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Abstract

Circadian misalignment is commonly experienced by shift
workers due to night-time wake, day-time sleep, and eating
around the clock. These changes in sleep and eating patterns
away from traditional timings can cause metabolic distur-
bances and have been associated with elevated cardiometa-
bolic disease risk in shift workers. This review summarizes and
discusses the recent evidence linking meal timing, sleep, and
metabolic challenges with a focus on the impact of fasting/
feeding length and timing/frequency of consumption. While
some impact of meal timing/composition on sleep was found
by older studies, more recent work has focused on how meal
timing contributes to circadian disruption and cardiometabolic
derangement.
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Introduction
Normal coordination of 24-hour physiological processes

depends on internal clocks. There is a master clock in
our brain and peripheral clocks in organs such as the
liver, pancreas, muscle, and adipose tissues. The master
clock coordinates periods of wake/sleep and feeding/
fasting, and peripheral clocks generate 24-h oscillations
of energy storage and utilization [1]. When properly
aligned, these clocks optimally regulate metabolism and
behavior across the day and night. Light entrains the
central master clock. Clocks in peripheral organs are
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influenced by environmental cues, the most important
being feeding/fasting cycles. Differential sensitivity of
clocks across the body to external and internal entrain-
ing signals allows dynamic shifts in some rhythmic pro-
cesses, whereas others remain tied to the prevailing day/
night cycle [2].

Metabolic disturbances appear rapidly in response to
misaligned central and peripheral clocks. Short-term
clock desynchrony in healthy individuals [3] increases
postprandial glucose, a result of inadequate pancreatic
insulin secretion [4], and inverts the cortisol profile [3].

This underscores the importance of a synchronized
circadian system for healthy metabolic function. Meal
timing plays an important role in this desynchrony;
irregular patterns of fasting and feeding can uncouple
the master and peripheral clocks [1]. In humans, night-
time eating has been found to shift circadian rhythms in
core body temperature [5]. It has also been found that
when daily energy intake is apportioned such that the
majority of calories are ingested late in the day, there is
an increased risk of obesity [6]. Eating at night is also
associated with higher glucose excursions and concom-

itantly greater insulin levels, compared with an equiva-
lent meal in the morning [7], and a meal during the
night compared with no food overnight is associated
with decreased glucose tolerance to a standard breakfast
the following morning [8].

With our current 24/7 society, more and more people are
sleeping less and eating around the clock. It is important
to explore meal timing, meal frequency, and meal
composition and how they might impact sleep and
health outcomes. Therefore, the aim of this paper is to

review studies in humans exploring the relationships
between meal timing, sleep (quantity and quality), and
metabolic disorders such as obesity and impaired
glucose tolerance.
Meal timing, sleep, and obesity
Studies have shown that irregular meal timing nega-
tively impacts metabolic health and is associated with an
increased risk of obesity [9]. Obesity and unhealthy
eating habits have been associated with poor sleep [10].
Previous studies have explored associations between
individual foods [11], nutrients [12], and sleep out-
comes, but few studies have explored the timing of food
consumption and sleep and the impact on metabolic
health. Cross-sectional data suggest that energy
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consumption later in the day and during the night is
associated with weight gain [13,14]. Shift workers
commonly show changes in meal patterns, skipping
more meals and consuming more food at unconventional
times, putting this group at increased risk of a range of
chronic conditions associated with this behavior modi-
fication [15]; however, it is important to consider that
multiple demographic and lifestyle factors contribute to

this [16]. Hence, ideally, the timing of caloric con-
sumption, as well as the quality and quantity of food
consumed, would all be recorded when considering the
relationship between food patterns, disruption of circa-
dian rhythms and sleep patterns, and metabolic
outcomes.

The relationships between patterns of food intake sleep
and increased adiposity have been shown in a represen-
tative sample of Australian adults to be sex-dependent
[17]. Food intake was captured by two 24-hour recalls

collected during the cross-sectional 2011e2012 Austra-
lian National Nutrition and Physical Activity Survey, and
participants reported their total sleep duration on the
night before the survey in minutes. Three patterns
labeled ‘conventional’, ‘later lunch’, and ‘grazing’ were
identified. The conventional pattern was characterized
by eating occasions occurring at conventional mealtimes
in Australia (e.g. lunch at 1200 hours and dinner at 1800
hours and between-meal snacks at 1000 hours and 1500
hours). The later lunch pattern was similar to the con-
ventional pattern, with the exception of lunch that

occurred 1 hour later. The grazing pattern was charac-
terized by a higher frequency of eating occasions, a low
probability of food consumed at conventional mealtimes
and a greater probability of food consumption occurring
into the evening (e.g. after 2000 hours). Grazing patterns
were associated with elevated adiposity in women, while
men with a conventional temporal eating pattern of
breakfast, lunch, and dinner had a significantly higher
BMI. Daily sleep time did not differ between men and
women who followed a conventional eating pattern, and
interestingly this group also had a longer sleep time
compared with those who followed a grazing pattern.

These data highlight the importance of capturing tem-
poral meal patterns so that tailored advice can be pro-
vided to help combat elevated adiposity.

The volume, nutrient composition, and total caloric load
of meals in the evening must also be considered in the
context of meal timing impacting sleep and metabolism.
A study in males with obesity and with obstructive sleep
apnoea reported that higher amounts of food intake
during the evening period reduced sleep quality (lower
sleep efficiency and more apnea-hypopnea events) [18].

Sleep is known to decrease digestive function [19], and
a greater gastric volume during the night may cause
discomfort and might contribute to less deep sleep [20].
A recent paper showed that consuming a high energy
but slowly digestible meal (protein þ saturated fat-rich)
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at 2200 hours (1 hour prior to bedtime) led to disturbed
sleep in healthy young males, while consuming an easily
digestible meal (rich in starch and sugar forms of simple
carbohydrates) matched for calories and with the same
timing relative to bedtime, did not impair sleep [21].
These findings should be replicated in women, factoring
in the menstrual phase and also in people with obesity to
determine whether these findings are consistent or

exacerbated. Furthermore, exploring other nutrient
profiles may allow for healthy food options to be pro-
moted to those who have little choice but to eat close to
bedtimes, such as shift workers who often have limited
eating opportunities at standard meal times and reduced
opportunities for sleep resulting in compressed prox-
imity of meals and sleep.

The patterns linking sleep, meal timing, and adiposity,
however, have not been consistently observed in all
studies. For example, the China Health and Nutrition

Survey reported longer sleep duration was associated
with lower BMI [22], while another cross-sectional study
found that meal timings and sleep were not indepen-
dently associated with BMI [23]. The author suggests
this could be due to the selection of a healthy population,
who slept 7 hours, with intermediate chronotypes.

Ha and Song [24] assessed the associations of meal
timing and frequency with obesity and metabolic syn-
drome. Meal frequency was inversely associated with
abdominal obesity in men only, and longer fasting

duration was associated with obesity. Independent of
the number of eating episodes at night, and nightly
fasting duration, morning eating was associated with a
lower prevalence of metabolic syndrome than no
morning eating. But less sleep was associated with
metabolic syndrome and obesity.

Some of the mixed results may be due to how meal
timing is defined. A study in adults with mild to severe
obstructive sleep apnoea, considered the range of food
intake patterns, including the total amount consumed,
the eating duration as proposed, and the proximity of

food consumption with sleep duration and latency [25].
A late consumption of food pattern was associated with
significantly higher energy intake compared to an early
eating pattern. Individuals who ate dinner early and had
an eating duration <12 hours reported better self-
reported sleep duration than individuals who ate late
and individuals with eating duration >12 hours. In-
dividuals who ate an early breakfast had higher self-
reported sleep duration than those who ate a late
breakfast. Furthermore, a later dinner was positively
associated with poor sleep quality. In this same study,

people with a shorter eating window (under 12 hours)
compared with those with a longer eating window also
had a significantly lower BMI. This study highlights how
different deviation of meal timing can change the
resulting relationships between variables.
ent Opinion in Endocrine and Metabolic Research 2021, 18:128–132
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Meal timing, sleep timing, and metabolic
effects
Evidence from observational studies suggests that
eating and sleeping outside of normal times is associated
with a greater risk of obesity and an adverse metabolic
profile; however, observational studies have struggled to
isolate the independent effects of meal timing and sleep
as typically later sleepers also have short sleep duration
and food intake is also later [6]; and short sleep duration
has been shown in several studies to be associate with
greater energy intake [12,26,27].

To help tease out the independent effects, a small

controlled crossover study in healthy adults with over-
weight/obesity tested the influence of meal timing and
sleep on food intake [28]. Sleep duration was controlled,
but the timing of sleep altered. The timing of food
consumption was determined based on wake-up time,
but participants could choose what and how much they
ate, providing a real-world lens to the study but
increasing the variability in responses between partici-
pants and conditions. Hormones related to satiety and
food intake were impacted by altering sleep and meal-
times with ghrelin, leptin, and glucagon-like peptide 1

all affected, suggesting that the alignment of sleep and
meals may have an impact on both food choice and
energy balance [28]. Participants, however, did not
experience any adverse effects on insulin sensitivity or
glucose tolerance [29], which differs from findings from
a previous study in simulated shift workers, who expe-
rience increased glucose responses to a meal tolerance
test when food was consumed during the night, and
their sleep was also shifted to the daytime [8].

A recent study that controlled sleep and exercise,

keeping them constant, found that altering meal timing
alone to a late or early pattern impacted metabolism
[30]. Participants completed two eight-week counter-
balanced conditions, a daytime eating pattern (intake
limited to 0800 hourse1900 hours) and a delayed
(intake limited to 1200 hourse2300 hours). The authors
found that the daytime eating condition, compared to
the delayed eating condition, promoted weight loss and
improved glucose metabolism. These studies show that
manipulating meal timing and sleep have consequences
for health, suggesting that both could be targets for

behavioral modification.
Altering meal timing to improve glucose
metabolism
A parallel, laboratory-based study was conducted to test

the effects of eating a meal at night versus not eating at
night (fasting) on glucose regulation during simulated
shiftwork in healthy young males [8]. Participants un-
derwent four nights of simulated shiftwork where sleep
(7 hours time in bed) was during the day and work at
night. Fasted bloods were collected, and participants
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also completed meal tolerance testing before and after
the circadian disruption. Sleep was not different be-
tween groups, and fasting glucose and insulin were not
altered by day or condition; however, when examining
the impact of the conditions on meal tolerance, there
were significant effects of day and condition � day for
glucose AUC, with increase glucose AUC observed
solely in the night eating group. It has also been recently

tested as to whether the size of the meal at night can
mediate this effect [31]. These data show that altering
the timing of meals to only during the daytime hours can
lessen the impact of circadian misalignment of sleep on
metabolism due to shiftwork [8].
Intermittent fasting/feeding
Intermittent fasting or time-restricted feeding (TRF)
has been associated with many cardiometabolic benefits
in rodent models, but evidence from humans is in its

infancy. The purported benefits on body weight and
glycemia, cardiometabolic risk markers, and oxidative
stress parameters associated with TRF reviewed
recently [32,33]; however, very few of these studies also
examined sleep parameters or simply report sleep as part
of general daily activity monitoring e.g. energy expen-
diture, number of steps, and time spent lying down [37].

Ramadan fasting provides a real-world model of inter-
mittent fasting. During the month of Ramadan, ob-
servers have a shift in their food consumption from

mainly the daytime to the dark hours between sunset
and dawn. Studies that have been conducted in non-
constrained environments where no controls have been
included to account for lifestyle changes, caloric intake,
and nocturnal meal timings have reported rapid and
significant delays in bedtime and rising time [38,39].
When studies have accounted for sleep/wake schedule,
sleep duration, light exposure, caloric consumption,
meal timings, and energy expenditure, no changes in
circadian rhythm during fasting were observed [40].

Roky et al. [39] assessed intermittent fasting during
Ramadan on sleep patterns in a non-constrained envi-
ronment. They assessed sleep patterns in eight healthy
males at baseline (15 days before Ramadan) and the start
and end of Ramadan. Meals were consumed during the
evening between 1800 hours and 2230 hours. They found
that sleep onset was delayed, whichmay be related to the
late occurrence of meals. In addition to increased sleep
latency and decreased sleep time there were also modi-
fications to sleep architecture, stage 2 sleep increased,
and REM sleep decreased. These changes are consistent

with those seen in sleep restrictions. These authors also
postulated that another possibility to explain the
increased sleep latency might be a physiological adapta-
tion to the presence of food. In a rodent model, feeding
can induce an increase in extracellular histamine con-
centrations in the hypothalamus [41], and direct
www.sciencedirect.com
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stimulation of the hypothalamus with histamine in cats is
able to elevate wakefulness [42].

In contrast, Almeneessier, BaHammam [40] assessed
the effect of diurnal intermittent fasting during and
outside the month of Ramadan on circulating inflam-
matory cytokines and sleep in healthy males in a tightly
regulated study caloric intake (fixed caloric intake

(35 kcal/kg/24 h) and a fixed proportion of proteins, fats,
and carbohydrates) and conducted all testing in
controlled a laboratory setting on four occasions. During
their stay, participants fasted from dawn to sunset.
During a non-fasting baseline visit, participants received
three meals; dinner at 2030 hours, breakfast at 0715
hours, and lunch at mid-day. During Ramadan inter-
mittent fasting, the distribution of meals was different
to the earlier study by Roky et al. [39], such that, during
daytime fasting visit, a light meal was served at sunset,
followed by dinner at 2100 hours and a predawn meal 30

min before dawn time. The authors found diurnal
intermittent fasting significantly reduced the levels of
cytokines, especially IL-1b, and IL-6 reflecting a
reduction in inflammatory status. Interestingly they
found no differences in total sleep time, sleep efficiency,
arousal index, stage shifts, and sleep latency.

A recent pilot study of a 10-hour TRFintervention for 12
weeks in people with metabolic syndrome reported
reduced caloric intake, improved cardiometabolic risk
factors (reduced weight, lipids, blood pressure although

only modest effects on glucose regulation), and
increased morning restfulness but modest changes in
indirect measures of sleep from actigraphy [34]. The
lack of change in sleep quality is similar to that observed
by Gabel et al. [35] in participants with obesity who
completed an 8-hour TRF intervention for 12 weeks.
While TRF interventions hold promise as an effective
strategy for weight management [36], the evidence to
support improvements in sleep parameters is inconsis-
tent, and further studies are needed.
Conclusion
Recent findings exploring meal timing, metabolic
changes, and sleep have focused on implications for
obesity and metabolism, the impact of fasting/feeding
length, and frequency of consumption. It is clear that
populations who have altered eating and sleep patterns

suffer from increased prevalence of obesity [43] and are
at increased risk of cardiometabolic complications
linked to impaired metabolism [44]. While 24-hour
operations are vital for many industries and the devel-
opment of shift workers, and the recommendations
focus on many aspects, including shift length and pat-
terns [45], the impact of worker health should also
consider both the timing of food and sleep [46]. Ideally,
workers can be educated to make simple, sustainable
changes to their food patterns, including quality,
www.sciencedirect.com Curr
frequency, and timing of food intake, which has the
potential to help limit many of the sleep and metabolic
disturbances associated with shiftwork.
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