). The beneficial effects
of dark-phase restricted feeding are not limited to mice fed on
a high-fat diet, and can also be observed in mice fed a
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high-sucrose or high-fructose diets, and even in mice with
preexisting obesity and metabolic disorders (15). Interestingly,
similar protective effects have been observed in genetically
induced obesity as well. A number of genetic models of obesity
in rodents, especially those with defective leptin or leptin
receptor, also show blunted circadian activity and/or feeding
rhythms (34, 41, 64), and restricting food intake to the dark
phase led to a reduced weight gain in rats with mutated leptin
receptor (64). Together, these findings suggest time-restricted
feeding may be utilized as a therapeutic intervention for treat-
ing obesity and metabolic disorders.

It is worth mentioning, however, that some of these studies
compare time-restricted feeding with ad libitum feeding. Such
comparison may be confounded by an “unnatural” fluctuation
of energy flow when the feeding window is exceptionally
short, as long fasting (e.g., 20 h a day) can be very challenging
to small animals, like mice. In one study, feeding was restric-
ted to a 4-h window during the middle of the light phase, which
led to reduced body weight and altered metabolic parameters
compared with ad libitum feeding (98), similar to those re-
ported in studies using 4 h of restricted feeding during dark.
However, when food availability was restricted to the entire
12 h of the light phase, progressive deterioration in metabolism
and eventually metabolic pathologies were observed (65).
These findings, thus, suggest severe daily fasting alone can
have a major impact on metabolic regulation, at least in mice.
Nevertheless, the above-mentioned studies directly comparing
daytime vs. nighttime feeding (4, 93) have provided compel-
ling evidence that the particular circadian time of food intake,
in addition to time restriction itself, has a major impact on
metabolism and body weight regulation.

In summary, convincing data in animal models suggest that
circadian timing of food intake affects metabolic outcomes,
often without altering the total caloric intake, sending a clear
message that body weight regulation involves not only the
amount but also the timing of calorie intake. It is also important
to note that interactions between the circadian clock and
metabolism are reciprocal. Food intake is known to reset
clocks in peripheral organs, such as the liver, and recent
evidence suggests hormonal pathways, including insulin and
oxyntomodulin, are involved in this process (16, 52, 95).
Perhaps more strikingly, feeding mice a high-fat diet leads to a
slowing down of the central circadian clock, as shown by
locomotor activity rhythms (49). These findings clearly suggest
that circadian clocks are likely to be tightly coupled with
metabolic pathways, calling for a transformation in our think-
ing of a healthy lifestyle that requires not only healthy diet and
exercise but also circadian timing.

Clock and Metabolism: Intertwined Molecular Machinery

At the core of the molecular clock machinery, a transcrip-
tional and translational feedback loop generates self-sus-
tained ~24-h rhythms. Transcriptional activators CLOCK
and BMALI dimerize and activate expression of clock-con-
trolled genes, including their repressors Perl/2/3 and Cryl/2.
After translation, the PER and CRY proteins dimerize and
inhibit the transcriptional activity of the CLOCK-BMALLI
heterodimers, thus shutting down their own transcription. This
core clock machinery is cell-autonomous and can be found in
virtually every cell throughout the body, providing a basis for
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the interactions between circadian rhythms and tissue-specific
functions. The transcriptional output of the clock machinery
drives waves of oscillatory patterns in the transcriptome with
tissue specificity. These clock-driven rhythms in the transcrip-
tome have been shown to represent tissue-specific metabolic
needs (50, 62, 76, 104, 125) and are highly plastic to nutritional
input (24). Feeding time drives rhythmic clock gene expression
in the fat body (a major metabolic organ) in flies (121), and
time-restricted feeding in rodents uncouples clock oscillations
in peripheral tissues, particularly, the liver, from the SCN (20,
81, 103). Thus, by modulating the clock, as well as direct
control of metabolic and/or stress regulators, time-restricted
feeding reprograms transcriptomic oscillations and the meta-
bolic organization in peripheral tissues (117, 121). It is con-
ceivable that disruptions of the clock will lead to dysregulation
and discoordination of clock-controlled transcriptomic oscilla-
tions, which, in turn, is likely to cause impaired cellular
functions, including metabolic state and overall metabolic
outcome. Elucidation of the molecular mechanisms of the
circadian clock has, therefore, provided a blueprint allowing
for a fast growing body of mechanistic studies linking the clock
machinery to metabolic pathways in the past decade (6, 9, 44,
75). These efforts have led to a revolutionized understanding of
the interactions between circadian rhythms and metabolic func-
tions at genetic, molecular, and cellular levels, with important
implications for human health and metabolic disorders (10,
111).

Genetic disruptions in core clock genes are directly linked to
metabolic dysfunctions and obesity and have been associated
with disturbed feeding rhythms and/or excessive daytime feed-
ing. The first direct evidence of this comes from a study of
mice bearing the Clock®’® mutation (112), the same mutation
identified in a mutagenesis screen that led to the discovery of
the Clock gene and ultimately the transcriptional-translational
feedback loop. Homozygous Clock®’® mutant animals exhibit
severely blunted feeding rhythms, with nearly 50% of the food
intake during the daytime. These mutant animals fed either on
a regular chow or high-fat diet develop obesity as early as 5-6
wk of age, accompanied by an overall decreased energy ex-
penditure, as well as a range of metabolic disorders, including
hyperglycemia, hyperlipidemia, hyperleptinemia, and liver
damage (112). Similarly, ablation of BMALI, the binding
partner of CLOCK, also leads to an obese phenotype and
increased adipose mass, as the heterodimer regulates leptin
expression in adipose cells (45, 51). In addition, Bmall-null
mice also exhibit insulin hypersensitivity, decreased insulin
levels, and glucose imbalance (51, 91). These profound meta-
bolic dysfunctions can be dissected in a tissue-specific manner.
Deletion of Bmall specifically in the adipose tissue alone is
sufficient to cause obesity and reduced feeding rhythms, which
may be due to altered fatty acid feedback signals from adi-
pocytes to hypothalamic neurons regulating food intake (77).
In contrast, obesity phenotypes were not observed in mice with
tissue-specific knockout of Bmall in the pancreatic islets or the
liver (51, 60). Instead, loss of Bmall specifically in the pan-
creatic islets leads to diabetes due to insufficient insulin secre-
tion (60), an effect that has been linked to disrupted coordina-
tion in the transcriptional activity of the CLOCK-BMALI
heterodimers and the pancreatic transcription factor PDXI1
(80). Liver-specific Bmall deficiency causes hypoglycemia
during the resting/fasting phase of the day and faster glucose
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clearance (51). Interestingly, in contrast to the loss of Bmall in
the liver, Bmall ablation in the skeletal muscle, the major
glucose “sink” in the body, causes nonfasting hyperglycemia
and glucose intolerance, which are associated with impaired
glucose uptake by the muscle in response to insulin but not
significant changes in food intake or activity levels (38). Last
but not least, deletion of Bmall specifically in the ventromedial
hypothalamus of the brain has recently been shown to alter
cyclic thermogenesis and energy expenditure in brown adipose
tissue, revealing an intriguing pathway by which a core circa-
dian clock gene is involved in the control of peripheral meta-
bolic outcomes in brain regions outside of the SCN (73).

In addition, genetic disruptions in the negative limb of the
transcriptional-translational feedback loop are also associated
with metabolic phenotypes. Higher body weight and disrupted
energy homeostasis have been found in Perl/Per2 double-
knockout mice in which circadian rhythms are abated (45) as
well as in a Per]/ mutant line that shows accelerated circadian
rhythms and an advanced phase in the feeding behavior (58).
Interestingly, Cryl/Cry2 double-knockout animals exhibit sig-
nificantly lower body weight, despite similar circadian dys-
functions as observed in Perl/Per2 double-knockout mice
(45). A similar phenotype of lower body weight has also been
observed in mice carrying mutant or null alleles of the Csnkle
gene (127), which encodes a casein kinase that phosphorylates
PER proteins and regulates circadian period, suggesting the
downstream effector pathways linking these closely related
clock components to metabolic outcomes are likely to be
diverse and complex.

A multilayer molecular network is involved in the coupling
between the circadian clock and metabolic pathways (Fig. 2).
The core transcriptional/translational feedback loop of the
circadian clock is regulated by a “stabilizing” loop involving
nuclear receptors REV-ERBa/ and retinoid-related orphan
receptors RORa/B/y. Rev-erbs and Rors are rhythmically ex-
pressed under the direct transcriptional control by the CLOCK-
BMALI heterodimers. REV-ERBs suppress and RORs acti-
vate the transcription of Bmall by competing to bind the same
cis-regulatory element. REV-ERBa and its downstream path-
ways, in particular, are known to play a critical role in the
regulation of lipid metabolism, energy homeostasis, adipogen-
esis, as well as systemic and vascular inflammatory processes
(reviewed in Ref. 22). In addition, REV-ERBs and RORs can
function as nuclear receptors for heme and oxysterols, respec-
tively (35, 84, 122), and, thus, may provide a mechanism for
sensing metabolic and nutrient flux. Given their intimate tran-
scriptional coupling with the core clock, REV-ERBs and RORs
may serve as a critical relay that adjusts the circadian clock for
nutrient/metabolic cues and integrates timing and metabolic
signals in the regulation of energy homeostasis. In line with
this hypothesis, a recent study partitioned circadian and meta-
bolic functions of REV-ERBa. REV-ERBa acts directly on the
canonical REV-ERB DNA response elements to regulate the
circadian clock in the brain, liver, and adipose tissues; mean-
while, it also forms a complex with histone deacetylase
HDACS3 and other tissue-specific transcriptional regulators to
regulate the expression of downstream metabolic genes to
accommodate the metabolic need of the tissue (126). HDAC3
is recruited to the transcriptional regulatory site in a circadian
fashion directed by REV-ERBa, and loss of either HDAC3 or
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REV-ERBa causes disrupted hepatic lipid homeostasis, as well
as steatosis (27).

In addition to the metabolic coupling via REV-ERBs and
RORs, the clock is further coupled with energy homeostasis
via a feedback loop involving NAD™ and histone deacety-
lase sirtuins. NAD™ biosynthesis is controlled by the circa-
dian clock through CLOCK-BMAL]1-driven transcription of
NAMPT, the rate-limiting enzyme in NAD ™ salvage pathway,
conferring a circadian rhythm in NAD™* levels (68, 85). Mean-
while, NAD" activates SIRT1 (NAD™"-dependent deacetylase
sirtuin 1), which suppresses the transcriptional activity of
CLOCK-BMALLI by counteracting the histone acyltransferase
activity of CLOCK and by deacetylating BMALI and PER2 to
influence their protein stabilities (5, 67), thereby completing a
feedback loop. A number of NAD™'-dependent sirtuins are
regulated by this clock-driven NAD™ oscillation, and each of
these sirtuins can be linked to specific downstream circadian-
metabolic pathways. For example, as histone deacetylases
involved in epigenetic modulation of gene expression, SIRT1
and SIRTG6 regulate distinct groups of metabolic genes. Genes
involved in processing peptide metabolites and metabolic co-
factors are mostly regulated by SIRT1, while those key to lipid
and carbohydrate metabolism are regulated by SIRT6 (61).
Another sirtuin, SIRT3, has recently been implicated in the
circadian regulation of mitochondrial oxidative respiration by
altering acetylation and activities of oxidative enzymes (79).

The latter highlights an intriguing coupling between the
clock and cellular redox homeostasis. In addition to the SIRT3
link, other mechanisms contribute to the circadian control of
mitochondrial oxidative function. In mouse liver, 38% of
mitochondrial proteins, including rate-limiting enzymes for
lipid and carbohydrate catabolism, show diurnal rhythms of
protein levels that are dependent on an intact circadian clock
(70). The clock-driven oscillatory expression of mitochondrial
genes in mouse liver and oxidative stress regulation are dis-
rupted during aging, suggesting interesting implications for
age-related metabolic disorders (33). In addition, mitochon-
drial fusion/fission and mitophagy, dynamic energy regulatory
processes that involve morphological and functional remodel-
ing of the mitochondria, exhibit circadian rhythms in the liver
(43). These rhythms in mitochondrial remodeling are con-
trolled by clock-dependent rhythmic transcription of mitochon-
drial dynamics genes and are abolished by liver-specific dele-
tion of Bmall (43). Other clock genes have also been impli-
cated in mitochondrial function. Expression of a “stabilized”
REV-ERBa (a mutant protein with a long half-life due to
reduced protein degradation) or REV-ERBa overexpression
leads to increased mitochondrial mass and number as well as
an enhanced respiratory capacity (97, 119). Together, these
studies provide a mechanistic basis for the circadian flux of
cellular redox state in the form of NAD "/NADH ratios, which
can be observed in cultured cells (42), as well as in vivo at the
single-cell level (105). Such diurnal redox oscillations may
also feedback to the clock. An earlier study has found DNA
binding affinities of CLOCK-BMALI are dependent on
NAD*/NADH ratios (92). In addition, perturbing the conver-
sion of NADP* to NADPH by inhibiting the pentose phos-
phate pathway modulates the circadian clock, as well as its
molecular and behavior outputs (87).

Diurnal redox flux can also be observed in the form of
oscillatory reactive oxygen species. Hyperoxidation of perox-
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Fig. 2. A multilayer molecular network couples the circadian clock to metabolic functions. The core circadian clock machinery consists of a transcriptional and
translational feedback loop, in which transcription of the repressors (PER1/2/3 and CRY1/2) is activated by the transcriptional activators (CLOCK and BMALI1)
and is turned off as the repressor proteins accumulate and suppress the activity of the CLOCK-BMALI heterodimers. CSNK1 phosphorylates the PER proteins
to reregulate PER nuclear entry and turnover, controlling the velocity of the clock. This transcriptional/translational clock machinery produces a cyclic
transcriptional profile of metabolic genes and is coupled with metabolic functions via multiple mechanisms. The clock is stabilized by a feedback loop involving
nuclear receptors RORs and REV-ERBs, which is sensitive to cellular metabolic state and is involved in the transcriptional programming of tissue-specific
metabolic output. The clock also directs NAD™ biosynthesis, which, in turn, negatively feeds back on CLOCK-BMALI transcriptional activity through the
NAD™-dependent deacetylases (SIRTs). SIRT1 and SIRT6 are involved in the epigenetic regulation of metabolic genes, and SIRT3 regulates mitochondrial
activity. Through this link and many others, the clock is coupled with daily fluctuations of the cellular redox state, which involves mitochondrial fission and
fusion, NAD*/NADH flux, and peroxiredoxin hyperoxidation (PRX-SO23). These cellular circadian-metabolic mechanisms are also coordinated at the whole
organism level among multiple tissues and interact with the microbiota to shape the overall profile of metabolic health.

iredoxin displays robust circadian rhythms, which is highly
conserved across different life domains (26, 72). In humans,
the peroxiredoxin rhythms even persist in mature red blood
cells in the absence of the nucleus and the transactional/
translational clock (71). A recent study also reported autono-
mous redox rhythms in the mitochondria involving peroxire-
doxin and its reducing enzyme sulfiredoxin (46). Interestingly,
when the nucleus is present, the peroxiredoxin oscillator might
be coupled with the transcriptional clock, since the loss of a
functional clock caused by ablating Cryl and Cry2 leads to
disrupted peroxiredoxin rhythms in mouse embryonic fibro-
blasts (71), although the detailed mechanisms of this coupling
are still largely unclear. Such organization between self-sus-
tained transcription-dependent and transcription-independent

oscillators is similar to the circadian clock system observed in
the cyanobacteria, in which the nontranscriptional oscillator is
also self-sustained and directly senses redox state (47, 69, 120).
Collectively, these findings raise an intriguing hypothesis that
the coupling between the circadian clock and cellular redox
flux may be deeply rooted in the evolutionary origins of the
circadian clock system. Since the exact evolutionary history of
the clock is known, it is open to debate whether the transcrip-
tion-independent cellular redox oscillations may represent a
more “fundamental” (or conserved) form of the time-keeping
system (26, 87). The emergence of transcriptional-translational
clocks in different eukaryotic organisms may have allowed for
more robust timekeeping than the cellular redox oscillations,
which are presumably more sensitive to noncircadian fluctua-
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tions in nutrient and other environmental factors. Nevertheless,
the bidirectional coupling between the circadian clock and
cellular redox state, which is supported by a large body of
evidence, provides a fundamental mechanism linking the cir-
cadian clock with cellular energy metabolism with important
implications for health and disease in humans.

In summary, studies over the last decade have revealed a
highly regulated coupling and functional coordination between
the circadian clock machinery and metabolic flux. At the
cellular level, such coupling involves multiple layers of mo-
lecular networks transducing signals reciprocally between the
circadian transcriptional/translational feedback loop and
daily nutrient/metabolite/energy fluctuations. Dysregulation
of this intertwined clock-metabolic network leads to pro-
found alternations in cellular metabolic outcomes, providing
a basis for the interactions between disrupted circadian
rhythms and metabolic dysfunctions. As alluded to above,
circadian transcriptomic studies have revealed tissue-specific
programs of transcriptomic oscillations that are associated with
particular metabolic functions of the tissue (62, 76, 104, 125).
These tissue-specific circadian metabolic programs are likely
to be coordinated to achieve energy balance at the whole
organism level. Thus, it is expected that circadian-metabolic
defects in specific tissues can lead to and/or be caused by
altered coordination among circadian oscillators in multiple
organs, resulting in an overall metabolic imbalance, such as
seen in circadian misalignment caused by wrong-time feeding,
shift work, and jet lag.

Circadian-Metabolic Coordination via Interactions Between
the Host and Gut Microbiota

The mechanisms underlying the circadian-metabolic inter-
actions may reside beyond the cells and organs of our body.
Microorganisms living in the gastrointestinal track encompass
thousands of microbial species and millions of genes, whose
physiological importance has only recently been recognized. A
large body of data has now linked the gut microbial community
(i.e., microbiota), which is highly dynamic and sensitive to
dietary modulations, to host digestive, metabolic, immune,
and neurobehavioral functions (17). In particular, the find-
ings that fecal microbiota transplantation from obese mice
or humans to lean mice leads to adiposity phenotypes in the
recipients (88, 113) have demonstrated a pivotal role of gut
microbiota in host metabolism and body weight regulation
(for a review, see Ref. 99).

The gut microbiota has also been implicated in the interac-
tions between the circadian clock and metabolism. Multiple
studies have shown that the gut microbial composition exhibits
diurnal variations, which are regulated by the host circadian
clock and feeding time (54, 56, 108, 124). Dysbiosis, a devi-
ation from normal microbiota composition that is often asso-
ciated with adverse health outcomes, can result from disrup-
tions of the circadian clock, including genetic perturbations of
core clock genes (56, 108, 116), as well as frequent phase shifts
in mice (115) and jet lag in humans (108). Conversely, remov-
ing gut microbiota impairs expression of clock genes in the
intestinal epithelial cells, liver, and mediobasal hypothalamus
(54, 66). Such manipulation also reprograms the transcriptomic
rhythms in the intestine and liver (107). Interestingly, jet-
lagged human subjects show changes in gut microbiota that are
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known to be associated with metabolic disorders, and fecal
transplantation from these jet-lagged subjects into germ-free
mice causes obesity and glucose intolerance in mice (108).
Pathways and mechanisms underlying this “trans-kingdom”
link are yet to be fully understood, but they are likely to
involve multiorgan functions and perhaps coordination of mul-
tiple circadian oscillators in different tissues. For example, gut
microbiota may program the intestinal and hepatic transcrip-
tomic rhythms by influencing diurnal metabolome fluctuations
in the intestinal lumen and serum, and the programed hepatic
transcriptome, in turn, determines hepatic metabolic output
(107). Future studies are needed to gain a more comprehensive
understanding of circadian system organization and its role in
metabolic outcomes at the whole organism level that involves
the circadian-metabolic rhythms in multiple organs, as well as
the gut microbiota.

Circadian Rhythms and Metabolic Disorders: Applications
to Humans

Rodent studies linking the clock and metabolism using
genetic/molecular and environmental/dietary perturbations
have profound implications for human metabolic disorders.
The circadian clock machinery and metabolic pathways are
highly conserved between rodents and humans. Thus, it is
expected that the same circadian-metabolic genes and path-
ways identified in mice are also involved in the development of
metabolic disorders, particularly obesity and diabetes, in hu-
mans. Interestingly, genome-wide association studies have
identified strong associations between Type 2 diabetes and
genetic variants of the clock gene CRY2 (23, 57), as well as
MTNRIB (13, 59, 83), which encodes a receptor of melatonin,
a well-studied circadian hormone directly controlled by the
SCN clock. Genetic variations in these two genes have also
been reported to affect energy expenditure responses to weight-
loss diets in a two-year clinical trial testing the effectiveness of
dietary interventions in overweight or obese adults (63). Ge-
netic associations with metabolic parameters have also been
observed in other clock genes, especially polymorphisms in the
CLOCK and PER?2 genes that are associated with individual
“chronotypes” (i.e., preference of morningness and evening-
ness) and timing of food intake (reviewed in Ref. 31). To-
gether, these studies indicate that the genetic links between
clock genes and metabolic outcomes are present in humans as
in animal models, suggesting that the circadian-metabolic path-
ways identified in rodents are likely to be functionally con-
served in humans.

In addition, recent studies focusing on the metabolic out-
comes of meal times have provided support that findings in
animal models of wrong-time feeding are also translatable to
humans. A study of 420 subjects in Spain participating in a
20-wk weight-loss treatment found that the timing of food
intake affects the effectiveness of the treatment and that late-
lunch eaters show a slower weight-loss rate during the treat-
ment as compared with early eaters (32). Similarly, another
study compared subjects assigned to early and late meal groups
and found that late meal time over the 2 wk of trial led to
higher levels of triglycerides, total cholesterol, and LDL cho-
lesterol in the serum (123). In more extreme cases, a large
amount of food consumed late at night is a key clinical
manifestation of the night-eating syndrome, which has long
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been recognized as characteristic in a significant proportion of
obese patients (especially during stressful periods) and is
positively associated with body mass index (BMI) (18, 30,
106). Furthermore, it has been noted that foods with a high fat
content are more likely to be consumed when eating later
during the day (118), implying potentially exacerbated meta-
bolic dysfunctions caused by the combined effects of unhealthy
diet and wrong-time eating. These studies complement animal
studies and further stress the importance of the timing of meals
for maintaining a healthy lifestyle. In addition, given the
protective role of time-restricted feeding as suggested in ani-
mal studies, future studies in randomized clinical settings are
needed to test whether restricting food intake to desirable
circadian times can be used as a therapeutic intervention for
obesity and other metabolic disorders in humans.

As alluded to earlier in this review, adverse metabolic
outcomes of wrong-time feeding have important implications
for health challenges faced by shift workers and individuals
exposed to frequent occurrences of jet lag. Shift work and jet
lag are associated with higher risks of obesity and diabetes, and
eating at a wrong time of the day often occurs as a result of
circadian misalignment induced by these conditions. In addi-
tion, as a late lifestyle has become increasingly common, large
survey studies of self-reported data estimate ~69% of the
working population experience at least 1 h of “social jet lag,”
a term used to describe weekly shifts between an earlier
sleep/wake schedule during workdays and a delayed schedule
during weekends (90). The severity of social jet lag is a strong
predictor of higher BMI, as found in an online survey of more
than 65,000 participants (89).

It is noteworthy that circadian misalignment and late sleep
timing are often accompanied by insufficient sleep (1, 7),
which can also contribute to metabolic dysfunctions. The vast
majority of epidemiological studies, particularly large studies
and meta-analyses that involve tens of thousands of subjects,
have found that short sleep time is associated with higher BMI
and an increased risk of diabetes in children, adults, and the
elderly (for reviews, see Refs. 14, 37, 78, 114). Under con-
trolled laboratory conditions, sleep restriction of 4 h (1 AM-5
AM) daily for 6 days leads to reduced insulin sensitivity in
healthy young men (100). Other metabolic alterations, such as
reduced leptin, elevated ghrelin, and increased hunger and
appetite, have also been reported to result from acute sleep
restrictions (101). These metabolic changes are likely to con-
tribute to the observed associations between short sleep and
obesity/diabetes in epidemiological studies. Interestingly, a
recent study found a phase-delayed plasma melatonin profile in
relation to the wake time when sleep was restricted to 5 h
centered at the middle of habitual sleep time, suggesting a
misalignment between activities (including feeding) during
this earlier awake period and the central clock (25). A signif-
icant correlation was observed between the circadian phase of
awakening and insulin sensitivity, arguing that circadian mis-
alignment may contribute to the sleep-restriction-induced de-
cline of insulin sensitivity (25). Other studies argue further for
a sleep-independent contribution of circadian misalignment to
adverse metabolic outcomes. When subjects are exposed to a
28-h sleep/wake cycle, the scheduled sleep time occurs at
different phases of the endogenous circadian timing. Under this
“forced dyssynchrony” protocol, decreased leptin, increased
glucose, and increased insulin levels are observed when eating
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and sleeping occurs at the opposite circadian phase of habitual
times, and this effect of circadian misalignment is still prom-
inent after the contribution from lowered sleep efficiency has
been statistically removed (96). Furthermore, one study di-
rectly compared 8 days of 5-h sleep restriction that was given
with or without circadian misalignment and found that circa-
dian misalignment led to a decreased insulin sensitivity and
elevated inflammation markers without changing the amount of
sleep (55). Finally, an epidemiology study following patients
with Type 2 diabetes found that poor glycemic control is
associated with a late chronotype and a large-size dinner after
statistically controlling for sleep variables (86). Regardless the
exact magnitude of contributions, circadian misalignment,
wrong-time eating, as well as insufficient sleep, are likely to
lead to worsened metabolic outcomes associated with obesity
and diabetes, either as individual factors or in combination
with one another leading to exacerbated effects. Together,
studies in humans, as well as in animal models urge for a
healthy lifestyle that respects our endogenous circadian clock
and the development of intervention strategies against circadi-
an-metabolic dysfunctions, while still enjoying all the social
and economic benefits of the modern 24/7 society.

Concluding Remarks

The discovery of the molecular clock machinery in the
1990s has led to an explosive growth of our knowledge in how
the self-sustained and cell-autonomous circadian clockwork is
intertwined with a multilayer molecular network to convey
time to metabolic functions. Future studies are expected to
continue to elucidate mechanisms underlying the interactions
between the circadian clock and metabolism, particularly the
mechanisms of how the circadian-metabolic networks in dif-
ferent organ/tissues are synchronized and functionally coordi-
nated. Progressing toward this goal, there has been a fast
accumulation of circadian omics data (e.g., transcriptomics,
proteomics, metabolomics, as well as the microbiome) col-
lected from studies of multiple tissues under various experi-
mental conditions. Integrated analyses of these rich data sets
will add to our understanding of how genetic and environmen-
tal (e.g., wrong-time feeding, shift work, social jet lag) disrup-
tions of the clock lead to internal dyssynchrony within and
among tissues and how this may contribute to metabolic
dysfunction, obesity, diabetes, as well as other diseases such as
cardiovascular disease, neurological disease, and cancer.

A potential shortcoming of current circadian-metabolic stud-
ies in both animals and humans is the lack of direct compari-
sons between males and females. Since sex differences have
been observed in the circadian control of sleep-wake cycle,
hormone secretion, and a range of other physiological pro-
cesses (36, 94, 110), it is reasonable to expect that clock-
regulated metabolic processes and overall metabolic outcome
also exhibit sex differences, which is an important aspect of
biomedical research for future studies to pursue. Nevertheless,
an enormous amount of data has now established clear links
between the circadian clock and metabolic processes at the
hormonal, cellular, and molecular levels. In humans, results
from epidemiological, laboratory/clinical, and genetic studies
have supported findings from animal studies, providing evi-
dence that circadian misalignment and wrong-time eating con-
tribute to obesity and diabetes, especially in industrialized
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societies. Collectively, the current status of knowledge strongly
argues for appropriate circadian timing as a pivotal component
of a healthy lifestyle in addition to healthy diet and exercise.
Such implications are particularly important given the high rate
of obesity and diabetes that are associated with the increasing
challenges to the “circadian hygiene” in our industrialized 24/7
society.

In addition to further mechanistic studies, as well as studies
that include both sexes, a major task of future studies is to
demonstrate whether and/or how metabolic disorders can be
treated according to circadian principles and mechanisms. The
success in understanding the basic science that has establis-
hed a role of circadian clock in energy metabolism has yet to
make an impact on the clinical practice of treating obesity,
diabetes, and other metabolic disorders. Thus, large studies in
humans and clinical trials are needed to demonstrate the benefit
of applying circadian principles in clinical practice, in order to
engage the medical professionals, the pharmaceutical industry,
and, importantly, the regulatory bodies to fully integrate the
circadian organization into the prevention, treatment, and pa-
tient care of metabolic disorders.

The applications of circadian principles in the treatment of
metabolic disorders consist of two main aspects. First, since a
wide range of physiological and metabolic processes are under
circadian regulation, it can be hypothesized that a particular
treatment may be most effective or least toxic when given at a
particular time of day. Indeed, circadian transcriptomic studies
have found over 50% of the top 100 best-selling medicines
directly target the products of rhythmic genes (125). Since
many of these drugs have short half-lives, this finding strongly
argues for a time-of-day-dependent therapy (i.e., chrono-
therapy) when using these drugs. Studies in the rapidly grow-
ing research area known as chronopharmacology have now
identified many drugs for a range of diseases with dosing-time-
dependent efficacy or toxicity in animal and clinical studies
(for a review, see Ref. 19), including an antidiabetic medicine
that targets the GLUT4 (glucose transporter 4) gene. Large
clinical trials are needed to validate these findings and allow
them to be adopted into standard clinical care. A potential
challenge of such clinical trials is that the heterogeneity in
human chronotypes may complicate the true circadian time of
dosing and thus, the trial outcome. There is, therefore, a critical
need for the development of circadian biomarkers that can be
easily assessed with minimal invasion and that can differentiate
circadian timing in disease-relevant tissues against other tis-
sues. As such, circadian timing and chronotype of individual
subjects at the system level, as well as at the level of disease-
relevant tissues can be screened in a cost-efficient manner to
identify subpopulations of obese and diabetic patients, in
which a certain treatment may be most effective when given at
a particular time of the day. In addition, real-time monitoring
of such circadian biomarkers, which may be enabled by future
advances in the wearable device technologies, will truly em-
power medical professionals and patients to embrace the con-
cept of chronotherapy.

The other important aspect of clock-based therapy for met-
abolic disorders is to treat the disorders by targeting or mod-
ulating the circadian-metabolic machinery itself. Animal stud-
ies have, indeed, suggested that circadian-based interventions
can be used to treat preexisting obesity, as exemplified by the
protective effects of time-restricted feeding against obesity
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induced by high-fat diet or leptin receptor deficiency (15, 64).
Similar studies in humans are needed to test the therapeutic
value of time-restricted feeding. Most recently, a study in mice
found that a drug targeting the clock component RORs protects
against diet- or genetically induced obesity and metabolic
disorders in a clock-dependent manner (40). This exciting
finding in animal models provides proof-of-concept evidence
that clock genes and its coupling with metabolic genes can be
used as therapeutic targets for the treatment of metabolic
disorders. Successes like these call for additional studies to test
therapeutic effects of bioactive compounds that target key
converging nodes of circadian and metabolic networks, which
will enable future interventional studies in humans and large
clinical trials to test clock-targeting drugs and/or chrono-
therapy as new therapeutic options for metabolic disorders.
Perhaps then, the exciting area of circadian-metabolic research
can make an impact on the clinical guidelines and practice for
the treatment of obesity, diabetes, and other metabolic disor-
ders.
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