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ABSTRACT

Recent advances in the understanding of the molecular, genetic, neural, and physiologic basis for the generation and organization of circadian

clocks in mammals have revealed profound bidirectional interactions between the circadian clock system and pathways critical for the regulation

of metabolism and energy balance. The discovery that mice harboring a mutation in the core circadian gene circadian locomotor output cycles

kaput (Clock) develop obesity and evidence of the metabolic syndrome represented a seminal moment for the field, clearly establishing a link

between circadian rhythms, energy balance, and metabolism at the genetic level. Subsequent studies have characterized in great detail the

depth and magnitude of the circadian clock’s crucial role in regulating body weight and other metabolic processes. Dietary nutrients have been

shown to influence circadian rhythms at both molecular and behavioral levels; and many nuclear hormone receptors, which bind nutrients as

well as other circulating ligands, have been observed to exhibit robust circadian rhythms of expression in peripheral metabolic tissues.

Furthermore, the daily timing of food intake has itself been shown to affect body weight regulation in mammals, likely through, at least in part,

regulation of the temporal expression patterns of metabolic genes. Taken together, these and other related findings have transformed our

understanding of the important role of time, on a 24-h scale, in the complex physiologic processes of energy balance and coordinated regulation

of metabolism. This research has implications for human metabolic disease and may provide unique and novel insights into the development of

new therapeutic strategies to control and combat the epidemic of obesity. Adv. Nutr. 5: 312S–319S, 2014.

Introduction
Circadian rhythms, from the Latin circa dies for “about a day,”
are fundamental biologic processes, nearly ubiquitous in living
systems, that enable organisms to anticipate and prepare for
predictable changes to the environment that occur as the earth
rotates on its axis every 24 h. These rhythms are generated and
sustained by a genetically encoded molecular pacemaker (i.e.,
the circadian clock) that synchronizes, or entrains, to daily cy-
cles of light and darkness and imposes temporal organization to
ongoing biochemical, molecular, and physiologic processes.
This circadian clock system enables organisms to preferentially
sequester reactions, pathways, and behaviors to particular times
to optimize functioning and increase fitness. For example, cya-
nobacteria, single-celled organisms that derive energy from the

sun, can use their circadian clock to synthesize, assemble, and
activate the photosynthetic machinery immediately before sun-
rise tomaximize energy harvest during the day. Later in the day,
the clock can direct the deactivation of photosynthesis to avoid
inefficiency and energy wasting during darkness. In animals,
including mammals, the circadian clock system performs a
similar function in regulating cyclic energy harvest from the en-
vironment, because energy intake occurs in the context of daily
feeding/fasting and sleep/wake cycles. Recent studies have re-
vealed the profound interactions between the circadian clock
system and energy regulation and metabolism at many levels
of organization, which have substantial implications for human
metabolic diseases, such as obesity and diabetes.

This review summarizes key experimental findings linking the
circadian clock to energy balance and metabolism in mice, be-
ginningwith the initial description of the development of obesity
andmetabolic syndrome inmice harboring amutation in the core
circadian gene circadian locomotor output cycles kaput (Clock)4.
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This genetic linkage between the core molecular oscillator and
metabolic function has contributed to a growing interest in
the relations between circadian rhythms and metabolism at bi-
ochemical and molecular levels, which has led to a number of
important discoveries and advances in understanding the role
of the circadian clock and its complex, bidirectional interac-
tions with critical metabolic pathways. Next, the role of nutri-
ent composition of the diet on circadian rhythms is discussed,
as well as the finding that many nutrient- and dietary ligand–
binding nuclear hormone receptors in peripheral metabolic
organs exhibit robust diurnal and circadian patterns of expres-
sion, potentially representing part of the interface linking diet
and the circadian clock. In addition to dietary composition,
the timing of food intake has recently emerged as an important
factor mediating body weight regulation and the organization
of metabolism in mice. Finally, evidence from clinical, observa-
tional, and epidemiologic studies in humans is presented, along
with a discussion of the implications of the findings in mice for
human health and metabolic disease, with particular emphasis
on obesity.

Current Status of Knowledge
Genetic link between the clock and metabolism. Perhaps
the initial evidence suggestive of a connection between circa-
dian rhythms and energy balance came from epidemiologic
studies describing increased risk of obesity, as defined by a
BMI ˃30 kg/m2, in shift workers compared with day workers
[reviewed in (1)]. However, these studies remain compli-
cated by a variety of other unhealthy behaviors that are com-
mon in shift workers, such as poor diet, lack of physical
activity, and insufficient sleep. Therefore, the description
of the first genetic evidence linking the circadian clock system
to energy regulation and metabolism provided a critical step
forward for the field, enabling a flurry of biochemical, genetic,
molecular, and physiologic studies capable of addressing the
underlying mechanisms and pathways. In the initial report,
mice harboring a mutation in the core circadian gene Clock
(termed Clock mutant mice) were fed a high-fat (HF) diet
and observed to develop obesity at a young age, as well as a
variety of metabolic and endocrine abnormalities consistent
with the metabolic syndrome (2). In addition, the normal di-
urnal feeding rhythms present in mice were significantly
blunted in the mutant mice: on a standard laboratory 12-h
light:12-h dark (12:12 LD) cycle, nocturnal mice typically
consume ~75–80% of their total daily calories during the
dark phase; in contrast, Clock mutant mice consume ~50%
(2). The Clock mutants were also shown to exhibit reduced
overall expression levels and a blunted diurnal rhythm of
orexin mRNA, a hypothalamic neuropeptide involved in en-
ergy regulation (2). Taken together, these results indicate pro-
found metabolic dysfunction and energy imbalance in these
mice that have a genetically defective circadian clock.

A striking feature of the metabolic phenotype of the Clock
mutant mice was the presence of hyperglycemia and hypoin-
sulinemia, a pattern suggestive of a defect along the insulin
axis (2). Examination of isolated pancreatic islets, containing
the insulin-secreting b-cells, from Clock mutant mice, as well

as from mice carrying a null mutation of brain and muscle
ARNT-like 1 (Bmal1), another core circadian clock gene that
encodes the binding partner of the CLOCK protein, revealed
profound defects in insulin secretion, both at basal levels
and in response to glucose stimulation, compared with wild-
type mice (3). Furthermore, mice lacking a functional circa-
dian clock in the pancreatic islets were shown to develop frank
diabetes at an early age due to insufficient insulin secretion (3).
These mice were genetically engineered to eliminate the circa-
dian clock machinery from the pancreatic islets alone, leaving
normal clock function in remaining tissues intact. These re-
sults illustrate an important aspect of the circadian clock sys-
tem: it acts cell-autonomously and exhibits specific functions
limited to particular cell types and tissues. Those functions dif-
fer depending on the tissue, enabling the clock to regulate bi-
ologic processes in a tissue-specific manner, dependent on the
needs of the individual tissue. For example, the clock in the
liver has been shown to play a critical role in regulating blood
glucose concentrations during feeding and fasting cycles
throughout the diurnal cycle (4). At the level of the entire or-
ganism, these tissue-specific functions are coordinated tem-
porally by the master circadian clock in the hypothalamic
suprachiasmatic nucleus (SCN), which entrains to the solar cy-
cle and synchronizes cellular clocks throughout the body (5).

In parallel to these studies, the molecular oscillator was
shown to regulate the cellular rhythm of nicotinamide ade-
nine dinucleotide (NAD1) (6,7), a cofactor derived in part
through metabolic flux that is necessary for the function of
the histone deacetylase sirtuin (silent mating type information
regulation 2 homolog) 1 (SIRT1). Through this regulatory role,
the circadian clock mediates the temporal patterns of the
downstream effects of SIRT1 (8,9), establishing an addi-
tional link between the clock and cellular metabolism.
Together, these findings facilitated the identification and
characterization of an extended role for the clock in
regulating critical cellular processes such as chromatin
modification and protein acetylation/deacetylation. Through
coordinated patterns of chromatin modification, the clock
was then shown to regulate oscillations in metabolic gene
expression (10), particularly in the liver. In hepatocytes,
the oscillation of the core circadian clock component
Rev-erba directs a circadian rhythm of DNA binding by
histone deacetylase 3 (HDAC3) across the genome, leading
to global patterns of chromatin modification that contribute
to coordinated cyclic expression of genes involved in lipid
metabolism (11). This process enables the liver to properly
regulate energy metabolism: disruption of the rhythmic
binding and deacetylation by HDAC3 leads to excessive
fat accumulation in hepatocytes, resulting in hepatic
steatosis (11).

In human populations, genome-wide association studies
have revealed associations between variants of the circadian
clock–related geneMntr1b, which encodes melatonin recep-
tor 1B, fasting glucose concentrations, and the risk of type 2
diabetes (12–14). The pineal hormone melatonin is synthe-
sized and released with a robust daily oscillation that is reg-
ulated by the master circadian clock in the SCN and ambient
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light exposure (15). The Mntr1b variants associated with in-
creased type 2 diabetes risk appear to adversely affect pancre-
atic b-cell insulin secretory responses to glucose stimulation
(16). Variants in the core circadian clock gene Crytochrome
2 (Cry2) have also been recently associated with fasting glu-
cose concentrations and type 2 diabetes risk (17,18). These re-
sults provide additional evidence, from human populations,
for a genetic relation between the circadian clock system
and metabolic function and the risk of metabolic diseases.

Together, these findings, as well as a number of others,
have helped usher in a revolution in understanding the rela-
tions between circadian rhythms, metabolism, and energy
balance at the biochemical, genetic, and molecular levels.
In addition, they harkened back to a previous finding that
the DNA binding activity of components of the core circa-
dian clock machinery, CLOCK and BMAL1 (which together
form a heterodimer), is regulated by redox state (19), suggest-
ing that metabolic flux within the cell is capable of interacting
with, and potentially regulating, the circadian clock. Interest-
ingly, more recent studies have described a highly conserved
circadian rhythm in the oxidation of peroxiredoxin proteins,
which persists in the absence of transcription (20–22), raising
intriguing questions related to the connections and relations
between metabolic cycles and circadian rhythms within cells,
as well as the evolutionary origins of the circadian clock itself.

Dietary impacts on circadian rhythms. Although there has
been a tremendous amount of interest in the role of the clock
in regulating biochemical pathways and metabolic processes,
relatively less effort has been expended examining how meta-
bolic inputs themselves affect the clock. In an early study ad-
dressing this question, wild-type mice with a genetically
intact circadian pacemaker were fed an HF diet and monitored
carefully to determine how the properties of the circadian clock
systemwere affected (23). The free-running period of the clock
(i.e., the duration of 1 full circadian cycle in constant condi-
tions without any external timing cues) was significantly
lengthened with the HF diet [Fig. 1 (23)]. The robust effect
on period length was observed after only 2 wk of feeding the
diet and persisted for several weeks afterward. In addition,
diurnal feeding rhythms were blunted: with the regular un-
purified diet, mice consumed ~20% of their daily calories
during the light phase, which was increased to ~30% with the
HF diet (23). Finally, concentrations of circulating metabolic
markers and the expression of circadian clock and metabolic
genes were disrupted by the HF diet, typically leading to
blunted rhythms (23). Taken together, these results demon-
strate that an HF diet is capable of affecting circadian rhythms
at both behavioral and molecular levels, suggesting that meta-
bolic inputs can influence the functioning of the clock. One
possibility is that certain nutritional components of the HF
diet act through specific receptors to influence the circadian
clock, although this hypothesis was not tested directly in the
experiment. The mechanism(s) of the effects of the HF diet
on the clock remains unknown, so additional studies are nec-
essary to elucidate the specific impacts of dietary components
on the circadian clock and its properties.

In support of the hypothesis that specific dietary compo-
nents mediate the effects of the HF diet on the clock are
experimental results demonstrating that the molecular
pacemaker exhibits time-of-day sensitivity to circulating
FAs. Cardiomyocytes, which derive the majority of their en-
ergy from FAs, express an intracellular circadian clock and
are characterized by significant diurnal variation in their re-
sponse to circulating FAs (24). Notably, this pattern in iso-
lated cardiomyocytes matches that of the intact heart in
vivo (25). Furthermore, disruption of the cardiomyocyte
clock in vitro, through overexpression of the dominant-
negative Clock mutant allele, was shown to cause a dramatic
reduction in the expression of FA-responsive target genes
during fasting, indicating that the molecular clock has a
prominent role in mediating the appropriate genetic and bi-
ologic responses to FA exposure within cardiomyocytes (24).
Additional studies demonstrated that a similar diurnal re-
sponsiveness to FAs exists in skeletal muscle, although in op-
posite phase to that of the heart (26). These results indicate
that, at least in peripheral metabolic tissues, the molecular
pacemaker recognizes and responds to circulating FAs
with a time-of-day dependence. This raises the possibility
that dietary-derived nutrients may act on the clock directly,
leading to specific effects on the properties and organization
of the clock, although the receptors responsible for mediating
this connection to the circadian clock are unknown.

Potential candidates for such molecules linking nutrients to
the core circadian molecular machinery are nuclear receptors
(NRs), intracellular sensors of lipids and fat-soluble hormones
capable of broadly regulating intracellular metabolic programs
(27). In a comprehensive analysis of NR expression in 4 pe-
ripheral metabolic tissues in mice (white adipose tissue, brown
adipose tissue, skeletal muscle, and liver), more than half of the
NRs expressed were shown to exhibit robust transcriptional
rhythms (25 of 45), with 3 of the remaining NRs displaying
a single daily pulse of expression soon after light onset (28).
The dynamic daily expression rhythms of these receptors and
their downstream target genes represent a potential interface
between the circulating nutrients and themolecular clockwork.

Within the liver, the circadian NR Rev-erba provides an ex-
ample of this connection. The abundance of the Rev-erba gene
product peaks in the light phase of the diurnal cycle (29), when
it facilitates the recruitment of HDAC3 and NR co-repressor
(NCoR) to the genome (11). This rhythm of DNA binding
by HDAC3 in the mouse liver leads to a rhythm of histone
acetylation/deacetylation across the diurnal cycle. HDAC3
binding sites are highly enriched near genes involved in
lipogenesis, which leads to a coordinated daily expression
rhythm of lipid metabolism genes (11). This expression
rhythm is synchronized to the daily feeding/fasting cycle,
such that the lipid metabolism genes are upregulated dur-
ing the feeding phase of the LD cycle: REV-ERBa levels
peak during the light phase (when nocturnal mice are fast-
ing), bringing HDAC3 and NCoR to the genome. The de-
acetylase activity and repression of this complex turns off
transcription during the light phase, therefore genes in-
volved in lipid metabolism are not expressed while the
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animal is fasting. Later in the day, REB-ERBa levels drop,
HDAC3 and NCoR are released from the genome, allowing
histone acetylation to occur, which opens the chromatin to
promote transcription. Thus, the lipid metabolism genes are
expressed during the dark phase of the light cycle, when noc-
turnal mice are feeding (11). This coupling between pathways
involved in lipid metabolism and feeding behavior medi-
ated by the circadian clock optimizes energy balance in the
liver. Importantly, when the interaction between HDAC3
and REV-ERBa is blocked, hepatic steatosis develops, under-
scoring the role of the clock in orchestrating proper local
energy regulation (11).

Feeding rhythms, metabolic physiology, and energy reg-
ulation. More recently, the role of feeding time itself on

energy balance and metabolism has become an active area
of investigation. In the initial study, mice provided with an
HF diet were fed exclusively during the dark phase (i.e.,
the “right” time of day for nocturnal mice) or the light phase
for 6 wk (30). The group fed during the light phase gained
more weight, despite the absence of any significant differences
in calorie intake or activity over the course of the experiment
[Fig. 2 (30)]. This finding suggested that temporal rhythms in
energy intake are relevant for energy balance, perhaps identi-
fying approaches involving timed feeding schedules, designed
according to the properties of the circadian clock system, as
possible strategies for weight management and the treatment
of obesity.

Further evidence implicating abnormal feeding rhythms
and positive energy balance came from experiments in

FIGURE 1 A high-fat (HF) diet lengthens the
circadian period in mice. Young adult, male,
wild-type C57BL/6J mice were fed unpurified
diet [regular chow (RC)] (A) or an HF diet (B)
and released from entrained light:dark (LD)
conditions to constant darkness (DD). Four
representative activity records of individual
mice are shown for each experimental group.
(C) Comparison of free-running period (i.e., the
length of time between the onset of activity of
successive activity bouts) over time between
mice fed RC (black bars; n = 12) and an HF diet
(gray bars; n = 10). Week 0 represents the LD
condition when all mice were fed RC. Week 1 is
the first week being fed the respective
experimental diet. (D) Distribution of free-
running periods in mice fed RC or an HF after
6 wk being fed the diet. Values in panel C are
means 1 SEMs. *P , 0.05. Reproduced from
reference 23 with permission.
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mice genetically engineered to lack the circadian clock spe-
cifically in adipocytes. These mice were shown to exhibit a
shift in their daily feeding behavior, with greater intake occur-
ring during the light phase (31). There were no significant dif-
ferences in overall caloric intake, only in the temporal pattern
of consumption. This effect appeared to be specific to mice
lacking an adipocyte cell clock, because mice with targeted de-
letions of the clock in the pancreas or hepatocytes have nor-
mal feeding rhythms. The mice without an adipocyte clock
and shifted feeding rhythms developed obesity, as well as
changes in the relative amounts of various TGs stored in ad-
ipocytes, circulating in the plasma, and present in hypotha-
lamic neurons associated with energy balance (31). These
findings demonstrate that the adipocyte circadian clock acts
at the interface between the central nervous system and the
predominant peripheral energy storage tissue to coordinate
the temporal organization of feeding behavior and maintain
energy balance.

In addition to regulating circulating and stored FAs, cyclic
patterns of energy intake may organize metabolic processes
through the regulation of expression of key metabolic genes.
Although it has been appreciated for >10 y that the circadian
clock regulates ~10% of the expressed transcripts in any given
tissue (32–36), many of which are involved in metabolism
and/or encode key, rate-limiting enzymes in various metabolic
pathways (37–39), only more recently has it become evident
that normal feeding rhythms also have a significant impact
on gene expression, particularly in the liver. Under constant
conditions, ~15% of transcripts in the liver cycle; however,
only ~10% of these remain rhythmic during fasting, indicat-
ing that a large proportion of these genes are expressed rhyth-
mically as a response to feeding, instead of in anticipation to it
(40). Furthermore, in mice lacking a genetically intact circa-
dian clock system, temporally restricted feeding schedules
were used to re-establish rhythmic expression patterns of
large numbers of these genes (40). Taken together, these
findings demonstrate that both the circadian clock system
and regular food intake rhythms work together to establish
and maintain robust transcriptional rhythms of genes in
the liver, a key metabolic tissue.

The physiologic impact of temporally restricted feeding
rhythms and their effects on metabolic gene expression
were recently demonstrated in a series of elegant experiments
highlighting the importance of feeding rhythms in energy bal-
ance and metabolism. Compared with mice that consumed
an HF diet ad libitum, mice with access to the same diet
for a restricted 8-h window during the dark phase (i.e., 13 h
after light onset until 21 h after light onset on a standard
12:12 LD cycle, conventionally termed “ZT13-ZT21”) were
completely protected against diet-induced obesity and met-
abolic dysfunction, despite similar overall caloric intake
(41). The appropriate energy balance and improved meta-
bolic variables in these mice that received a temporally re-
stricted feeding regimen appear to be due to optimized
coordination in expression rhythms and metabolic cycles
within the liver, which leads to beneficial changes in nutrient
usage, energy expenditure, and liver metabolite composition
(41). The stark metabolic improvements and protection
against obesity in these mice that consume the same amount
of calories as mice that consumed ad libitum complicate the
traditional view of energy balance as a simple “calories in, cal-
ories out” equation. Instead, feeding rhythms and the circa-
dian clock system exert a significant effect on energy balance
and cardiometabolic health, a finding that has been replicated
and extended in several independent studies (42–44).

Application to humans. To date, all of these experimental
studies have been carried out in laboratory rodents in highly
controlled studies. An important question is whether these
data on the role of feeding rhythms on energy balance and me-
tabolism will be applicable to humans and useful as potential
treatment strategies themselves or as supplements to current
approaches. On the basis of these consistent and robust data
from animal models, a recent report in European dieters found
a significant association between the timing of lunch and

FIGURE 2 Light-phase feeding leads to increased weight gain
in mice fed a high-fat diet. (A) Young adult, male, wild-type
C57BL/6J mice were fed a high-fat diet exclusively during the
dark phase (solid lines) or light phase (dashed lines) for 6 wk.
Body weights were recorded weekly. Mice fed during the light
phase (i.e., the “wrong” time of day for nocturnal mice) gained
significantly more weight than did mice fed during the dark
phase (*P , 0.05). (B) There were no significant differences in
locomotor activity levels or food intake between the experimental
groups. Values in panels A and B are means 6 SEMs. Reproduced
from reference 30 with permission.
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weight-loss effectiveness, with earlier lunch times linked to greater
success (45). Further observational and epidemiologic studies are
necessary to confirm this preliminary finding and to extend it to
larger representative groups of people and awider range of dietary
schedules. In addition, clinical studies are necessary to rigorously
test the hypothesis that daily rhythms of caloric intake influence
energy balance and are relevant for metabolism in people.

A clinical entity termed “night eating syndrome” (NES) has
been described in certain individuals that consume large pro-
portions of their daily food intake during the night (46,47).
Perhaps not surprisingly, NES has been associated with obesity
(48). Although purely speculative at present, it may be that
some forms of NES represent primary disorders of circadian
timing, with the energy intake rhythm being shifted to the
“wrong” time of day, contributing to metabolic dysfunction
at the molecular level, potentially leading to positive energy bal-
ance, weight gain, and other cardiometabolic abnormalities.
More importantly, beyond this specific population of clinically
definedNES patients, recent findings linking circadian rhythms
and temporal patterns of food intake to energy regulation and
metabolism are expected to be broadly applicable to many
more people living in the 24/7 “modern” environment aligned
against proper organization of circadian rhythms and sleep. Till
Roenneberg and colleagues (49) at the Ludwig Maximilians
University in Munich have surveyed the sleep behavior and cir-
cadian rhythms of hundreds of thousands of individuals
around the world, describing and quantifying a shift in the tim-
ing of the midpoint of sleep between work days and free days,
which they have termed “social jetlag”. This can be considered a
form of chronic disruption of circadian rhythms formany people,
akin to repeatedly experiencing jet lag associated with long-
distance east-west travel. The magnitude of “social jetlag”
has been positively associated with BMI in a large epidemio-
logic survey (50), suggesting that the degree of circadian mis-
alignment may be related to amount of weight gain.

Given these findings from epidemiologic and observa-
tional studies in humans, as well as the widespread nature
of circadian disruption in modern society, carefully designed
clinical and interventional studies are necessary to more
completely understand the mechanisms and characteristics
of the metabolic dysfunction and energy imbalance that ac-
company circadian disruption and to determine whether be-
havioral approaches to align feeding rhythms and metabolic
cycles to improve cardiometabolic health are feasible and ca-
pable of clinically meaningful benefits. In some cases, these
approaches are already ongoing, and comprehensive analy-
ses of individuals in a clinical research center have revealed
that misalignment of circadian rhythms leads to metabolic,
endocrine, and cardiovascular abnormalities that are consis-
tent with increased disease risk (51). These experiments are
complex, resource intensive, and logistically difficult to con-
duct; therefore, they are often restricted to relatively short
durations. Thus, the longer-term effects of some of these ad-
verse cardiometabolic changes are poorly understood. One
possibility is that these disease risk factors may progress in
magnitude over time with consistent or repeated exposure
to circadian misalignment.

Additional research is necessary to address this and other
important questions at the intersection of circadian rhythms,
energy regulation, and cardiometabolic health. With the pro-
liferation and widespread adoption of advanced technologies
in everyday life by consumers, as well as physicians and re-
searchers, it may be possible to design and use hand-held,
portable applications and research tools to accurately measure
and quantify circadian rhythm–related and metabolic data in
real time in a natural environment, thus harnessing the power
of technology while simultaneously expanding and leveraging
the vast amount of potentially useful data to transform the
understanding of circadian rhythms, metabolism, and their
clinical relevance for obesity and metabolic disease.

Conclusions and Future Directions
The past 2 decades have witnessed a tremendous increase in
understanding of the molecular, biochemical, neural, and
genetic mechanisms that govern the generation, persistence,
and organization of circadian rhythms. As discussed above,
these ubiquitous, self-sustained, and cell-autonomous oscil-
lations have been shown to be critically important for energy
balance and the regulation of metabolism in mammals. Impor-
tantly, the connection is bidirectional: on one hand, the clock
regulates energy intake and metabolic pathways throughout
the organism, whereas on the other, feeding behavior and nu-
trient composition of the diet affect the clock itself, especially in
peripheral metabolic organs, as well as its outputs.

As the specific mechanisms underlying these relations are
uncovered, it may become possible to identify novel clock-
related therapeutic targets and treatment strategies for pre-
venting weight gain (or achieving weight loss) and improving
cardiometabolic health. Furthermore, the findings linking ab-
normal feeding patterns to positive energy balance and meta-
bolic dysfunction suggest that nonpharmacologic approaches
based on regulating the timing of food intake to improve met-
abolic cycles may be useful as potential strategies in combating
obesity and its associated comorbidities. Although future
studies are required to confirm, validate, and extend the cur-
rent experimental evidence, there is now a strong foundation
upon which to build a greater understanding of the intercon-
nections between circadian rhythms and metabolism and to
use this information to expand and improve strategies for
treating obesity and metabolic disease.

An important area of future interest for the field linking
circadian rhythms, nutrition, and metabolism should be the
intestinal microbiota. Interestingly, it was recently reported
that intestinal epithelial cells interact with gut-resident bacte-
ria through bacterial products and Toll-like receptor signaling,
and that this communication is necessary to maintain homeo-
stasis within the intestinal epithelium (52). Furthermore, a
prediabetic syndrome arose when microbial signaling to
host cells was blocked, due in part to increased local corticos-
terone production induced by disruption of the clock (52).
These findings highlight the potential role that the circadian
clock has in mediating interactions with the microbiota,
which has recently been linked to nutrition and metabolic
physiology as well as to several metabolic and inflammatory
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diseases (53–55), many of which are already known to be as-
sociated with disruption of circadian rhythms (38,39).

Although premature, it is tempting to speculate that the
circadian clock may serve at the interface between nutrition,
the microbiota, and metabolism. In particular, it will be of in-
terest to determine whether disruption of circadian rhythms
in the host leads to changes in the structure, composition,
and function of the microbiota. At present, little effort has
been invested in this area. Future studies are expected to
more completely characterize the nature and degree of the
role that the clock has in mediating interactions between
gut-resident bacteria and host cells, as well as to clarify the
impact of dietary and nutritional interventions on these re-
lations. With this information, it may be possible to manipulate
the circadian clock system to preferentially favor beneficial com-
mensal microorganisms or selectively minimize or eliminate po-
tentially problematic species. Conversely, it may be possible to
use specific probiotics or prebiotics to improve overall circadian
organization within the host gastrointestinal tract (and possibly
beyond). The ongoing revolutions in the understanding of the
circadian clock system, as well as of the microbiota, offer an op-
portunity to synthesize knowledge and approach obesity and
metabolic diseases from a more comprehensive, biologically
based foundation.

Obesity and diabetes are prototypical examples of com-
plex, polygenic diseases influenced by numerous environ-
mental factors, including diet and physical activity, among
others. As such, a variety of approaches and measures will
likely be necessary for effective prevention and treatment.
Given the growing body of evidence linking the circadian
clock system to energy regulation and metabolic physiology,
circadian organization emerges as a clinically significant fac-
tor that should be considered in the understanding of the
pathophysiology of these diseases and in potential strategies
for treating them.
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