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ABSTRACT

Chrononutrition is an emerging discipline that builds on the intimate relation between endogenous circadian (24-h) rhythms and metabolism.

Circadian regulation of metabolic function can be observed from the level of intracellular biochemistry to whole-organism physiology and even

postprandial responses. Recent work has elucidated the metabolic roles of circadian clocks in key metabolic tissues, including liver, pancreas,

white adipose, and skeletal muscle. For example, tissue-specific clock disruption in a single peripheral organ can cause obesity or disruption of

whole-organism glucose homeostasis. This review explains mechanistic insights gained from transgenic animal studies and how these data are

being translated into the study of human genetics and physiology. The principles of chrononutrition have already been demonstrated to

improve human weight loss and are likely to benefit the health of individuals with metabolic disease, as well as of the general population. Adv

Nutr 2016;7:399–406.
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Introduction to the Mammalian Circadian
System
Circadian rhythms are found throughout the living world (1).
They are generated by clocks that are endogenous in nature
and oscillate even in the absence of environmental cues. Cir-
cadian clocks influence a broad range of biological processes,
including neuronal, endocrine, metabolic, and behavioral
function. This breadth of physiologic influence can be clearly
demonstrated in humans maintained in laboratory condi-
tions without 24-h rhythms in environmental conditions
and behaviors, including maintaining constant room temper-
ature, dim light, wakefulness, posture, rest, wakefulness, and
equally spaced isocaloric snacks. These human volunteers ex-
hibit circadian rhythms in hormone concentration (e.g., mel-
atonin, varying between ~0 and 50 pM; cortisol, varying

between ~100 and 400 nM), plasma lipid concentration,
core body temperature, plasma glucose concentrations, heart
rate, autonomic nervous system activity, blood pressure, sub-
jective alertness, and objective reaction time, independent of
the sleep/wake and fasting/feeding cycles (2). This ability of
organisms to temporally regulate diverse biological functions
enables them to maximize their ability to cope with and an-
ticipate predictable 24-h changes in the environment.

In mammals, the suprachiasmatic nuclei (SCN)10 of the hy-
pothalamus are known to play a key role in circadian rhythm
generation. The SCN express a robust circadian rhythm of
electrophysiologic activity, even when isolated from the rest
of the brain (3, 4). Classic neuronal lesion studies demon-
strated the importance of intact SCN for behavioral rhythmic-
ity (5, 6). Powerful evidence of the SCN’s importance in
circadian function later came from studies in which fetal
SCN tissue was transplanted into the hypothalamus of SCN-
lesioned animals. Not only did these transplants restore be-
havioral rhythms, but the circadian period of the recipient
also was determined by the period of the donor animal and
not the previous period of the host (7).
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It is now recognized that large multicellular organisms
contain numerous clocks found within all major tissues and
possibly within most individual cells of the body. Circadian
rhythmicity is thus generated by complex networks of circa-
dian clocks, referred to as the circadian timing system. The
mammalian circadian system comprises the SCN and “pe-
ripheral clocks” located both within other brain regions and
outside the brain. These peripheral clocks drive local tissue-
specific processes, as demonstrated by both in vitro studies
and the characterization of transgenic mice that lack func-
tional clocks in a given tissue or cell type. For example, the
hepatic clock regulates fasting glycemic control and glucose
clearance (8), the pancreatic clock regulates insulin secretion
and its response to glucose (9–11), the adipose clock regulates
lipid storage and mobilization (12, 13), and the skeletal mus-
cle clock regulates glucose uptake and metabolism (14).

In order for clocks to benefit an organism, they must be
synchronized to each other and the outside environment.
This synchronization (termed entrainment) is caused by fac-
tors external to a given clock, called zeitgebers. For most ter-
restrial organisms, the key zeitgeber is light. In mammals,
light detection requires the retina and occurs via melanopsin-
positive retinal ganglion cells working in conjunction with the
rod and cone cells (15). This photic information travels via
the retinohypothalamic tract to regulate a specific group of
retinorecipient cells within the SCN. The SCN maintain co-
ordination of peripheral clocks via a range of different path-
ways. Tone of the autonomic nervous system, secretion of
hormones such as melatonin and cortisol, and core body
temperature exhibit SCN-driven rhythms that can synchro-
nize peripheral clocks (16). Furthermore, the SCN influence
sleep-wake cycles that themselves influence circadian rhyth-
micity (17) and partially dictate feed-fast behavior, which is
believed to be a key synchronizer of peripheral clocks (see
below). Recent evidence also suggests that peripheral clocks
may synchronize to photic cues in the absence of a func-
tional molecular clock in the SCN (18), although the mech-
anisms involved are not yet clear.

Molecular Basis of Circadian Rhythms
Work inmultiple species has led to the development of a tran-
scriptional-translational feedback loop (TTFL) molecular
model of circadian rhythms. The mammalian TTFL model
consists of multiple interlocking loops that are described in
detail elsewhere (19). At the center of this model is a primary
loop in which transcription factors CLOCK and BMAL1
stimulate the transcription of 3 Period (Per) genes and 2 Cryp-
tochrome (Cry) genes. The translated PER and CRY proteins
then form protein complexes that translocate into the nucleus
and repress the transcriptional activation of their own genes
by CLOCK and BMAL1. The precise temporal dynamics of
this loop are regulated by posttranscriptional and posttransla-
tional modifications (19, 20).

Interlinked with the primary loop are multiple secondary
loops, many of which involve important biochemical com-
ponents of cellular metabolism. The best characterized of
these secondary loops involves the circadian transcription

of the nuclear receptor Rev-erba (Nr1d1) by CLOCK-BMAL1
dimers acting through E-box regulatory elements; the resulting
REVERBa/NR1D1 protein then inhibits Bmal1 transcription
through retinoic acid-related orphan receptor response elements,
resulting in circadian rhythms of Bmal1mRNA expression (21).
Additional loops involving nuclear receptors have been reported,
for example, the interaction between clock genes and PPARa in
mouse liver (22). More recently, redox-sensing molecules have
been linked to the circadian clock machinery. For example,
CLOCK-BMAL1 heterodimers drive rhythmic expression of nic-
otinamide phosphoribosyltransferase, which is a rate-limiting
enzyme involved in the NAD+ salvage pathway; NAD+ acts as
a cofactor for Sirtuin (SIRT1), which regulates the activity of
CLOCK-BMAL1 among its other metabolic functions (23, 24).
In addition, cellular redox state and core signaling pathways
are also closely interlinked with the TTFL model (25, 26).

Soon after the discovery of mammalian clock genes came
the identification of rhythmic clock output genes, called
clock-controlled genes. Early work focused on individual out-
put genes that are transcriptionally regulated by core clock
proteins (27, 28). Soon afterward, multiple groups used mi-
croarray technology to identify the extent of circadian rhyth-
micity within the transcriptome (29). Although there is some
variability between studies and methods, it is generally ac-
cepted that ~10% of the transcriptome in any given mouse
tissue is under circadian control. Many of these genes are
rhythmic in a tissue-specific context, and recent analysis of
mouse transcriptome in 12 organs revealed that 43% of all
protein coding genes exhibit circadian rhythmicity in one
or more tissues (30). Analysis of multiple human and mouse
transcriptomic data sets highlights the close linkage between
circadian rhythms andmetabolic gene expression (17). More-
over, the manipulation of sleep in studies of human circadian
transcriptomics has enabled identification of genes involved
in metabolism, cancer, transcription, and translation that
are regulated by sleep timing per se (17, 31, 32).

Other research has extended our understanding of molec-
ular rhythmicity by employing approaches such as proteomic
and metabolomic analyses to samples collected across circa-
dian cycles. Similar to the reported proportion of rhythmic
transcripts, it has been estimated that 6–20% of the murine
proteome exhibits circadian rhythms in tissues such as the
SCN (33, 34) and liver (35–37). Some of these studies have
reported inconsistent rhythmicity in transcripts and proteins
derived from the same gene, a feature that is likely to be ex-
plained by rhythms in posttranscriptional mechanisms such
as degradation rate (38). Daily rhythms in the metabolome
have been described in mouse blood (39) and tissue samples
(40–42). Genetic disruption of the molecular clock also has
profound effects on metabolite profiles (43), thus strengthen-
ing the functional links between clocks and the metabolome.
In addition to these mouse studies, human metabolome anal-
yses also reveal that up to 20% of detectable metabolites in
matrices such as plasma and saliva exhibit daily rhythms
(44–46). It is therefore clear that molecular rhythmicity oc-
curs at multiple levels of organization, from genes to protein
and metabolites, in both rodents and humans.
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Transgenic Animal Models for Studying
Interactions between Circadian Rhythms and
Metabolism
Most of the mammalian studies that have been performed to
examine how the disruption of normal circadian rhythmic-
ity affects metabolic function have been carried out in mice.
In general, 2 different approaches have been taken to eluci-
date if disrupting the circadian clock system has an impact
on metabolism, in particular body weight and glucose me-
tabolism: 1) a genetic approach whereby core circadian clock
genes have been mutated or deleted and 2) an environmen-
tal approach that involves abnormal patterns of exposure to
light-dark cycles or the timing of food availability. In this
section, we discuss only one genetic model to demonstrate
how body weight is in part regulated by circadian signals.

The primary genetic model for examining linkage between
the circadian and metabolic systems has been the Clock mu-
tantmouse, in which the core circadian gene,Clock, is mutated
such that the animal’s endogenous circadian period is length-
ened (47). In an initial report, Clock mutant mice were fed a
high-fat 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 (MetS) (e.g., hyper-
phagia and obesity, hyperleptinemia, hyperlipidemia, hyper-
glycemia). In addition, the normal diurnal feeding rhythms
present in mice were significantly blunted in the mutant
mice: on a standard laboratory 12-h light:12-h dark cycle,
(nocturnal) mice typically consume ;75–80% of their total
daily calories during the dark phase; in contrast, Clockmutant
mice consume ;50% during the dark phase (48). The Clock
mutants were also shown to exhibit reduced overall expression
levels and a blunted diurnal rhythm of orexin mRNA, a hypo-
thalamic neuropeptide involved in energy regulation (49).

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. Examination of isolated pancreatic islets, containing
the insulin-secreting b cells, from Clock mutant mice, as
well as frommice carrying a null mutation of Bmal1, revealed
profound defects in insulin secretion, both at basal levels and
in response to glucose stimulation, compared with wild-type
mice (9). Furthermore, mice lacking a functional circadian
clock in the pancreatic islets were shown to develop diabetes
at an early age due to insufficient insulin secretion (49).

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 (49). There are of course both strengths and
weaknesses to using animal models to study circadian me-
tabolism and chrononutrition. Weaknesses include the fact
that most animal models are nocturnal and lack some of
the psychologic and social complexity of human eating be-
havior. Nonetheless, animal models permit molecular and
genetic manipulation and more invasive studies, combined
with the ability to precisely control food intake and

environmental conditions during long (weeks to months)
experiments, whereas such long-term controlled laboratory
studies in humans are very expensive and demanding. Taken
together, results indicate profound metabolic dysfunction
and energy imbalance in mice that have a genetically defec-
tive circadian clock.

Human Genetics Linking Circadian Rhythms
and Metabolism
The influence of genetic variance in the regulation of circa-
dian rhythmicity has been long known from animal models;
however, its demonstration in humans did not take place until
the 1990s, when Linkowski and colleagues (50) analyzed the
24-h profile of plasma cortisol in 11 monozygotic and 10 di-
zygotic pairs of normal male twins. Their analysis supports
the notion that, despite the increased impact of the social en-
vironment, genetic factors still define a significant component
of the human circadian rhythmicity. Since then, multiple
studies have examined associations between clock genes,
sleep, and neurologic disorders; however, it was not until re-
cently that investigators started paying attention to the poten-
tial relation between clock genes and metabolism [e.g., Scott
et al. (51) and Monteleone et al. (52)].

To understand the role between human clock genes andme-
tabolism, we conducted a series of studies to evaluate the influ-
ence of clock genes on the MetS and its individual components
(obesity, dysglycemia, dyslipidemia, and hypertension) using
both observational and intervention approaches. Moreover,
we also investigated the relation between clock genes and the
success of nutritional and behavioral interventions aimed for
weight loss. Initial observational studies focused on the relation
between genetic variation at the CLOCK gene and MetS using
as a test population of participants (n = ;1100) from the Ge-
netics of Lipid Lowering Drugs and Diet Network (GOLDN)
study (53).We investigated 5 selectedCLOCK single-nucleotide
polymorphisms (SNPs) (rs 4864548, rs4580704, rs1464490,
rs1801260, and rs3749474), of which 3 (rs4580704, rs1801260,
and rs3749474) yielded statistically significant associations with
BMI (in kg/m2), blood pressure, glycemic traits, and markers
of dietary intake (red blood cell membrane fatty acids). One
of these SNPs, rs4580704, appeared to be protective; minor allele
carriers had a 46% lower risk of hypertension than did noncar-
riers. Similar findings were obtained for glycemic traits. How-
ever, when we investigated further the potential modulating
effect of diet, we observed that the protective effect of the minor
allele on insulin sensitivity was only present when MUFA intake
was above the median (>13.2% of energy in this population).
Conversely, the detrimental effect of the minor allele at the
rs1801260 SNP on waist circumference was only found with
SFA intakes above the median (>11.8% of energy in GOLDN).
Another finding came from the analysis of theMUFA content of
red blood cell membranes, particularly oleic acid, which was sig-
nificantly different according to CLOCK genetic variants. Finally,
we also observed significant associations withmarkers of chronic
inflammation (i.e., IL-6). In amore recent study, we have shown
associations between clock genes and blood pressure, supporting
the importance of the circadian rhythm in cardiac physiology
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(54). Moreover, we demonstrated that whereas temperature was
associated with blood pressure, it did not modulate the associa-
tions with genetic markers in either whites or Hispanics. Next,
we posed additional questions related to food intake and the
role of cytokines (55). In this same population, we demonstrated
an association between the CLOCK gene and energy intake, par-
ticularly for the rs3749474 SNP. Total energy intake and fat, pro-
tein, and carbohydrate intakes were significantly higher inminor
allele carriers than in noncarriers. Moreover, all CLOCK SNPs
were associated with plasma cytokine concentrations, in partic-
ular with those that were highly correlated with energy intake
(i.e., monocyte chemotactic protein 1, IL-6, and adiponectin).

On the basis of the observational evidence related to obe-
sity, cytokines, and energy intake obtained from the GOLDN
study, we continued our queries in the context of interven-
tional studies, which allowed us to investigate whether the
CLOCK gene, as well as other clock genes, plays a significant
role in the individual variability in response to a weight reduc-
tion program (56). For this purpose, we investigated the
CLOCK SNPs listed above, in relation to weight loss in re-
sponse to a behavioral weight reduction program based on
theMediterranean diet. Moreover, we investigated associations
with baseline anthropometric and metabolic traits. Five hun-
dred overweight/obese subjects were studied. The CLOCK
rs1801260 SNP was associated with obesity at baseline and
also affected weight loss. Patients with the variant allele (G)
lost significantly less weight compared with wild type during
the 28 wk of follow-up. The behavioral (i.e., sleep duration,
eating patterns, and chronobiological features) and hormonal
(plasma ghrelin and leptin concentrations) factors potentially
responsible for this difference were further investigated in a
larger population consisting of 1495 overweight/obese subjects
(BMI: 25–40) aged 20–65 y who attended outpatient obesity
clinics in Murcia in Spain (57). We detected an association be-
tween the CLOCK rs1801260 SNP and weight loss, which was
particularly evident after 12–14 wk of treatment. Specifically,
carriers of the minor C allele were more resistant to weight
loss than TT individuals. In addition, our data show that com-
pared with TT subjects, those carrying the minor C allele had
statistically significant 1) shorter sleep duration, 2) higher
plasma ghrelin concentrations, 3) delayed breakfast time, 4)
evening preference, and 5) less compliance with a Mediterra-
nean diet pattern.

We also investigated whether some of the interactions ob-
served for CLOCK genetic variants were also present for other
clock genes. We analyzed interactions between the CRY1 poly-
morphism, rs2287161, and carbohydrate intake on insulin re-
sistance in 2 of the populations described above (GOLDN and
Murcia) and showed consistently across populations that an in-
crease in carbohydrate intake (percentage of energy) was asso-
ciated with a significant increase in HOMA-IR and fasting
insulin and a decrease in the quantitative insulin sensitivity
check index only among homozygotes for the minor C allele
(58). Another significant interaction, this time with PER2,
was demonstrated in the LIPGENE Study (59) after analysis
of the PER2 SNPs rs934945 and rs2304672. In particular, the
rs2304672 SNP interacted with plasma SFAs to modulate a

series of plasma lipoprotein-related biomarkers. Carriers of
the minor allele (G) with the highest SFA concentration (>me-
dian) had higher plasma triglyceride concentrations and higher
triglyceride-rich lipoproteins-triglyceride than CC subjects.
Similar findings were reported for plasma concentrations of
apolipoprotein C-II, apolipoprotein C-III, and apolipoprotein
B-48.

In terms of response to dietary and behavioral interven-
tion, we investigated whether the PER2 gene was associated
with weight-loss success in the same patients tested above
for the CLOCK gene (60). Our results show that PER2 SNPs
rs2304672 and rs4663302 were associated with abdominal
obesity. Moreover, carriers of the minor allele at these
PER2 SNPs had a greater probability of dropping out from
the weight-loss program as well as displaying extreme snack-
ing, experiencing stress with dieting, eating when bored, and
skipping breakfast than noncarriers. Therefore, PER2, like
its counterpart CLOCK, is implicated in attrition in
weight-loss treatment and may modulate eating behavior–
related phenotypes.

The complex interplay between the clock genes was made
evident from another study in which we examined the com-
bined effect of the CLOCK and Sirtuin (SIRT1) genes (61).
In this study, carried out in subjects attending the same out-
patient obesity clinics, we analyzed the combined effects of
the SIRT1-rs1467568 and the CLOCK-rs1801260 SNPs on
the effectiveness of the weight-loss program and demon-
strated that SIRT1 and CLOCK SNPs have an additive effect
on resistance to weight loss that could be driven by effects on
chronotype, plasma ghrelin concentrations, and adherence
to a Mediterranean diet.

An interesting finding between clock genes and type 2 di-
abetes mellitus was reported recently in a case (n = 302 type
2 diabetes mellitus) control (n = 300) design (62). A PER3,
variable number tandem repeat polymorphism was investi-
gated. This variable number tandem repeat consists of 2 al-
leles of 4 and 5 repeats. These authors found that those with
the 5-repeats allele had a greater risk of type 2 diabetes mel-
litus compared with those carrying the 4-repeats allele.

The current literature therefore supports the notion that
clock genes are significantly associated with different fea-
tures of the MetS as well as diabetes. Moreover, significant
interactions between clock genes and dietary factors modu-
late the expression of these traits. Finally, intervention stud-
ies have shown that the success of behavioral interventions
aimed to lose weight may be predicted in part by genetic var-
iability of clock genes.

Circadian Misalignment Is Detrimental to
Human Metabolic Physiology
Shift work is a risk factor for diabetes, obesity, and cardiovas-
cular disease (63–66). This effect cannot be fully explained by
traditional risk factors. Important early studies have shown de-
creased glucose tolerance, a risk factor for diabetes, under sim-
ulated shift work conditions and in shift workers [e.g.,
Hampton et al. (67) and Lund et al. (68)]. However, these stud-
ies could not distinguish the separate influences of circadian
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phase, circadian misalignment, and the behavioral cycle (in-
cluding sleep/wake and fasting/feeding cycle). Human studies
have shown that misalignment between the central circadian
system (as assessed by melatonin and cortisol profiles) and
the behavioral cycle, typical of shift workers, can cause physi-
ologic changes that are risk factors for these adverse health con-
sequences of shift work.

In an initial study, we showed that circadian misalignment
causes decreased glucose tolerance, decreased concentra-
tions of the satiety hormone leptin, and increased wake
time blood pressure (69). The effects were already observed
after just a few days of circadian misalignment. These find-
ings suggest that circadian misalignment is a mechanism
that could increase the risk of diabetes, obesity, and cardio-
vascular disease in shift workers if these effects are sustained
chronically. A second study showed that a history of 3 wk of
circadian misalignment plus sleep restriction caused a de-
crease in glucose tolerance and a decrease in insulin release,
with recovery after a week of sleep extension (70). A third
study showed that a history of 1 wk of circadian misalign-
ment with sleep restriction resulted in a reduction of insulin
sensitivity that was worse than that observed after 1 wk of
the same degree of sleep restriction without circadian mis-
alignment in male subjects (71). Recently we showed, using
a realistic simulated night work protocol including several
consecutive shifts of night work under room light intensity
(90 lux), that circadian misalignment decreased glucose tol-
erance, independent of effects of the circadian phase and of
the behavioral cycle (72). This study further supported the
notion that the effects of circadian misalignment cannot
be fully explained by disturbances in sleep and showed
that these effects were sustained for several days upon re-
peated exposure. The links between circadian misalignment
and metabolic dysfunction are discussed in more detail else-
where [e.g., Dibner and Schibler (73) and Perelis et al. (74)].

Effects of Meal Timing on Circadian
Synchronization and Metabolism
Although there has been a tremendous amount of interest in
the role of clocks in regulating biochemical pathways and
metabolic processes, less effort has been expended examin-
ing how metabolic inputs themselves influence the circadian
system. It has been known for many decades that restriction
of food availability to a short time window will cause the
manifestation of behavioral and physiologic changes, in-
cluding food anticipatory activity. The circadian nature of
food anticipatory activity led to development of the concept
of a food-entrainable oscillator (75, 76). The anatomic (77)
and molecular (78, 79) nature of the food-entrainable oscil-
lator is not yet well understood. However, progress has been
made understanding the effects of timed feeding on circa-
dian clocks in rodent tissues.

Under normal circumstances, gross fasting/feeding cycles
are determined by sleep/wake behavior, which is influenced
by the circadian system. However, by restricting the tempo-
ral availability of food, it is possible to experimentally deter-
mine the effect of meal timing on circadian rhythms in

different parts of the body. In a key experiment, animals
maintained under a 12-h:12-h light-dark cycle were allowed
access to food only during the light or dark phase of each
24-h cycle for 8 d (80). Despite clock gene expression rhythms
in the SCN retaining the same phase relation to the light-dark
cycle, the expression of the same genes in the liver synchro-
nized to mealtimes, generating rhythms that peaked ~12 h
apart in the 2 locations. As reviewed elsewhere, it is now
known that timed feeding regulates clock gene rhythms in
most peripheral tissues and may also regulate SCN rhythmic-
ity when combined with hypocaloric feeding paradigms (81,
82). Compared with rodent studies, very little is known about
how timed feeding regulates the human circadian system.

In addition to studies of clock gene rhythms, a growing
number of experiments are using controlled feeding regi-
mens over multiple weeks to investigate changes in meta-
bolic physiology. In an initial study, mice kept on a 12-h:12-h
light-dark cycle and provided with a high-fat diet were fed
exclusively during the dark phase (i.e., the “right” time of
day for nocturnal mice) or the light phase (i.e., the “wrong”
time of day for nocturnal mice) for 6 wk (83). The group fed
during the light phase gained more weight, despite the ab-
sence of any significant differences in calorie intake or activ-
ity over the course of the experiment. This finding suggested
that temporal rhythms in energy intake are relevant for en-
ergy balance, perhaps identifying approaches involving
timed feeding schedules, designed according to the proper-
ties of the circadian clock system, as possible strategies for
weight management and the treatment of obesity (49).
Other experiments have reduced the daily duration of daily
feeding behavior, which is often referred to as time-restricted
feeding (TRF). Restriction of feeding to either the middle of
the light (84) or dark (42) phase reduces body weight and
improves markers of metabolic health in mice compared
with ad libitum fed controls. Importantly, these effects oc-
curred despite equivalent calorie consumption in the TRF
and ad libitum groups. Later mouse studies have demon-
strated benefits of TRF when using multiple variations of
dietary and temporal control and also suggest that TRF
can even stabilize or reverse the progression of metabolic
diseases (85). Interestingly, the ability of TRF to prevent
body weight gain and decelerate cardiac aging in Drosophila
(86) indicates that it may represent a beneficial aspect of
chrononutrition across species.

The role of feeding time on energy balance and metabo-
lism is currently an active area of investigation. Although
much work remains to be done, human studies already sug-
gest that timed feeding may translate into a beneficial ap-
proach to enhance weight loss and glycemic control in
humans (87–89). Energy balance is determined by the rela-
tion between energy intake and energy expenditure, with en-
ergy expenditure being the sum of basal metabolic rate,
energy expenditure due to physical activity, and diet-induced
thermogenesis. In the human studies mentioned above, there
were no differences in self-reported physical activity level and
caloric intake. As of now, the mechanism underlying the ef-
fect of the timing of caloric intake on weight-loss success is
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unknown. To assess one potential mechanism, we recently
tested whether the timing of food intake influences diet-induced
thermogenesis (also known as the thermic effect of food, or the
specific dynamic action of food) within the first 2 h after con-
sumption of an identical test meal. In healthy research partici-
pants under highly controlled laboratory conditions, including
fixed caloric intake, fixed sleep/wake cycles, and an absence of
exercise, we found that early phase diet-induced thermogenesis
was approximately twice as large in themorning at 0800 h com-
pared with in the evening at 2000 h (90). This result is consis-
tent with an earlier study that showed larger diet-induced
thermogenesis assessed over 6 h in the morning (0900 h) com-
pared with the afternoon (1700 h) and at night (0100 h) (91),
although another study did not find a difference between
morning and afternoon (92). Unique in our study, we could
assess whether the morning-evening difference was due to
the behavioral cycle or due to the endogenous circadian
phase. Many behavioral/environmental differences between
assessments performed in the morning (1 h after scheduled
awakening) and evening (12 h later) theoretically could
cause this morning-evening difference: the morning assess-
ments were performed shortly after an 8-h sleep opportu-
nity, supine posture, behavioral rest, and complete darkness,
whereas the evening assessment was performed after extended
wakefulness, upright body posture, behavioral activity, and ex-
posure to room light intensity (90 lux). However, remarkably,
we found no effect of the behavioral cycle but a strong effect of
the endogenous circadian phase, with diet-induced thermo-
genesis again being approximately twice as large in the biolog-
ical morning (0800 h) compared with the biological evening
(2000 h), independent of the behavioral cycle. We found no
difference in basal metabolic rate. Although diet-induced ther-
mogenesis only contributes to ~10% of the daily energy expen-
diture, our data suggest that the influence of the circadian
system on diet-induced thermogenesis could lead to decreased
energy expenditure when the same meal is consumed late in
the day compared with early in the day. Future controlled lab-
oratory studies closely fixing or directly measuring caloric in-
take and assessing total energy expenditure across full 24-h
periods in respiratory chambers are required to determine
the combined effect of shifts in the timing of caloric intake
on energy balance and weight regulation.
In conclusion, evidence to date suggests that chrononutrition
may be an important tool, not only to enhance the metabolic
health of the general population but also to benefit the health
of particular population groups (e.g., shift workers) and treat-
ment of certain metabolic diseases. Obesity and diabetes are
prototypical examples of complex, polygenic diseases influ-
enced by numerous environmental factors, including diet
and physical activity, among others. As such, a variety of ap-
proaches and measures will likely be necessary for effective
prevention and treatment. Given the growing body of evi-
dence linking the circadian clock system to energy regulation
andmetabolic physiology, circadian organization emerges as a
clinically significant factor that should be considered in the
understanding of the pathophysiology of these diseases and
in potential targeted strategies for treating them (49, 63, 81).

Although animal models will continue to be of impor-
tance to inform our understanding of this research field,
methods described above indicate how complex protocols
can be employed to dissociate circadian from behavioral fac-
tors in human physiology. Application of circadian genomics,
transcriptomics, and metabolomics, coupled with the develop-
ment of serial biopsy procedures (93, 94) and genetic analysis,
will enable detailed molecular analysis of such experiments.
Moreover, in vitro assays (95, 96) provide additional tools
for future mechanistic studies in human cells derived from
specific tissues in targeted population groups.
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