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Abstract
Circadian rhythms play a critical role in the physiological processes involved in energy 
metabolism and energy balance (EB). A large array of metabolic processes, includ-
ing the expression of many energy-regulating endocrine hormones, display temporal 
rhythms that are driven by both the circadian clock and food intake. Mealtime has 
been shown to be a compelling zeitgeber in peripheral tissue rhythms. Inconsistent 
signalling to the periphery, because of mismatched input from the central clock vs 
time of eating, results in circadian disruption in which central and/or peripheral 
rhythms are asynchronously time shifted or their amplitudes reduced. A growing 
body of evidence supports the negative health effects of circadian disruption, with 
strong evidence in murine models that mealtime-induced circadian disruption results 
in various metabolic consequences, including energy imbalance and weight gain. 
Increased weight gain has been reported to occur even without differences in energy 
intake, indicating an effect of circadian disruption on energy expenditure. However, 
the translation of these findings to humans is not well established because the ability 
to undertake rigorously controlled dietary studies that explore the chronic effects 
on energy regulation is challenging. Establishing the neuroendocrine changes in re-
sponse to both acute and chronic variations in mealtime, along with observations 
in populations with routinely abnormal mealtimes, may provide greater insight into 
underlying mechanisms that influence long-term weight management under different 
meal patterns. Human studies should explore mechanisms through relevant biomark-
ers; for example, cortisol, leptin, ghrelin and other energy-regulating neuroendocrine 
factors. Mistiming between aggregate hormonal signals, or between hormones with 
their receptors, may cause reduced signalling intensity and hormonal resistance. 
Understanding how mealtimes may impact on the coordination of endocrine factors 
is essential for untangling the complex regulation of EB. Here a review is provided on 
current evidence of the impacts of mealtime on energy metabolism and the underly-
ing neuroendocrine mechanisms, with a specific focus on human research.
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1  | INTRODUC TION

The influence of circadian rhythms on energy balance (EB) has be-
come a topic of increasing interest with a new-found pursuit to iden-
tify whether meal timing or energy distribution across the day can 
impact on weight management and metabolic health. Life on earth 
is characterised by continuous rhythms arising from evolutionary 
adaptations to earth's natural 24-hour light/dark cycle. As humans, 
we have evolved an active light phase primarily designed for energy 
replenishment, reproduction and activity, and an inactive dark phase 
in which to sleep, recover and regenerate. To achieve these daily cy-
cles, input is required to inform the body of the time of day, and 
outputs are required to relay this information between central and 
peripheral tissues.1,2

New research in murine and human models highlights the impor-
tance of circadian rhythms with respect to regulating energy metab-
olism, and the metabolic health consequences that may occur from 
disruption of these rhythms. How time of eating results in changes 
in clock genes and then impacts on metabolic health is currently 
not well defined. Specifically, the effect of meal timing on energy 
expenditure (EE) and EB remains controversial. Figure 1 illustrates 
the complex regulation of EB, with temporal input from the central 
clock (in the brain), activity and feeding, as required to synchronise 
the temporal excretion of neuroendocrine hormones, which in turn 
regulate energy intake (EI) and EE. Here, we review current evidence 
regarding the influence of circadian rhythm disruption, and specifi-
cally differences in mealtime, on EE with a focus on underlying endo-
crine mechanisms involved in energy regulation. Because the term 
circadian disruption is not clearly defined, we address the effects of 
potent desynchronisation protocols as circadian disruptors, as well 
as the more subtle effects of altering mealtime, where the extent of 
circadian disruption may be less obvious. The first part of the review 
addresses the effects of circadian disruption on whole body EE. The 
second part addresses the underlying endocrine changes that may 
contribute to chronic alterations in energy regulation.

2  | CIRC ADIAN RHY THMS AND THEIR 
ROLE IN METABOLISM

The suprachiasmatic nucleus (SCN) is located in the hypothalamus 
within the brain and is the primary regulator of circadian rhythms. 
The SCN receives photic input from the retina, relaying temporal 
information to the brain and peripheral tissues. The SCN maintains 
a self-sustaining 24-hour rhythm with output to peripheral tissues 
sent via neural (autonomic), hormonal (hypothalamo-pituitary) and 
behavioural signals to create internal synchrony between central 
and peripheral clocks of the body (Figure 1). Regulation of the mam-
malian system, including human rhythms, is driven by two primary 
feedforward/feedback loops in which transcription factors CLOCK 
and BMAL1 activate several clock genes (cryptochrome [CRY 1 and 
CRY2] and period [PER1, PER2, PER3]) and nuclear receptors (RORα 
and REV-ERBα). These in turn inhibit or further activate CLOCK/

BMAL1 expression and therefore the timing of clock-controlled 
gene expression required for temporal regulation of local tissue 
(Figure  2).3,4 These clock genes have been identified in almost all 
human organs and tissues and individually regulate the timing of 
physiological processes within different compartments of the body. 
Specifically, many of the functions involved in energy metabolism 
and regulation of EB are under strong circadian control and have 
been reviewed in detail previously.5,6 In addition to photic inputs, 
other factors, such as food (both quality, quantity and timing) and 
physical activity, can act as entrainment cues (zeitgebers). Although 
the timing of activity can induce phase-shifts in the master clock,7,8 
feeding time primarily influences peripheral clock timing with little 
to no effect on the SCN.9-11 Therefore, in an interactive loop, circa-
dian rhythms can drive EI and regulate energy metabolism, yet en-
ergy intake and activity can also influence the timing of clock genes 
and their local tissue activity (Figure 1).

Regular circadian rhythms help to maintain normal body func-
tions and enable anticipation of events required for survival, 
including regulation of the timing of sleep, activity, digestive 
processes and metabolism (both storage and breakdown of fuel 
sources).1,2 Both central and peripheral rhythms are evident in 
many key metabolic processes, including regulation of EB, from 
the most basic cellular level though to whole body energy metab-
olism. For example, circadian rhythms can influence genes and 
gene products involved in rate-limiting steps of cellular metabo-
lism. A good example is the supply of NAD +, which exhibits a 
daily rhythm as a result of circadian oscillations in nicotinamide 
phosphoribosyltransferase (NAMPT), which controls a rate-lim-
iting step in the salvage of NAD+.12,13 Various endocrine signals 
involved in the regulation of energy metabolism display circadian 
oscillations6 and circadian variations in overall whole body EE and 
macronutrient balance have been observed as a result of oscilla-
tions in preferential nutrient uptake and the use of macronutrients 
at specific times of the day.5,6 Circadian variation in resting meta-
bolic rate (RMR) has been observed in a number of human studies, 
with RMR or CO2 production peaking around 5.00 to 6.00 pm, and 
with a trough at approximately 5.00 am.14,15 The thermic effect of 
food (TEF) has also been reported to be greater in the morning 
compared to the evening.16-19 The reasons for this are not clearly 
understood, although it was suggested to be the result of many of 
factors, including insulin resistance in the evening,20-22 reduced 
nutrient uptake in the evening resulting in lower energy intensive 
processes such as hepatic and muscle glycogen synthesis, which 
both display diurnal variation and peak during the active phase,23-
25 as well as lower rates of futile substrate cycling and/or reduced 
rates of protein turnover.16 Following the consumption of identical 
meals, glucose, insulin and free fatty acid levels are reportedly el-
evated in the evening compared to the morning, indicating a lower 
uptake and storage of nutrients.19 This may in part explain the 
lower evening TEF measured in some studies. Furthermore, circa-
dian clock gene regulation in peripheral tissues is likely to be re-
sponsible for reducing nutrient absorption in the evening, allowing 
for more readily available fuel to prepare for the onset of fasting. 
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Nutrient oxidation also appears to be under circadian control, with 
higher carbohydrate oxidation in the morning and greater fat oxi-
dation in the evening.15 These findings are evidence of the robust 
circadian regulation involved in processes of energy metabolism.

3  | ME ALTIME A S A ZEITGEBER

Meal timing is a potent zeitgeber in peripheral clocks. This is based not 
only on the time of eating, but also nutritional cues. Macronutrients 

F I G U R E  1  Circadian influences in the regulation of energy balance. Neuroendocrine hormones responsible for regulation of energy 
balance are excreted from multiple peripheral organs at specific times of the day in response to temporal input from neural, hormonal 
(predominantly melatonin) and behavioural signals from the suprachiasmatic nucleus (SCN). Hormonal signals relay messages within 
the periphery and to the energy regulatory centres in the arcuate nucleus (ARC) in the hypothalamus where temporal expression of 
receptors allows for effective signalling. Within the ARC, activation of the neuropeptide Y (NPY)/agouti-related protein (AgRP) and pro-
opiomelanocortin (POMC)/cocaine- and amphetamine-related transcript (CART) neurones express their respective neuropeptides to 
increase or decrease appetite and reduce or increase energy metabolism and energy expenditure respectively. Mealtime and activity can 
also influence the timing and amplitude of peripheral clock genes and hence timing of hormone secretion. Differential input from energy 
intake (EI)/energy expenditure (EE) and the SCN may result in circadian desynchrony with either misaligned or attenuated circadian rhythms. 
Chronic misalignment may result in energy imbalance through dysregulation of peripheral energy metabolism and dysregulated signalling to 
the brain in relation to EE and EI
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and energy sensing enzymes (including PARP-1, SIRT1, AMPK and 
mTOR),26,27 all may serve as signals for entraining peripheral clocks 
to meal timing. Additionally, secretion of food driven hormones from 
the gut (eg, peptide YY [PYY], oxyntomodulin, cholecystokinin [CCK], 
gastric leptin and ghrelin),28-30 peripheral tissues (eg, insulin, gluca-
gon),31-33 as well as derivatives of gut microbiota, including hydrogen 
sulphide, certain vitamins and tryptophan, short chain fatty acids 
and bile acids,34 all act as signals for entraining peripheral clocks. The 
ability of mealtime to influence peripheral clock gene expression is 
evident through the provision of food during the inactive phase in 
rodent models. Restriction of food to the light phase results in vari-
ous tissue specific changes in clock gene expression, with a complete 
inversion of clock gene expression in the liver, partial shifts in brown 
adipose tissue and arrhythmic expression in skeletal muscle.9,35 
Although the SCN senses food intake, it remains primarily regulated 
by the light dark cycle. The period required to resynchronise clock 
genes in peripheral tissues in response to food-induced phase re-
setting is different between tissues, with faster phase resetting in 
the liver compared to the heart, kidneys and pancreas, resulting not 
only in misalignment from the master clock, but also misalignment 

between peripheral clocks.9 Similarly, in humans, delaying all meals 
by 5 hours resulted in a significant delay in the timing of PER2 ex-
pression in white adipose tissue; however, there was no significant 
change in the phase of PER3 or BMAL1 with no change in central 
clock timing, as assessed by melatonin and cortisol rhythms.36 This 
misalignment of rhythms between and within tissues, is suspected 
to be the cause of the many health implications associated with late 
night or irregular meal timing.

Delayed meal timing can impose negative effects on health; alter-
natively, optimal meal timing may improve clock synchrony. It has been 
observed that the provision of a high-fat diet (HFD) independently of 
other circadian disrupting factors, can negatively modify the expres-
sion of circadian clock genes. Time-restricted feeding (TRF) in mice 
models, with feeding of a HFD only within an 8-hour window during 
the active phase in combination with a 16-hour fast, can overcome the 
large reduction in clock gene expression amplitude in the liver (reduced 
amplitude in PER2, BMAL1, Rev-erb, Cry1) and amplitude in genes reg-
ulating glucose and fatty acid metabolism, as observed during an ad lib. 
HFD.37 The translation of such findings to humans is currently limited 
and likely to be a feature of future research.

F I G U R E  2   Regulation of circadian rhythms by molecular clock components. Two transcription/translation feedback loops work together 
to generate 24-hour rhythmic gene expression in the mammalian system. Primary transcription factors CLOCK and BMAL1 bind to specific 
E-box sites to activate the expression of protein genes CRY1 and PER. In a primary negative-feedback loop, CRY and PER proteins inhibit 
their own transcription by inhibiting CLOCK and BMAL1 activity. In a secondary feedback loop, nuclear receptors RORα and REV-ERBα, are 
activated by BMAL1 and CLOCK and, in turn, RORα activates and REV-ERBα suppresses BMAL1 transcription. BMAL1, brain and muscle 
ARNT-like 1; CCG, clock controlled genes; CLOCK, circadian locomotor output cycles kaput; CRY, cryptochrome; PER, period; ROR, retinoic 
acid receptor-related orphan receptor
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4  | PART 1:  CIRC ADIAN DISRUPTION AND 
ENERGY E XPENDITURE

4.1 | Effects of circadian disruption on whole body 
EB and EE

Rodent knockout models provide irrefutable evidence that clock 
genes influence metabolic physiology and impact on pathways 
involved in EB. Knockout models result in a large range of health 
impairments including obesity phenotypes, hyperinsulinaemia, hy-
perlipidaemia and diabetic phenotypes.38 However, the more sub-
tle effects of circadian misalignment as opposed to gene knockout 
models are still being investigated and the effects of larger vs smaller 
misalignments (eg, shift work vs small changes in meal timing) and 
chronic vs acute impacts, are as yet incompletely understood. In hu-
mans, shift work is associated with an increased risk of obesity,39 
with an increasing number of night shifts per month40,41 and the du-
ration of shift work,42,43 both positively correlated with greater body 
mass index (BMI). This higher BMI has also been reported despite 
similar EIs, indicating that other factors such as circadian misalign-
ment or lack of sleep, may affect the regulation of EE. In both human 
and rodent studies, simulated shift work or forced desynchrony pro-
tocols have resulted in significantly decreased amplitude, as well as 
decreased numbers of rhythmic transcripts.44-47 The effect that this 
has on energy metabolism is not entirely clear.

Laboratory-based desynchronisation protocols, including the 
use of altered light/dark cycles to create long or short days, acute 
phase shifts or a simulated night shift, allow the investigation of the 
effects of circadian desynchronisation and we are now beginning 
to understand the underlying mechanisms regulating EB. In rodent 
studies, restricting food intake to the rest- phase, light at night or 
forced wheel running in the habitual rest-phase causes rest-phase 
wakefulness along with feeding and activity out of phase with the 
master clock. A cumulative number of rodent studies have shown 
increased body weight, despite similar calorie intake, when rodents 
are forced into desynchronising behaviours (daytime wakefulness 
and eating or bright light at night).48-51 Even dim light at night has 
been shown to phase shift core body temperature and result in 
significant decreases in EE and increases in weight gain in mice.52 
However studies reporting no changes53-56 or decreases in body 
weight57,58 are often overlooked and, indeed, there are large vari-
ations in energy intake, expenditure and balance between studies 
in response to desynchronisation protocols and specific outcomes 
may be species specific. Despite this, most studies do show a level 
of metabolic disturbance including reduced EE and impaired glucose 
tolerance.53,54,57

In human studies, the effects of circadian desynchrony on EE 
and EB are also unclear. Imposing desynchrony through long or 
short days had no effect on total daily EE.59,60 Gonnissen et al60 
reported a small significant decrease in sleeping metabolic rate 
after 3 days of phase advance, although this was not reflected in 
total daily EE and there were no measurable differences in RMR, 
activity EE or TEF. Buxton et al61 observed significant decreases 

in RMR in a combined sleep restriction plus desynchrony protocol 
(3 weeks 28-hour days + 5.6-hour sleep/24 hours); however, this 
may be a result of the restriction of sleep, rather than desynchrony. 
Certainly, sleep restriction may alter behavioural and physiological 
mechanisms regulating EB irrespective of circadian misalignment. 
Leproult et al62 found significant increases in EI in sleep-restricted 
individuals under both aligned and misaligned conditions. However, 
it is important to note that situational cues can easily drive over-
consumption in humans. Provision of large ad lib. meals, as was 
the case in the study by Leproult et al,62 increased food variety, 
and simply providing meals in the laboratory compared to eat-
ing at home can stimulate increased EI.63 Furthermore, Leproult 
et al62 did not measure EE and therefore the distinction between 
misalignment and reduced sleep quality/quantity on energy me-
tabolism requires further investigation. In studies of simulated 
night shift work, reported changes in EE are mixed. McHill et al64 
reported a significant reduction in total daily EE on the second and 
third days of night shift work and significant reductions in TEF on 
the first day of shift work, which began to resolve by the third day, 
suggesting entrainment to the new schedule. By contrast, Morris 
et al17 observed no differences in RMR or TEF with misalignment; 
however, when broken down by gender, females actually showed a 
significant increase in fasting and postprandial EE during misalign-
ment which was not seen in males.65 However, in these studies, 
RMR was only measured at the beginning and end of the day with 
relatively short and incomplete measures of TEF. Wefers et al66 
have also reported significant increases in sleeping metabolic rate 
during misalignment, although it is not clear whether this was the 
result of a change in sleep quality and, in addition, total daily EE 
was not measured. Assessment of RMR in long-term shift workers 
indicates that the effects of undergoing large and chronic shifts in 
time do not alter measured RMR compared to non-shift workers 
or prediction equations67,68 and therefore lower RMRs are unlikely 
to be a causative factor for weight gain in this population. Poorer 
metabolic health in these individuals may be attributed to other 
factors, such as changes in appetite, food choice, activity and other 
behavioural differences. For example, shift workers may have more 
challenges with respect to coordinating regular mealtimes, balanc-
ing sleep, activity and meals around work, and social and family 
commitments, and may also have higher stress jobs increasing emo-
tional stress and anxiety. Individual variation in coping mechanisms 
(stress eating, snacking, caffeine, activity avoidance vs activity 
as an outlet), and the ability to plan and access healthy meals on 
shift, may differentially influence those at risk of weight gain.69,70 
However, regardless of maintaining EB, metabolic health implica-
tions may occur in response to abnormal meal timing and circadian 
misalignment.

4.2 | Meal timing on EB and EE

Epidemiological studies have contributed to a cumulative body of re-
search showing that disturbances in meal timing including breakfast 
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skipping, late night eating, and shift work are linked to higher BMIs 
and elevated risk of metabolic disorders.71-76 It is now assumed these 
metabolic disturbances are a result of the effects of meal timing on 
circadian rhythms. Consistent with this, studies in animal models 
have highlighted the importance of meal timing in the regulation of 
EB. Restricted feeding to the dark phase (active phase) in mice has 
been shown to suppress the normal weight gain that occurs in mice 
consuming a high-fat ad lib. diet.37,48,77 Furthermore, day feeding 
even on chow diet results in weight gain and metabolic impairment, 
including decreased glucose tolerance and insulin resistance.54,78-80 
Many of these studies show differences in weight gain despite simi-
lar calorie intake, indicating that mealtime must alter EB through al-
tered EE. Although the effects of these extreme shifts in the time of 
feeding found in rodent studies may be extrapolatable to shift work-
ers, there is a need to understand the more subtle effects of shifting 
meals, such as from earlier to later in the day.81

Mealtime studies in rodent models have begun to address these 
more subtle effects of time of eating and redistribution of energy 
intake, across the normal wake-phase, on body weight and EB. One 
study reported that skipping dinner resulted in significantly lower 
body weight compared to skipping the first meal of the day or hav-
ing three meals per day.82 Significantly greater weight gain has been 
observed in mice that were subjected to a 4-6-hour delay in the 
onset of wake-phase feeding compared to mice allowed to eat ad 
lib.83,84 Yoshida et al84 confirmed that this weight gain came from 
greater energy intake compared to mice allowed to eat ad lib. (ad 
lib. mice consumed 65% of their calories in the first 6 hours of their 
wake-phase). In a second protocol comparing delayed vs ad libitum 
feeding, the mice were subjected to energy restriction and matched 
energy intake. Despite identical intakes, the ad lib. feeding mice lost 
a greater amount of body weight compared to those in the delayed 
feeding group. This indicates that later meal timing can contribute to 
weight gain through reducing EE when energy intake is controlled, 
as well as through increasing energy intake where food is provided 
ad lib. Thus, studies in murine models tend to support the idea that 
eating earlier in the active phase can improve body weight regulation 
through both energy intake and EE.

In humans, breakfast skipping under EB conditions has regu-
larly been shown to have no effect on RMR or total daily EE com-
pared to consumption of breakfast.85-87 Although EE is lower in 
the biological morning, this is compensated for by higher EE later 
in the day and evening, indicating a redistribution of EE across the 
day. Indeed, respiratory chamber studies of total daily EE suggest 
that the lower evening TEF seen with breakfast skipping may be 
more apparent than real because TEF is actually lower but longer, 
continuing well into the night and thereby causing an apparently 
higher sleeping metabolic rate.87,88 The effects of mealtime appear 
to be more evident in weight loss studies in which energy distri-
bution is manipulated so that the majority of energy intake is con-
sumed in the morning or consumption of lunch is earlier in the day, 
resulting in significantly greater weight loss.89-91 However, even 
this is not always consistent. Versteeg et al92 found no differences 

in weight loss between individuals consuming 50% of calories at 
breakfast (15% at dinner) vs 50% at dinner. However, with the ex-
ception of the study by Versteeg et al92 who found no differences 
in REE with different energy distributions across the day, none of 
these studies have confirmed whether differential EE could explain 
their results, rather than the study findings being a result of misre-
ported energy intake.

Although TRF in rodents during the active phase has shown 
promise by improving markers of glucose metabolism and meta-
bolic health in the absence of weight loss, comparable well-con-
trolled studies to investigate TRF in humans are lacking. So far, most 
human TRF studies have not controlled or accurately measured en-
ergy intake or TEE. Thus, the reports to date suggesting that TRF 
results in a modest reduction in body weight in humans80,93-97 of 
1%-3% over a period of 2-16 weeks, as linked to improvement in 
bio-markers of glucose homeostasis, need further investigation 
and validation. It is not clear whether the apparent improvements 
in metabolic health are a result of decreased energy intake (nega-
tive EB), improved circadian alignment or an increased duration of 
overnight fasting. Sutton et al98 reported that, following 5 weeks 
of early TRF (early eating, 18-hour fast), males showed greater im-
provements in glucose/insulin metabolism during a morning oral 
glucose tolerance test, in contrast to the controlled feeding sched-
ule (12 hours of eating and 12 hours of fasting). Interestingly, these 
improvements were reported in the absence of weight loss, with 
subjects being weight stable. Furthermore, work by Hutchison 
et al99 indicated no effect of TRF on total daily EE or activity. By 
contrast, Ravussin et al100 reported elevated post-prandial TEF with 
early TRF, although this may have been the result of overlapping 
postprandial EE after meals during the morning feeding period. 
Additionally, the lower EE during the morning in the control (non 
TRF) group was made up for by a higher EE overnight and there 
was no overall difference in total daily EE between feeding regimes. 
Most recently, Wilkinson et al97 reported significant improvements 
in metabolic health, including weight loss, reduced blood glucose, 
lipids and blood pressure, when individuals adopted a TRF sched-
ule that reduced food intake from 15 hours down to 11 hours per 
day. These effects were likely the result of a reduced energy intake 
and elongated overnight fast, with no changes in physical activity 
and no measures of resting or daily EE. However, similar to animal 
studies,37,101 metabolic flexibility, which is the capacity to switch 
between carbohydrate and fat oxidation, is amplified in TRF in hu-
mans with greater lipid oxidation during the prolonged overnight 
fast.100 Further to this, Kelly et al102 found that shifting an eating 
window to later in the day (from 8.00  am to 5.45  pm to 12.30  pm 
to 22.00 pm) resulted in a higher RER, from higher CHO oxidation 
into the evening and delayed transition into lipid oxidation. This oc-
curred despite the same duration of fasting and no differences in 
EE. This lack of overnight lipid oxidation may overtime promote lipid 
storage and adiposity. Further studies with controlled energy intake 
may be necessary to specifically determine the effects of TRF on 
human EE and EB.
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5  | PART 2:  CIRC ADIAN DISRUPTION AND 
ENDOCRINE FAC TORS

5.1 | The effects of circadian disruption on energy-
regulating endocrine factors

Endocrine factors play an essential role in communication between 
organs (eg between the central nervous system and peripheral tis-
sues) and provide a fundamental communication pathway involved 
in clock synchrony, as well as in the regulation of EB. Many of the en-
docrine factors involved in the regulation of energy metabolism and 
EB also display diurnal oscillations. However, many are also highly re-
sponsive to food intake and other behavioural factors including ac-
tivity and sleep (Table 1). Clock genes and nutritional signals regulate 
not only the synthesis and secretion of endocrine factors, but also 
the abundance/availability and or sensitivity of receptors, as well as 
the activity of post receptor signalling.6 Regulation of EE requires 
complex coordination of multiple hormones acting together in syn-
ergistic and additive relationships, as well as synchronised regulation 
of receptor expression and sensitivity. This necessitates temporal 
synchrony between all tissues involved in neuroendocrine regula-
tion of metabolism and EB and coordinated temporal input from the 
central clock and food derived factors. The potential for misaligned 
temporal hormones to influence energy regulation is shown in the 
study by Roelfsema and Pijl,103 in which a wider gap between an 
individual's cortisol and prolactin acrophase was associated with 
a higher BMI. Although only comprising an association study, this 
agrees with research in various species in which the timing of the 
acrophase of cortisol and prolactin vary across the seasons with an 
increasing gap during spring/summer linked to fat gain and a shorter 
gap in autumn/winter linked to fat loss.104 Furthermore, manipula-
tion of the timing of the prolactin acrophase in hamsters and rats can 
result in weight gain or loss without changes in energy intake.105,106 
Understanding the circadian nature of energy-regulating endocrine 
hormones, as well as how they respond to and influence circadian 
disruption, may provide a means to understand the impacts of de-
synchrony on metabolic health and EB. Table 1 illustrates the roles 
and rhythmicity of several key hormones involved in EB regulation. 
Below we discuss the impacts of circadian disruption on endocrine 
regulation of EB.

Forced desynchrony protocols are a potent circadian disruptor 
that we can draw on to assess the effects of circadian disruption 
on endocrine hormones. Currently, the effect of circadian disruption 
on the expression of endocrine signals is inconsistent. One exam-
ple is cortisol. In some cases, the cortisol pattern has tracked the 
changes in timing of the new behavioural cycle without any negative 
changes in the amplitude, profile or overall mean concentration.59,61 
However, one study found flattened rhythms with phase advanced 
protocols and suppression of mean concentrations with phase delay 
protocols.60 Other hormones have also been reported on with varied 
results. Gonnissen et al60 reported significantly higher mean insu-
lin concentrations during a phase advance protocol (21-hour days) 
compared to control 24-hour days, although no differences in daily 

mean leptin, glucagon-like peptide (GLP)-1, ghrelin and glucose con-
centrations. However, with a phase delay protocol (27-hour days), 
there were significantly higher glucose and lower GLP-1 levels and a 
tendency for reduced leptin concentration, although no differences 
in mean ghrelin or insulin concentration. Scheer et al59 also reported 
a 17% lower leptin across the entire behavioural cycle with the im-
plementation of 28-hour days with significant increases in insulin 
(22% increase) and glucose (6% higher), which was predominantly 
from exaggerated postprandial responses as opposed to changes in 
fasting glucose. Receptor sensitivity may also be negatively affected 
by circadian disruption; however, the evidence currently stems from 
rodent models. Arcuate nucleus (ARC) leptin sensitivity displays a 
24-hour rhythm,164 with chronic jet lag in mouse models shown to 
impair leptin signalling, through dampening signal transducer and 
activator of transcription 3-pro-opiomelanocortin signalling in the 
ARC, resulting in leptin resistance from desensitisation of LEPR-B-
expressing ARC neurones.144 These changes in leptin signalling were 
also coupled with reduced and arrhythmic EE. Similarly, chronic jet 
lag has been found to alter insulin signalling pathways at various 
levels within the ARC. The actual implications of this are currently 
inconclusive, with chronic jet lag found to negatively impact on insu-
lin sensitivity at the insulin receptor substrate level, yet to increase 
sensitivity at the phospho Akt level.165 Therefore, coupling of central 
and peripheral clocks regulating leptin and insulin are necessary for 
functional homeostatic feedback loops. Further research is neces-
sary to comprehensively establish the circadian disruption-induced 
neuroendocrine changes that may contribute to changes in acute 
and chronic EB.

5.2 | The effects of mealtime on endocrine factors

Compared to forced desynchrony protocols, it is less clear to 
what extent meal timing causes circadian disruption and negative 
changes in the circadian regulation of EB. Night eating syndrome 
(NES) provides a model for understanding possible implications of 
meal timing. NES is defined as consuming ≥ 25% of daily energy in-
take after the evening meal and/or ≥ 2 nocturnal ingestions (waking 
up at night to eat) per week.166 Individuals with NES often display 
increased cortisol levels and decreased or delayed melatonin lev-
els, often with no delay in the time of sleep relative to those with 
regular food consumption. In these individuals, both leptin and 
ghrelin may be lower, not different or phase shifted, and insulin 
and glucose are often increased with generally a degree of phase 
shift and loss of synchrony between glucose and insulin.167 In a 
study by Goel et al,168 NES patients displayed a significant delay in 
the phase of melatonin (1 hour 6 minutes delay) with a smaller yet 
non-significant decrease in amplitude (15.3% lower). Even ignoring 
melatonin disruptions, a large cohort study found eating a greater 
percentage of calories closer to the personal relative melatonin 
onset, irrespective of clock time, was associated with increased 
body weight.169 Goel168 also reported individuals with NES had a 
significant decrease in cortisol amplitude (25.6% lower), although 
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there was no significant delay in the phase (42 minute delay). This 
was accompanied by significant differences in the profiles of ghre-
lin (49.6% lower amplitude, 5 hour 18 minutes phase advance), lep-
tin (1-hour phase delay), and insulin (57.7% lower amplitude, 2 hour 
48 minutes phase delay). In rodent models, simply suppressing the 
amplitude of glucocorticoids, without significantly changing their 
mean concentrations, results in substantially greater weight gain 
compared to controls. This occurred despite no differences in en-
ergy intake.170 Hence, flattening of the cortisol rhythm may affect 
EB through alterations in EE and may account for the higher BMI 
in those with NES. Interestingly, in the study by Wehrens et al,36 
a 5-hour delay in meal timing (33% of energy intake within the 
half-hour before bed), resulted in no alterations in the phase or 
amplitude of plasma cortisol. It is possible that changes in cortisol 
rhythm may take longer than the 6 days of delayed meals, as was 
undertaken in the study by Wehrens et al,36 or other factors, such 
as disrupted sleep or awakening to eat, may account for cortisol 
amplitude suppression in NES.

Ramadan is characterised by daylight fasting and night-time 
feasting and provides another regular and convenient model of 
assessing the effects of irregular meal timing. The majority of cal-
ories are consumed shortly after sunset, with snacks often con-
sumed throughout the night and all food intake ceased at dawn. 
By the end of Ramadan, a number of studies have shown a ten-
dency for postponed endogenous circadian rhythms by as much as 
2-3 hours171,172 reduced amplitude and 24-hour mean melatonin173 
and significant flattening of cortisol rhythms.174 By contrast to the 
anticipated negative ramifications, Ramadan often results in small 
improvements in many markers of cardiometabolic health as a 
result of the typically observed transient weight loss likely from 
prolonged fasting.175,176 However, increased morning and eve-
ning insulin levels have been noted.174 Few studies have looked 
at the effects of Ramadan on energy-regulating neuroendocrine 
hormones. In one study, there were no changes in the acrophase 
or amplitude of leptin and ghrelin; however ghrelin was modestly 
higher at 11.00  am and leptin significantly lower at 10.00  pm.177 
Despite a trend to lower daytime EE likely as a result of lower ac-
tivity, the small number of studies which have assessed EE have 
observed no evidence of metabolic adaptation, with no change in 
RMR or 24-hour EE.177,178

Breakfast skipping, tends to push meal intake later into the day 
and has been proposed to have a negative impact on EB mecha-
nisms. The Bath Breakfast Study compared 6 weeks of breakfast 
eating to skipping and observed no differences in fasting mea-
sures of glucose, insulin, T3 and T4, leptin, ghrelin, PYY, GLP-1 
or adiponectin. This was the case for both lean and obese indi-
viduals. Test day postprandial measures of leptin, ghrelin, PYY, 
insulin and glucose, as assessed for 3  hours post breakfast and 
lunch, were also indifferent between breakfast conditions.179 
GLP-1 and adiponectin were the only hormones to show a ten-
dency for a difference. Plasma GLP-1 increased in the breakfast 
group and decreased in the fasting group, whereas adiponectin 
showed no change in the breakfast group compared to increasing 

in the fasting group. Farshchi et al180 reported that skipping break-
fast resulted in significant increases in postprandial insulin area 
under the curve (AUC), although this did not have any effect on 
postprandial EE. Delaying the timing of lunch may even be suffi-
cient to alter endocrine regulation, with Bandin et al181 finding a 
suppression of morning cortisol after 2  weeks of late lunch eat-
ing (16.30  pm) vs early lunch eating (1.00 pm). However, this is in 
contrast to the lack of any differences in 24-hour cortisol values 
and profiles in the study by Nas et al88 comparing habitual three 
meals, breakfast skipping and dinner skipping. Despite the larger 
weight loss in the earlier lunch eaters in the study by Garaulet 
et al,89 there were no notable differences in leptin, ghrelin or in-
sulin. However, all of these measures were undertaken fasting and 
there may have been differences across the day or in the post-
prandial state (ie, the circadian rhythm in these markers was not 
captured). Changing the energy distribution across the day so that 
majority of calories are consumed in the morning vs the evening 
may also affect EB through neuroendocrine changes. Jakubowicz 
et al90 noted significantly higher insulin levels and ghrelin levels 
in individuals consuming 45% of their calories in the evening. 
Versteeg et al92 reported that 50% of calories consumed at break-
fast vs dinner during weight loss resulted in differential effects 
on fasting cortisol and glucagon, with an increase in fasting cor-
tisol in the breakfast group compared to a decrease in the dinner 
group and a significant decrease in glucagon only in the breakfast 
group.92 However, they found no differences in fasting ghrelin, 
leptin, glucose or insulin between the groups.182 Interestingly, 
they also looked specifically at neuronal circuits that regulate 
energy homeostasis and found significant increases in dopamine 
transporter in the striatum and serotonin transporter in the thala-
mus with early feeding and decreases with late feeding. They hy-
pothesise that morning predominant calorie intake may impact on 
EB through positively reinforcing brain reward circuitries involved 
in the hedonic aspects related to food.182 These findings could 
theoretically reduce overconsumption, improve dietary compli-
ance and improve satiety. If true, these findings could display a 
more measurable impact on body weight regulation under ad lib. 
feeding conditions, where they could improve EB through mecha-
nisms regulating EI more so than EE. Further research is required 
to understand how endocrine differences resulting from breakfast 
skipping and energy distribution may contribute to differential EB.

Time-restricted feeding has become a novel approach to po-
tentially improve EB. Although, in humans, the negative EB and 
weight loss currently appear to be related to reduced energy in-
take, alterations in endocrine regulation may result in long-term 
changes in mechanisms controlling both energy intake and EE. 
Often, no differences are noted in fasting measures of ghrelin, 
leptin, adiponectin glucagon and insulin98,99,183; however, mixed 
results have been reported for PYY and GLP-1. One study demon-
strated a reduced fasting GLP-1 with early TRF and no change in 
PYY,99 whereas another found a decreased morning PYY yet no 
change in GLP-1 in the morning.98 Hutchison et al99 also reported 
a lower postprandial glucose incremental AUC and trend to a 
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lower insulin incremental AUC with early vs late TRF. Moro et al184 
found that, after 8 weeks of restricting intake to between 1.00 pm 
to 9.00  pm compared to 8.00  am to 9.00  pm, there was a signifi-
cant reduction in inflammatory markers and increased adiponec-
tin. Adiponectin has anti-inflammatory functions, interacts with 
AMPK and stimulates peroxisome proliferator-activated recep-
tor gamma coactivator 1α) protein expression and mitochondrial 
biogenesis. It can also act in the brain to increase EE and hence 
may have contributed to differential weight loss in the TRF group. 
However, Sutton et al,98 reported that early TRF for 5 weeks had 
no effect on inflammatory markers high-sensitivity C-reactive 
protein and interleukin-6, as well as no changes in cortisol. They 
also note a significant increase in 8-isoprostane (a marker of oxi-
dative stress) in the control group which was not detected in the 
early TRF group. Therefore, early TRF may have been preventative 
against the effects of the diet provided. TRF may improve energy 
metabolism through decreased inflammation and subsequently 
improved insulin, leptin and other endocrine sensitivity. Further 
research aiming to understand differences in meal timing is neces-
sary, including more longitudinal measures and accurate 24-hour 
assessments of EI, expenditure and neuroendocrine regulatory 
factors.

6  | FURTHER CONSIDER ATIONS AND 
SPECUL ATIONS

The effects of mealtime on circadian rhythms and metabolic 
health are highly complex and current research has only scratched 
the surface of this new topic. Many studies are complicated by 
the fact that any negative effects of eating at the wrong time of 
day may be at least partially compensated for by extended pe-
riods of daily fasting, which is the case in many animal studies, 
as well as in the examples of Ramadan, breakfast skipping and 
TRF. Further to this, the majority of human TRF trials have only 
compared TRF (generally using an early window) to regular eat-
ing durations, with only one study specifically comparing early 
vs late TRF.99 In rodent studies, early compared to late TRF may 
improve circadian alignment,83 reduce insulin resistance185 and 
reduce weight gain.83,185 However, the only human study to date 
found no differences in weight change as a result of the feed-
ing window. There were also only small improvements in fasting 
glucose in early TRF compared to baseline and no differences in 
fasting glucose between early and late TRF. Therefore, the time 
window for which TRF may have its greatest impacts has not cur-
rently been verified in humans. In addition to the current findings, 
the role of macronutrient intake at different times of the day and 
an individual’s genetic predisposition to the negative effects of 
late-night feeding need to be considered. For example, one study 
reported that, when a high carbohydrate meal (75% carbohydrate, 
1600 kcal) was served at breakfast (8.30 am) for three consecutive 
days, it resulted in a 1-hour phase advance in core body tempera-
ture. By contrast, the same meal served at night (9.00 pm) had no 

effect on body temperature, although it did shorten or attenuate 
the melatonin rhythm.186 It is not clear whether this was the result 
of the carbohydrate content or energy content of the meal and 
whether similar macronutrients would have similar effects. The 
time in which dietary fat is consumed has also been suggested 
to influence cardiometabolic health. In rodents, a HFD consumed 
at the end of the active phase resulted in significant weight gain, 
increased adiposity, hyperinsulinaemia and hyperleptinemia, rela-
tive to a HFD consumed at the start of the active phase.187 The 
order of carbohydrate and fat intake throughout a day may also 
impact on endocrine signals. In humans, starting the day with a 
high carbohydrate diet and finishing with a HFD led to higher daily 
leptin levels compared to starting the day with high fat and finish-
ing with high carbohydrate. However, these results need to be 
advocated.188

Many sleep and circadian behaviours have been established to 
be trait like and reproducible within individuals, including responses 
to sleep deprivation, hormonal responses to awakening,189 awaken-
ings in response to environmental stimuli,190 weight gain, increased 
EI, late-night eating and fat intake in response to insufficient sleep,191 
and phase shifting responses to caffeine or light.192 Research has ob-
served that specific genotypes predispose individuals to developing 
more negative responses to circadian disruptive behaviours. Carriers 
of specific genetic variants in the circadian gene CLOCK (rs3749474, 
rs1801260, rs4580704), as well as carriers of a common variant in 
Melatonin Receptor 1B gene, are more likely to be obese, have greater 
difficulties in regulating body weight, display worse dietary weight loss 
treatment outcomes and show greater impairments in glucose regu-
lation with late meals.193-197 This emphasises the need to consider in-
dividual responses to meal timing and circadian desynchrony and to 
focus on methods that will identify those most at risk of negative health 
consequences. This advocates a precision nutrition approach that cur-
rent studies and healthcare models do not yet address. Furthermore, 
the effects of chronodisruption from late feeding may be a second-
ary effect of poor quantity and quality of sleep. Sleep loss can induce 
hypercortisolemia, elevated C-reactive protein, increased secretion of 
pro-inflammatory cytokines,198-200 and reduced circulating levels or 
leptin and increase ghrelin.201,202 In addition, the central and periph-
eral administration of certain neuropeptides (including insulin, CCK, 
ghrelin and leptin) can impact on the timing and quality of sleep.203,204 
Thus, food at night may increase circulating appetite-related hormones 
in the evening, subsequently impacting on sleep. This, in turn, could 
result in increased inflammation and circulating neuroendocrine hor-
mones, which drive appetite and reduce EE.

7  | CONCLUSIONS

The evidence regarding the capacity of meal timing to cause circa-
dian disruption, altered EB, and subsequent weight gain and meta-
bolic disorders in human studies is inconclusive. Current findings 
suggest that differential mealtime can alter the excretion of many 
energy-regulating endocrine hormones through altering their 
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temporal phase and amplitude or by suppression of entire rhythms. 
Theoretically, this could contribute to desynchrony between syn-
ergistic hormones and their receptors, leading to reduced signal-
ling and apparent hormone resistance. Presently, however, there is 
minimal evidence that these alterations in endocrine signalling are 
directly linked to any alteration in EE in human studies. Small re-
ductions in TEF that have been reported with later meals appear to 
be balanced out by the redistribution of EE and no differences in 
total daily EE. There is no clear evidence of any effect of mealtime 
induced circadian disruption on EE in humans. However, the techni-
cal assessment of EE in humans is challenging and a lack of sensitive 
measures, changes in habits under laboratory and research settings, 
and individual human phenotypes contribute to the challenges in 
measuring such small effects. Despite this, some studies have re-
ported greater weight loss with earlier eating and TRF protocols. 
Further well controlled research is necessary that aims to under-
stand whether meal timing (and the extent of mealtime differences) 
causes changes in mechanisms regulating EI and/or EE and whether 
there is further interplay between mealtime, macronutrient intake 
and specific populations.

ACKNOWLEDG EMENTS
This paper is linked to the UK Clock Club meeting discussion on 14 
January 2019 for which we gratefully acknowledge funding support 
from the Journal of Neuroendocrinology. The authors of this paper 
have funding from a MRC grant (MR/P012205/1 The Big Breakfast 
study). The Rowett Institute, University of Aberdeen receives fund-
ing from the Scottish Government Rural and Environment Science 
and Analytical Service Division (RESAS).

CONFLIC T OF INTERE S TS
The authors declare that they have no conflicts of interest.

DATA AVAIL ABILIT Y
Data sharing is not applicable to this article because no new data 
were created or analysed in this review.

PEER RE VIE W
The peer review history for this article is available at https://publo​
ns.com/publo​n/10.1111/jne.12886.

ORCID
Leonie C. Ruddick-Collins   https://orcid.org/0000-0001-6828-495X 

R E FE R E N C E S
	 1.	 Edery I. Circadian rhythms in a nutshell. Physiol Genomics. 

2000;3:59-74.
	 2.	 Takahashi JS, Hong H, Ko CH, McDearmon EL. The genetics of 

mammalian circadian order and disorder: implications for physiol-
ogy and disease. Nat Rev Genet. 2008;9:764–755. 

	 3.	 Ko CH, Takahashi JS. Molecular components of the mammalian 
circadian clock. Hum Mol Genet. 2006;15(suppl_2):R271-R277.

	 4.	 Partch CL, Green CB, Takahashi JS. Molecular architecture of the 
mammalian circadian clock. Trends Cell Biol. 2014;24:90-99.

	 5.	 Bailey SM, Udoh US, Young ME. Circadian regulation of metabo-
lism. J Endocrinol. 2014;222:R75-R96.

	 6.	 Gamble KL, Berry R, Frank SJ, Young ME. Circadian clock control 
of endocrine factors. Nat Rev Endocrinol. 2014;10:466–475. 

	 7.	 Mistlberger RE, Skene DJ. Nonphotic entrainment in humans? J 
Biol Rhythms. 2005;20:339-352.

	 8.	 Hughes AT, Piggins HD. Feedback actions of locomotor activity to 
the circadian clock In: Prog Brain Res. 2012;199:305-336.

	 9.	 Damiola F, Le Minh N, Preitner N, Kornmann B, Fleury-Olela F, 
Schibler U. Restricted feeding uncouples circadian oscillators in 
peripheral tissues from the central pacemaker in the suprachias-
matic nucleus. Genes Dev. 2000;14:2950-2961.

	 10.	 Kohsaka A, Laposky AD, Ramsey KM, et al. High-fat diet disrupts 
behavioral and molecular circadian rhythms in mice. Cell Metab. 
2007;6:414-421.

	 11.	 Bray MS, Ratcliffe WF, Grenett MH, Brewer RA, Gamble KL, Young 
ME. Quantitative analysis of light-phase restricted feeding reveals 
metabolic dyssynchrony in mice. Int J Obes. 2013;37:843–852. 

	 12.	 Nakahata Y, Sahar S, Astarita G, Kaluzova M, Sassone-Corsi P. 
Circadian control of the NAD salvage pathway by CLOCK-SIRT1. 
Science. 2009;324:654-657.

	 13.	 Ramsey KM, Yoshino J, Brace CS, et al. Circadian clock feedback 
cycle through NAMPT-mediated NAD biosynthesis. Science. 
2009;324:651-654.

	 14.	 Spengler CM, Czeisler CA, Shea SA. An endogenous circa-
dian rhythm of respiratory control in humans. J Physiol (Lond). 
2000;526:683-694.

	 15.	 Zitting K, Vujovic N, Yuan RK, et al. Human resting energy expen-
diture varies with circadian phase. Curr Biol. 2018;28:3685-3690.

	 16.	 Romon M, Edme JL, Boulenguez C, Lescroart JL, Frimat P. 
Circadian variation of diet-induced thermogenesis. Am J Clin Nutr. 
1993;57:476-480.

	 17.	 Morris CJ, Purvis TE, Hu K, Scheer FA. Circadian misalignment 
increases cardiovascular disease risk factors in humans. Proc Natl 
Acad Sci U S A. 2016;113:E1402-E1411.

	 18.	 Morris CJ, Garcia JI, Myers S, Yang JN, Trienekens N, Scheer FA. 
The human circadian system has a dominating role in causing 
the morning/evening difference in diet-induced thermogenesis. 
Obesity. 2015;23:2053-2058.

	 19.	 Bo S, Fadda M, Castiglione A, et al. Is the timing of caloric intake associ-
ated with variation in diet-induced thermogenesis and in the metabolic 
pattern? A randomized cross-over study. Int J Obes. 2015;39:1689-1695.

	 20.	 Van Cauter E, Désir D, Decoster C, Fery F, Balasse E. Nocturnal 
decrease in glucose tolerance during constant glucose infusion. J 
Clin Endocrinol Metab. 1989;69:604-611.

	 21.	 Van Cauter E, Shapiro ET, Tillil H, Polonsky KS. Circadian modu-
lation of glucose and insulin responses to meals: relationship to 
cortisol rhythm. Am J Physiol. 1992;262:E467-E475.

	 22.	 Ravussin E, Acheson KJ, Vernet O, Danforth E, Jequier E. Evidence 
that insulin resistance is responsible for the decreased thermic ef-
fect of glucose in human obesity. J Clin Invest. 1985;76:1268-1273.

	 23.	 Doi R, Oishi K, Ishida N. CLOCK regulates circadian rhythms of 
hepatic glycogen synthesis through transcriptional activation of 
Gys2. J Biol Chem. 2010;285:22114-22121.

	 24.	 Pessacq MT, Gagliardino JJ. Glycogen metabolism in muscle: its cir-
cadian and seasonal variations. Metab Clin Exp. 1975;24:737-743.

	 25.	 Segal KR, Albu J, Chun A, Edano A, Legaspi B, Xavier P-S. 
Independent effects of obesity and insulin resistance on postpran-
dial thermogenesis in men. J Clin Invest. 1992;89:824-833.

	 26.	 Asher G, Gatfield D, Stratmann M, et al. SIRT1 regulates circa-
dian clock gene expression through PER2 deacetylation. Cell. 
2008;134:317-328.

	 27.	 Nakahata Y, Kaluzova M, Grimaldi B, et al. The NAD -dependent 
deacetylase SIRT1 modulates CLOCK-mediated chromatin remod-
eling and circadian control. Cell. 2008;134:329-340.

https://publons.com/publon/10.1111/jne.12886
https://publons.com/publon/10.1111/jne.12886
https://orcid.org/0000-0001-6828-495X
https://orcid.org/0000-0001-6828-495X


14 of 18  |     RUDDICK-COLLINS et al.

	 28.	 Strader AD, Woods SC. Gastrointestinal hormones and food in-
take. Gastroenterology. 2005;128:175-191.

	 29.	 Tsang AH, Astiz M, Friedrichs M, Oster H. Endocrine regulation of 
circadian physiology. J Endocrinol. 2016;230:R1-R11.

	 30.	 Landgraf D, Tsang AH, Leliavski A, et al. Oxyntomodulin regulates 
resetting of the liver circadian clock by food. Elife. 2015;4:e06253.

	 31.	 Tahara Y, Otsuka M, Fuse Y, Hirao A, Shibata S. Refeeding after 
fasting elicits insulin-dependent regulation of Per2 and Rev-erbα 
with shifts in the liver clock. J Biol Rhythms. 2011;26:230-240.

	 32.	 Yamajuku D, Inagaki T, Haruma T, et al. Real-time monitoring in 
three-dimensional hepatocytes reveals that insulin acts as a syn-
chronizer for liver clock. Sci Rep. 2012;2:439.

	 33.	 Sun X, Dang F, Zhang D, et al. Glucagon-CREB/CRTC2 sig-
naling cascade regulates hepatic BMAL1 protein. J Biol Chem. 
2015;290:2189-2197.

	 34.	 Frazier K, Chang E. Intersection of the gut microbiome and circadian 
rhythms in metabolism. Trends Endocrinol Metab. 2020;31:25-36.

	 35.	 de Goede P, Sen S, Oosterman JE, et al. Differential effects of 
diet composition and timing of feeding behavior on rat brown ad-
ipose tissue and skeletal muscle peripheral clocks. Neurobiol Sleep 
Circadian Rhythms. 2018;4:24-33.

	 36.	 Wehrens SM, Christou S, Isherwood C, et al. Meal timing regulates 
the human circadian system. Curr Biol. 2017;27:1768-1775.

	 37.	 Hatori M, Vollmers C, Zarrinpar A, et al. Time-restricted feeding 
without reducing caloric intake prevents metabolic diseases in 
mice fed a high-fat diet. Cell Metab. 2012;15:848-860.

	 38.	 Laermans J, Depoortere I. Chronobesity: role of the circadian sys-
tem in the obesity epidemic. Obes Rev. 2016;17:108-125.

	 39.	 Sun M, Feng W, Wang F, et al. Meta-analysis on shift work and 
risks of specific obesity types. Obes Rev. 2018;19:28-40.

	 40.	 Ramin C, Devore EE, Wang W, Pierre-Paul J, Wegrzyn LR, 
Schernhammer ES. Night shift work at specific age ranges and 
chronic disease risk factors. Occup Environ Med. 2015;72:100-107.

	 41.	 Peplonska B, Bukowska A, Sobala W. Association of rotating night 
shift work with BMI and abdominal obesity among nurses and mid-
wives. PLoS One. 2015;10:e0133761.

	 42.	 Kim M, Son K, Park H, et al. Association between shift work and 
obesity among female nurses: Korean Nurses' Survey. BMC Public 
Health. 2013;13:1204.

	 43.	 Marquezea EC, Lemosa LC, Soaresa N, Lorenzi-Filhob G, Morenoa 
CR. Weight gain in relation to night work among nurses. Work. 
2012;41(Supplement 1):2043-2048.

	 44.	 Archer SN, Laing EE, Moller-Levet CS, et al. Mistimed sleep dis-
rupts circadian regulation of the human transcriptome. Proc Natl 
Acad Sci U S A. 2014;111:E682-E691.

	 45.	 Kervezee L, Cuesta M, Cermakian N, Boivin DB. Simulated night 
shift work induces circadian misalignment of the human peripheral 
blood mononuclear cell transcriptome. Proc Natl Acad Sci U S A. 
2018;115:5540-5545.

	 46.	 Husse J, Kiehn J, Barclay JL, et al. Tissue-specific dissociation of di-
urnal transcriptome rhythms during sleep restriction in mice. Sleep. 
2017;40:zsx068.

	 47.	 Barclay JL, Husse J, Bode B, et al. Circadian desynchrony promotes 
metabolic disruption in a mouse model of shiftwork. PLoS One. 
2012;7:e37150.

	 48.	 Arble DM, Bass J, Laposky AD, Vitaterna MH, Turek FW. 
Circadian timing of food intake contributes to weight gain. Obesity. 
2009;17:2100-2102.

	 49.	 Salgado-Delgado R, Angeles-Castellanos M, Saderi N, Buijs RM, 
Escobar C. Food intake during the normal activity phase prevents 
obesity and circadian desynchrony in a rat model of night work. 
Endocrinology. 2010;151:1019-1029.

	 50.	 Fonken LK, Workman JL, Walton JC, et al. Light at night increases 
body mass by shifting the time of food intake. Proc Natl Acad Sci U 
S A. 2010;107:18664-18669.

	 51.	 Coomans CP, van den Berg SAA, Houben T, et al. Detrimental effects 
of constant light exposure and high-fat diet on circadian energy me-
tabolism and insulin sensitivity. FASEB J. 2013;27:1721-1732.

	 52.	 Borniger JC, Maurya SK, Periasamy M, Nelson RJ. Acute dim 
light at night increases body mass, alters metabolism, and 
shifts core body temperature circadian rhythms. Chronobiol Int. 
2014;31:917-925.

	 53.	 Reznick J, Preston E, Wilks DL, Beale SM, Turner N, Cooney GJ. 
Altered feeding differentially regulates circadian rhythms and en-
ergy metabolism in liver and muscle of rats. Biochim Biophys Acta 
(BBA) - Mol Basis Dis. 2013;1832:228-238.

	 54.	 Shamsi NA, Salkeld MD, Rattanatray L, et al. Metabolic conse-
quences of timed feeding in mice. Physiol Behav. 2014;128:188-201.

	 55.	 Dauchy RT, Dauchy EM, Tirrell RP, et al. Dark-phase light contami-
nation disrupts circadian rhythms in plasma measures of endocrine 
physiology and metabolism in rats. Comp Med. 2010;60:348-356.

	 56.	 Gale JE, Cox HI, Qian J, Block GD, Colwell CS, Matveyenko AV. 
Disruption of circadian rhythms accelerates development of di-
abetes through pancreatic beta-cell loss and dysfunction. J Biol 
Rhythms. 2011;26:423-433.

	 57.	 Yoon J, Han D, Noh J, et al. Meal time shift disturbs circadian 
rhythmicity along with metabolic and behavioral alterations in 
mice. PLoS One. 2012;7:e44053.

	 58.	 Oyama Y, Iwasaka H, Koga H, Shingu C, Matsumoto S, Noguchi 
T. Uncoupling of peripheral and master clock gene rhythms by 
reversed feeding leads to an exacerbated inflammatory response 
after polymicrobial sepsis in mice. Shock. 2014;41:214-221.

	 59.	 Scheer FA, Hilton MF, Mantzoros CS, Shea SA. Adverse metabolic 
and cardiovascular consequences of circadian misalignment. Proc 
Natl Acad Sci U S A. 2009;106:4453-4458.

	 60.	 Gonnissen HK, Rutters F, Mazuy C, Martens EA, Adam TC, 
Westerterp-Plantenga MS. Effect of a phase advance and phase 
delay of the 24-h cycle on energy metabolism, appetite, and re-
lated hormones. Am J Clin Nutr. 2012;96:689-697.

	 61.	 Buxton OM, Cain SW, O'Connor SP, et al. Adverse metabolic con-
sequences in humans of prolonged sleep restriction combined 
with circadian disruption. Sci Transl Med. 2012;4:129ra43.

	 62.	 Leproult R, Holmback U, Van Cauter E. Circadian misalignment 
augments markers of insulin resistance and inflammation, inde-
pendently of sleep loss. Diabetes. 2014;63:1860-1869.

	 63.	 Hetherington M. Individual differences in the drive to overeat. 
Nutr Bull. 2007;32:14-21.

	 64.	 McHill AW, Melanson EL, Higgins J, et al. Impact of circadian mis-
alignment on energy metabolism during simulated nightshift work. 
Proc Natl Acad Sci U S A. 2014;111:17302-17307.

	 65.	 Qian J, Morris CJ, Caputo R, Wang W, Garaulet M, Scheer FAJL. 
Sex differences in the circadian misalignment effects on energy 
regulation. Proc Natl Acad Sci U S A. 2019;116:23806-23812.

	 66.	 Wefers J, van Moorsel D, Hansen J, et al. Circadian misalignment 
induces fatty acid metabolism gene profiles and compromises in-
sulin sensitivity in human skeletal muscle. Proc Natl Acad Sci U S A. 
2018;115:7789-7794.

	 67.	 Lee SH, Kim EK. Accuracy of predictive equations for resting met-
abolic rates and daily energy expenditures of police officials doing 
shift work by type of work. Clin Nutr Res. 2012;1:66-77.

	 68.	 Roskoden FC, Krüger J, Vogt LJ, et al. Physical activity, en-
ergy expenditure, nutritional habits, quality of sleep and 
stress levels in shift-working health care personnel. PLoS One. 
2017;12:e0169983.

	 69.	 Gupta CC, Coates AM, Dorrian J, Banks S. The factors influencing 
the eating behaviour of shiftworkers: what, when, where and why. 
Ind Health. 2019;57:419-453.

	 70.	 Lowden A, Moreno C, Holmbäck U, Lennernäs M, Tucker P. Eating 
and shift work – effects on habits, metabolism, and performance. 
Scand J Work Environ Health. 2010;36:150-162.



     |  15 of 18RUDDICK-COLLINS et al.

	 71.	 Karlsson B, Knutsson A, Lindahl B. Is there an association between shift 
work and having a metabolic syndrome? Results from a population 
based study of 27,485 people. Occup Environ Med. 2001;58:747-752.

	 72.	 Nagaya T, Yoshida H, Takahashi H, Kawai M. Markers of insulin re-
sistance in day and shift workers aged 30–59 years. Int Arch Occup 
Environ Health. 2002;75:562-568.

	 73.	 Morikawa Y, Nakagawa H, Miura K, et al. Shift work and the risk 
of diabetes mellitus among Japanese male factory workers. Scand 
J Work Environ Health. 2005;31:179-183.

	 74.	 Copertaro A, Bracci M, Barbaresi M, Santarelli L. Assessment of 
cardiovascular risk in shift healthcare workers. Eur J Prev Cardiol. 
2008;15:224-229.

	 75.	 De Bacquer D, Van Risseghem M, Clays E, Kittel F, De Backer G, 
Braeckman L. Rotating shift work and the metabolic syndrome: a 
prospective study. Int J Epidemiol. 2009;38:848-854.

	 76.	 Lin Y, Hsiao T, Chen P. Persistent rotating shift-work exposure 
accelerates development of metabolic syndrome among mid-
dle-aged female employees: a five-year follow-up. Chronobiol Int. 
2009;26:740-755.

	 77.	 Chaix A, Zarrinpar A, Miu P, Panda S. Time-restricted feeding is a 
preventative and therapeutic intervention against diverse nutri-
tional challenges. Cell Metab. 2014;20:991-1005.

	 78.	 Salgado-Delgado RC, Saderi N, del Carmen BM, Guerrero-Vargas 
NN, Escobar C, Buijs RM. Shift work or food intake during the rest 
phase promotes metabolic disruption and desynchrony of liver 
genes in male rats. PLoS One. 2013;8:e60052.

	 79.	 Salgado-Delgado R, Angeles-Castellanos M, Buijs M, Escobar C. 
Internal desynchronization in a model of night-work by forced ac-
tivity in rats. Neuroscience. 2008;154:922-931.

	 80.	 Gill S, Panda S. A smartphone app reveals erratic diurnal eating 
patterns in humans that can be modulated for health benefits. Cell 
Metab. 2015;22:789-798.

	 81.	 Ruddick-Collins L, Johnston J, Morgan P, Johnstone A. The Big 
Breakfast Study: chrono-nutrition influence on energy expendi-
ture and bodyweight. Nutr Bull. 2018;43:174-183.

	 82.	 Wu T, Sun L, ZhuGe F, et al. Differential roles of breakfast and sup-
per in rats of a daily three-meal schedule upon circadian regulation 
and physiology. Chronobiol Int. 2011;28:890-903.

	 83.	 Shimizu H, Hanzawa F, Kim D, et al. Delayed first active-phase 
meal, a breakfast-skipping model, led to increased body weight 
and shifted the circadian oscillation of the hepatic clock and lipid 
metabolism-related genes in rats fed a high-fat diet. PLoS One. 
2018;13:e0206669.

	 84.	 Yoshida C, Shikata N, Seki S, Koyama N, Noguchi Y. Early nocturnal 
meal skipping alters the peripheral clock and increases lipogenesis 
in mice. Nutr Metab. 2012;9:78.

	 85.	 Chowdhury EA, Richardson JD, Holman GD, Tsintzas K, Thompson 
D, Betts JA. The causal role of breakfast in energy balance and 
health: a randomized controlled trial in obese adults. Am J Clin Nutr. 
2016;103:747-756.

	 86.	 Ogata H, Kayaba M, Tanaka Y, et al. Effect of skipping breakfast for 
6 days on energy metabolism and diurnal rhythm of blood glucose 
in young healthy Japanese males. Am J Clin Nutr. 2019;110:41-52.

	 87.	 Kobayashi F, Ogata H, Omi N, et al. Effect of breakfast skipping on 
diurnal variation of energy metabolism and blood glucose. Obes 
Res Clin Pract. 2014;8:e249-e257.

	 88.	 Nas A, Mirza N, Hägele F, et al. Impact of breakfast skipping com-
pared with dinner skipping on regulation of energy balance and 
metabolic risk. Am J Clin Nutr. 2017;105:1351-1361.

	 89.	 Garaulet M, Gómez-Abellán P, Alburquerque-Béjar JJ, Lee Y, 
Ordovás JM, Scheer FA. Timing of food intake predicts weight loss 
effectiveness. Int J Obes. 2013;37:604-611.

	 90.	 Jakubowicz D, Barnea M, Wainstein J, Froy O. High caloric intake 
at breakfast vs. dinner differentially influences weight loss of over-
weight and obese women. Obesity. 2013;21:2504-2512.

	 91.	 Lombardo M, Bellia A, Padua E, et al. Morning meal more effi-
cient for fat loss in a 3-month lifestyle intervention. J Am Coll Nutr. 
2014;33:198-205.

	 92.	 Versteeg R, Ackermans M, Nederveen A, Fliers E, Serlie M, La 
Fleur S. Meal timing effects on insulin sensitivity and intrahepatic 
triglycerides during weight loss. Int J Obes. 2018;42:156-162.

	 93.	 LeCheminant JD, Christenson E, Bailey BW, Tucker LA. Restricting 
night-time eating reduces daily energy intake in healthy young men: 
a short-term cross-over study. Br J Nutr. 2013;110:2108-2113.

	 94.	 Tinsley GM, Forsse JS, Butler NK, et al. Time-restricted feeding 
in young men performing resistance training: a randomized con-
trolled trial. Eur J Sport Sci. 2017;17:200-207.

	 95.	 Gabel K, Hoddy KK, Haggerty N, et al. Effects of 8-hour time 
restricted feeding on body weight and metabolic disease 
risk factors in obese adults: a pilot study. Nutr Healthy Aging. 
2018;4:345-353.

	 96.	 Antoni R, Robertson TM, Robertson MD, Johnston JD. A pilot fea-
sibility study exploring the effects of a moderate time-restricted 
feeding intervention on energy intake, adiposity and metabolic 
physiology in free-living human subjects. J. Nutr. Sci. 2018;7(e22): 
https://doi.org/10.1017/jns.2018.13

	 97.	 Wilkinson MJ, Manoogian EN, Zadourian A, et al. Ten-hour 
time-restricted eating reduces weight, blood pressure, and ath-
erogenic lipids in patients with metabolic syndrome. Cell Metab. 
2020;31:92-104.

	 98.	 Sutton EF, Beyl R, Early KS, Cefalu WT, Ravussin E, Peterson CM. 
Early time-restricted feeding improves insulin sensitivity, blood 
pressure, and oxidative stress even without weight loss in men 
with prediabetes. Cell Metab. 2018;27:1212-1221.

	 99.	 Hutchison AT, Regmi P, Manoogian EN, et al. Time-restricted feed-
ing improves glucose tolerance in men at risk for type 2 diabetes: a 
randomized crossover trial. Obesity. 2019;27:724-732.

	100.	 Ravussin E, Beyl RA, Poggiogalle E, Hsia DS, Peterson CM. Early 
time-restricted feeding reduces appetite and increases fat oxida-
tion but does not affect energy expenditure in humans. Obesity. 
2019;27:1244-1254.

	101.	 Sundaram S, Yan L. Time-restricted feeding reduces adiposity in 
mice fed a high-fat diet. Nutr Res. 2016;36:603-611.

	102.	 Kelly KP, McGuinness OP, Buchowski M, et al. Eating breakfast 
and avoiding late-evening snacking sustains lipid oxidation. PLoS 
Biol. 2020;18:e3000622.

	103.	 Roelfsema F, Pijl H. Phase difference between serum prolactin and 
cortisol rhythms is related to body mass index in humans. J Clin 
Endocrinol Metab. 2012;97:E2293-E2296.

	104.	 Meier AH, Cincotta AH. Circadian rhythms regulate the expression 
of the thrifty genotype/phenotype. Diab Rev. 1996;4:464-487.

	105.	 Cincotta AH, Schiller BC, Landry RJ, Herbert SJ, Miers WR, Meier 
AH. Circadian neuroendocrine role in age-related changes in body 
fat stores and insulin sensitivity of the male Sprague-Dawley rat. 
Chronobiol Int. 1993;10:244-258.

	106.	 Cincotta A, Wilson J, DeSouza C, Meier A. Properly timed injec-
tions of cortisol and prolactin produce long-term reductions in 
obesity, hyperinsulinaemia and insulin resistance in the Syrian 
hamster (Mesocricetus auratus). J Endocrinol. 1989;120:385-391.

	107.	 Challet E. Keeping circadian time with hormones. Diabetes Obes 
Metab. 2015;17:76-83.

	108.	 Owino S, Buonfiglio DDC, Tchio C, Tosini G. Melatonin signaling 
a key regulator of glucose homeostasis and energy metabolism. 
Front Endocrinol. 2019;10:488.

	109.	 Liu K, Yu W, Wei W, et al. Melatonin reduces intramuscular fat 
deposition by promoting lipolysis and increasing mitochondrial 
function. J Lipid Res. 2019;60:767-782.

	110.	 Buonfiglio D, Parthimos R, Dantas R, et al. Melatonin absence 
leads to long-term leptin resistance and overweight in rats. Front 
Endocrinol. 2018;9:122.

https://doi.org/10.1017/jns.2018.13


16 of 18  |     RUDDICK-COLLINS et al.

	111.	 Fischer C, Mueller T, Pfeffer M, Wicht H, von Gall C, Korf HW. 
Melatonin receptor 1 deficiency affects feeding dynamics and 
pro-opiomelanocortin expression in the arcuate nucleus and pitu-
itary of mice. Neuroendocrinology. 2017;105:35-43.

	112.	 Chakir I, Dumont S, Pévet P, Ouarour A, Challet E, Vuillez P. Pineal 
melatonin is a circadian time-giver for leptin rhythm in Syrian ham-
sters. Front Neurosci. 2015;9:190.

	113.	 Gündüz B. Daily rhythm in serum melatonin and leptin levels in the 
Syrian hamster (Mesocricetus auratus). Comp Biochem Physiol Part A 
Mol Integr Physiol. 2002;132:393-401.

	114.	 Peschke E, Peschke D. Evidence for a circadian rhythm of insu-
lin release from perifused rat pancreatic islets. Diabetologia. 
1998;41:1085-1092.

	115.	 Rose AJ, Vegiopoulos A, Herzig S. Role of glucocorticoids and the 
glucocorticoid receptor in metabolism: insights from genetic ma-
nipulations. J Steroid Biochem Mol Biol. 2010;122:10-20.

	116.	 Dinneen S, Alzaid A, Miles J, Rizza R. Metabolic effects of the 
nocturnal rise in cortisol on carbohydrate metabolism in normal 
humans. J Clin Invest. 1993;92:2283-2290.

	117.	 Dallman MF, Strack AM, Akana SF, et al. Feast and famine: criti-
cal role of glucocorticoids with insulin in daily energy flow. Front 
Neuroendocrinol. 1993;14:303-347.

	118.	 Dickmeis T. Glucocorticoids and the circadian clock. J Endocrinol. 
2009;200:3–22. 

	119.	 Späth-Schwalbe E, Gofferje M, Kern W, Born J, Fehm H. Sleep dis-
ruption alters nocturnal ACTH and cortisol secretory patterns. Biol 
Psychiatry. 1991;29:575-584.

	120.	 Van Cauter E, Refetoff S. Multifactorial control of the 24-hour 
secretory profiles of pituitary hormones. J Endocrinol Invest. 
1985;8:381-391.

	121.	 Weibel L, Follenius M, Spiegel K, Ehrhart J, Brandenberger G. 
Comparative effect of night and daytime sleep on the 24-hour 
cortisol secretory profile. Sleep. 1995;18:549-556.

	122.	 Oster H, Challet E, Ott V, et al. The functional and clinical signifi-
cance of the 24-hour rhythm of circulating glucocorticoids. Endocr 
Rev. 2016;38:3-45.

	123.	 Pinkhasov B, Selyatinskaya V, Astrakhantseva E, Anufrienko E. 
Circadian rhythms of carbohydrate metabolism in women with 
different types of obesity. Bull Exp Biol Med. 2016;161:323-326.

	124.	 Lee A, Ader M, Bray GA, Bergman RN. Diurnal variation in glu-
cose tolerance. Cyclic suppression of insulin action and insulin 
secretion in normal-weight, but not obese, subjects. Diabetes. 
1992;41:750-759.

	125.	 Jarrett RJ, Keen H. Further observations on the diurnal variation in 
oral glucose tolerance. Br Med J. 1970;4:334-337.

	126.	 Röder PV, Wu B, Liu Y, Han W. Pancreatic regulation of glucose 
homeostasis. Exp Mol Med. 2016;48:e219.

	127.	 Dimitriadis G, Mitrou P, Lambadiari V, Maratou E, Raptis SA. 
Insulin effects in muscle and adipose tissue. Diabetes Res Clin Pract. 
2011;93:S52-S59.

	128.	 Morris CJ, Yang JN, Garcia JI, et al. Endogenous circadian sys-
tem and circadian misalignment impact glucose tolerance 
via separate mechanisms in humans. Proc Natl Acad Sci U S A. 
2015;112:E2225-E2234.

	129.	 Saad A, Dalla Man C, Nandy DK, et al. Diurnal pattern to insu-
lin secretion and insulin action in healthy individuals. Diabetes. 
2012;61:2691-2700.

	130.	 Schwartz MW, Woods SC, Porte D, Seeley RJ, Baskin DG. 
Central nervous system control of food intake. Nature. 
2000;404:661-671.

	131.	 Calles-Escandon J, Jaspan J, Robbins DC. Postprandial oscillatory 
patterns of blood glucose and insulin in NIDDM. Abnormal diurnal 
insulin secretion patterns and glucose homeostasis independent 
of obesity. Diabetes Care. 1989;12:709-714.

	132.	 Walsh C, Wright A. Diurnal patterns of oral glucose tolerance in 
diabetics. Postgrad Med J. 1975;51:169-172.

	133.	 Schoeller DA, Cella LK, Sinha MK, Caro JF. Entrainment of the 
diurnal rhythm of plasma leptin to meal timing. J Clin Invest. 
1997;100:1882-1887.

	134.	 Saad MF, Riad-Gabriel MG, Khan A, et al. Diurnal and ultradian 
rhythmicity of plasma leptin: effects of gender and adiposity. J Clin 
Endocrinol Metab. 1998;83:453-459.

	135.	 Heptulla R, Smitten A, Teague B, Tamborlane WV, Ma Y, Caprio S. 
Temporal patterns of circulating leptin levels in lean and obese ad-
olescents: relationships to insulin, growth hormone, and free fatty 
acids rhythmicity. J Clin Endocrinol Metab. 2001;86:90-96.

	136.	 Havel PJ, Townsend R, Chaump L, Teff K. High-fat meals re-
duce 24-h circulating leptin concentrations in women. Diabetes. 
1999;48:334-341.

	137.	 Mechanick JI, Zhao S, Garvey WT. Leptin, an adipokine with 
central importance in the global obesity problem. Global Heart. 
2018;13:113-127.

	138.	 Hollenberg AN, Susulic VS, Madura JP, et al. Functional antagonism 
between CCAAT/Enhancer binding protein-alpha and peroxisome 
proliferator-activated receptor-gamma on the leptin promoter. J 
Biol Chem. 1997;272:5283-5290.

	139.	 Hwang CS, Mandrup S, MacDougald OA, Geiman DE, Lane 
MD. Transcriptional activation of the mouse obese (ob) gene by 
CCAAT/enhancer binding protein alpha. Proc Natl Acad Sci U S A. 
1996;93:873-877.

	140.	 Dardeno TA, Chou SH, Moon H, Chamberland JP, Fiorenza CG, 
Mantzoros CS. Leptin in human physiology and therapeutics. Front 
Neuroendocrinol. 2010;31:377-393.

	141.	 Mullington J, Chan J, Van Dongen H, et al. Sleep loss reduces diur-
nal rhythm amplitude of leptin in healthy men. J Neuroendocrinol. 
2003;15:851-854.

	142.	 Simon C, Gronfier C, Schlienger J, Brandenberger G. Circadian and 
ultradian variations of leptin in normal man under continuous en-
teral nutrition: relationship to sleep and body temperature. J Clin 
Endocrinol Metab. 1998;83:1893-1899.

	143.	 Bodosi B, Gardi J, Hajdu I, Szentirmai E, Obal F Jr, Krueger J. 
Rhythms of ghrelin, leptin, and sleep in rats: effects of the nor-
mal diurnal cycle, restricted feeding, and sleep deprivation. Am J 
Physiol Regul Integr Comp Physiol. 2004;287:R1071-R1079.

	144.	 Kettner NM, Mayo SA, Hua J, Lee C, Moore DD, Fu L. Circadian 
dysfunction induces leptin resistance in mice. Cell Metab. 
2015;22:448-459.

	145.	 Toshinai K, Date Y, Murakami N, et al. Ghrelin-induced food intake is 
mediated via the orexin pathway. Endocrinology. 2003;144:1506-1512.

	146.	 Kamegai J, Tamura H, Shimizu T, Ishii S, Sugihara H, Wakabayashi 
I. Chronic central infusion of ghrelin increases hypothalamic neu-
ropeptide Y and Agouti-related protein mRNA levels and body 
weight in rats. Diabetes. 2001;50:2438-2443.

	147.	 Mihalache L, Gherasim A, Niţă O, et al. Effects of ghrelin in 
energy balance and body weight homeostasis. Hormones. 
2016;15:186-196.

	148.	 Sun Y. Ghrelin receptor controls obesity by fat burning. Oncotarget. 
2015;6:6470-6471.

	149.	 Tsubone T, Masaki T, Katsuragi I, Tanaka K, Kakuma T, Yoshimatsu 
H. Ghrelin regulates adiposity in white adipose tissue and UCP1 
mRNA expression in brown adipose tissue in mice. Regul Pept. 
2005;130:97-103.

	150.	 Yasuda T, Masaki T, Kakuma T, Yoshimatsu H. Centrally adminis-
tered ghrelin suppresses sympathetic nerve activity in brown adi-
pose tissue of rats. Neurosci Lett. 2003;349:75-78.

	151.	 Cummings DE, Purnell JQ, Frayo RS, Schmidova K, Wisse BE, 
Weigle DS. A preprandial rise in plasma ghrelin levels suggests a 
role in meal initiation in humans. Diabetes. 2001;50:1714-1719.



     |  17 of 18RUDDICK-COLLINS et al.

	152.	 Tschöp M, Wawarta R, Riepl R, et al. Post-prandial de-
crease of circulating human ghrelin levels. J Endocrinol Invest. 
2001;24:RC19-RC21.

	153.	 Natalucci G, Riedl S, Gleiss A, Zidek T, Frisch H. Spontaneous 24-h 
ghrelin secretion pattern in fasting subjects: maintenance of a 
meal-related pattern. Eur J Endocrinol. 2005;152:845-850.

	154.	 Qian J, Morris CJ, Caputo R, Garaulet M, Scheer FA. Ghrelin is im-
pacted by the endogenous circadian system and by circadian mis-
alignment in humans. Int J Obes. 2019;43:1644-1649.

	155.	 Ariyasu H, Takaya K, Tagami T, et al. Stomach is a major source of 
circulating ghrelin, and feeding state determines plasma ghrelin-
like immunoreactivity levels in humans. J Clin Endocrinol Metab. 
2001;86:4753-4758.

	156.	 Wren AM, Bloom SR. Gut hormones and appetite control. 
Gastroenterology. 2007;132:2116-2130.

	157.	 Gil-Lozano M, Hunter PM, Behan L, Gladanac B, Casper RF, 
Brubaker PL. Short-term sleep deprivation with nocturnal light 
exposure alters time-dependent glucagon-like peptide-1 and in-
sulin secretion in male volunteers. Am J Physiol Endocrinol Metab. 
2016;310:E41-E50.

	158.	 Takahashi M, Ozaki M, Kang M, et al. Effects of meal timing on 
postprandial glucose metabolism and blood metabolites in healthy 
adults. Nutrients. 2018;10:1763.

	159.	 Pasley J, Rayford P. Effects of dietary protein alterations on cir-
cadian rhythms of gastrointestinal peptides in rats. Dig Dis Sci. 
1990;35:1265-1270.

	160.	 Galsgaard KD, Pedersen J, Knop FK, Holst JJ, Wewer Albrechtsen 
NJ. Glucagon receptor signaling and lipid metabolism. Front Physiol. 
2019;10: https://doi.org/10.3389/fphys.2019.00413.

	161.	 Rix I, Nexoe-Larsen C, Bergmann NC, Lund A, Knop FK. Glucagon 
physiology. In: Feingold KR, Anawalt B, Boyce A, Chrousos G, 
Dungan K, Grossman A, Hershman JM, Kaltsas G, Koch C, Kopp 
P, Korbonits M, McLachlan R, Morley JE, New M, Perreault L, 
Purnell J, Rebar R, Singer F, Trence DL, Vinik A, Wilson DP, edi-
tors. Endotext [Internet]. South Dartmouth, MA: MDText.com, Inc; 
2000.

	162.	 Petrenko V, Saini C, Giovannoni L, et al. Pancreatic alpha- and 
beta-cellular clocks have distinct molecular properties and im-
pact on islet hormone secretion and gene expression. Genes Dev. 
2017;31:383-398.

	163.	 Petrenko V, Gandasi NR, Sage D, Tengholm A, Barg S, Dibner C. In 
pancreatic islets from type 2 diabetes patients, the dampened cir-
cadian oscillators lead to reduced insulin and glucagon exocytosis. 
Proc Natl Acad Sci U S A. 2020;117:2484-2495.

	164.	 Boucsein A, Rizwan MZ, Tups A. Hypothalamic leptin sensitivity 
and health benefits of time-restricted feeding are dependent on 
the time of day in male mice. FASEB J. 2019;33:12175-12187.

	165.	 Skinner NJ, Rizwan MZ, Grattan DR, Tups A. Chronic light 
cycle disruption alters central insulin and leptin signaling 
as well as metabolic markers in male mice. Endocrinology. 
2019;160:2257-2270.

	166.	 Allison KC, Lundgren JD, O'Reardon JP, et al. Proposed diagnostic 
criteria for night eating syndrome. Int J Eat Disord. 2010;43:241-247.

	167.	 Birketvedt GS, Geliebter A, Florholmen J, Gluck ME. 
Neuroendocrine profile in the night eating syndrome. Curr Obes 
Rep. 2014;3:114-119.

	168.	 Goel N, Stunkard AJ, Rogers NL, et al. Circadian rhythm profiles in 
women with night eating syndrome. J Biol Rhythms. 2009;24:85-94.

	169.	 McHill AW, Phillips AJ, Czeisler CA, et al. Later circadian timing of 
food intake is associated with increased body fat. Am J Clin Nutr. 
2017;106:1213-1219.

	170.	 Bahrami-Nejad Z, Zhao ML, Tholen S, et al. Transcription factor 
dynamics reveals a circadian code for fat cell differentiation. Cell 
Metab. 2018;27:P854–868. 

	171.	 Roky R, Iraki L, HajKhlifa R, Lakhdar Ghazal N, Hakkou F. Daytime alert-
ness, mood, psychomotor performances, and oral temperature during 
Ramadan intermittent fasting. Ann Nutr Metab. 2000;44:101-107.

	172.	 Roky R, Chapotot F, Hakkou F, Benchekroun MT, Buguet A. Sleep 
during Ramadan intermittent fasting. J Sleep Res. 2001;10:319-327.

	173.	 Bogdan A, Bouchareb B, Touitou Y. Ramadan fasting alters endo-
crine and neuroendocrine circadian patterns. Meal–time as a syn-
chronizer in humans? Life Sci. 2001;68:1607-1615.

	174.	 Bahijri S, Borai A, Ajabnoor G, et al. Relative metabolic stability, 
but disrupted circadian cortisol secretion during the fasting month 
of Ramadan. PLoS One. 2013;8:e60917.

	175.	 Fernando HA, Zibellini J, Harris RA, Seimon RV, Sainsbury A. 
Effect of Ramadan fasting on weight and body composition in 
healthy non-athlete adults: a systematic review and meta-analysis. 
Nutrients. 2019;11:478.

	176.	 Faris M, Jahrami H, Alsibai J, Obaideen A. Impact of Ramadan diur-
nal intermittent fasting on the metabolic syndrome components in 
healthy, non-athletic Muslim people aged over 15 years: a system-
atic review and meta-analysis. Br J Nutr. 2020;123:1-22.

	177.	 Alzoghaibi MA, Pandi-Perumal SR, Sharif MM, BaHammam AS. 
Diurnal intermittent fasting during Ramadan: the effects on leptin 
and ghrelin levels. PLoS One. 2014;9:e92214.

	178.	 Lessan N, Saadane I, Alkaf B, et al. The effects of Ramadan fasting 
on activity and energy expenditure. Am J Clin Nutr. 2018;107:54-61.

	179.	 Chowdhury EA, Richardson JD, Tsintzas K, Thompson D, Betts 
JA. Postprandial metabolism and appetite do not differ between 
lean adults that eat breakfast or morning fast for 6 weeks. J Nutr. 
2018;148:13-21.

	180.	 Farshchi HR, Taylor MA, Macdonald IA. Beneficial metabolic ef-
fects of regular meal frequency on dietary thermogenesis, insulin 
sensitivity, and fasting lipid profiles in healthy obese women. Am J 
Clin Nutr. 2005;81:16-24.

	181.	 Bandin C, Scheer F, Luque A, et al. Meal timing affects glucose 
tolerance, substrate oxidation and circadian-related variables: a 
randomized, crossover trial. Int J Obes. 2015;39:828–833. 

	182.	 Versteeg RI, Schrantee A, Adriaanse SM, et al. Timing of caloric 
intake during weight loss differentially affects striatal dopamine 
transporter and thalamic serotonin transporter binding. FASEB J. 
2017;31:4545-4554.

	183.	 Carlson O, Martin B, Stote KS, et al. Impact of reduced meal fre-
quency without caloric restriction on glucose regulation in healthy, 
normal-weight middle-aged men and women. Metab Clin Exp. 
2007;56:1729-1734.

	184.	 Moro T, Tinsley G, Bianco A, et al. Effects of eight weeks of time-re-
stricted feeding (16/8) on basal metabolism, maximal strength, body 
composition, inflammation, and cardiovascular risk factors in resis-
tance-trained males. J Transl Med. 2016;14:290.

	185.	 Delahaye LB, Bloomer RJ, Butawan MB, et al. Time-restricted 
feeding of a high-fat diet in male C57BL/6 mice reduces adipos-
ity but does not protect against increased systemic inflammation. 
Appl Physiol Nutr Metab. 2018;43:1033-1042.

	186.	 Kräuchi K, Cajochen C, Werth E, Wirz-Justice A. Alteration of inter-
nal circadian phase relationships after morning versus evening car-
bohydrate-rich meals in humans. J Biol Rhythms. 2002;17:364-376.

	187.	 Bray MS, Tsai J, Villegas-Montoya C, et al. Time-of-day-dependent 
dietary fat consumption influences multiple cardiometabolic syn-
drome parameters in mice. Int J Obes. 2010;34:1589-1598.

	188.	 Kessler K, Hornemann S, Petzke KJ, et al. Diurnal distribution of 
carbohydrates and fat affects substrate oxidation and adipokine 
secretion in humans. Am J Clin Nutr. 2018;108:1209-1219.

	189.	 Bright MA, Frick JE, Out D, Granger DA. Individual differences 
in the cortisol and salivary α-amylase awakening responses in 
early childhood: relations to age, sex, and sleep. Dev Psychobiol. 
2014;56:1300-1315.



18 of 18  |     RUDDICK-COLLINS et al.

	190.	 McGuire S, Müller U, Elmenhorst E, Basner M. Inter-individual dif-
ferences in the effects of aircraft noise on sleep fragmentation. 
Sleep. 2016;39:1107-1110.

	191.	 Spaeth AM, Dinges DF, Goel N. Phenotypic vulnerability of en-
ergy balance responses to sleep loss in healthy adults. Sci Rep. 
2015;5:14920.

	192.	 Burke TM, Markwald RR, McHill AW, et al. Effects of caffeine 
on the human circadian clock in vivo and in vitro. Sci Transl Med. 
2015;7:305ra146.

	193.	 Lopez-Minguez J, Saxena R, Bandín C, Scheer FA, Garaulet M. Late 
dinner impairs glucose tolerance in MTNR1B risk allele carriers: a 
randomized, cross-over study. Clin Nutr. 2018;37:1133-1140.

	194.	 Ruiz-Lozano T, Vidal J, De Hollanda A, Canteras M, Garaulet M, 
Izquierdo-Pulido M. Evening chronotype associates with obesity 
in severely obese subjects: interaction with CLOCK 3111T/C. Int J 
Obes. 2016;40:1550-1557.

	195.	 Garaulet M, Sanchez-Moreno C, Smith CE, Lee YC, Nicolas F, 
Ordovas JM. Ghrelin, sleep reduction and evening preference: re-
lationships to CLOCK 3111 T/C SNP and weight loss. PLoS One. 
2011;6:e17435.

	196.	 Garaulet M, Tardido AE, Lee Y, Smith C, Parnell L, Ordovas J. SIRT1 
and CLOCK 3111T> C combined genotype is associated with eve-
ning preference and weight loss resistance in a behavioral therapy 
treatment for obesity. Int J Obes. 2012;36:1436-1441.

	197.	 Garaulet M, Corbalán M, Madrid J, et al. CLOCK gene is impli-
cated in weight reduction in obese patients participating in a di-
etary programme based on the Mediterranean diet. Int J Obes. 
2010;34:516–523. 

	198.	 Spiegel K, Leproult R, Van Cauter E. Impact of sleep debt on meta-
bolic and endocrine function. The lancet. 1999;354:1435-1439.

	199.	 Meier-Ewert HK, Ridker PM, Rifai N, et al. Effect of sleep loss on 
C-reactive protein, an inflammatory marker of cardiovascular risk. 
J Am Coll Cardiol. 2004;43:678-683.

	200.	 Vgontzas AN, Zoumakis E, Bixler EO, et al. Adverse effects of 
modest sleep restriction on sleepiness, performance, and inflam-
matory cytokines. J Clin Endocrinol Metab. 2004;89:2119-2126.

	201.	 Spiegel K, Tasali E, Penev P, Van Cauter E. Brief communication: 
sleep curtailment in healthy young men is associated with de-
creased leptin levels, elevated ghrelin levels, and increased hunger 
and appetite. Ann Intern Med. 2004;141:846-850.

	202.	 Brondel L, Romer MA, Nougues PM, Touyarou P, Davenne D. 
Acute partial sleep deprivation increases food intake in healthy 
men. Am J Clin Nutr. 2010;91:1550-1559.

	203.	 Obal F Jr, Krueger JM. Biochemical regulation of non-rapid-eye-
movement sleep. Front Biosci. 2003;8:d520-d550.

	204.	 Sinton CM, Fitch TE, Gershenfeld HK. The effects of leptin on 
REM sleep and slow wave deltain rats are reversed by food depri-
vation. J Sleep Res. 1999;8:197-203.

How to cite this article: Ruddick-Collins LC, Morgan PJ, 
Johnstone AM. Mealtime: A circadian disruptor and 
determinant of energy balance?. J Neuroendocrinol. 
2020;32:e12886. https://doi.org/10.1111/jne.12886

https://doi.org/10.1111/jne.12886

