
0123456789();: 

Obesity is a major public health issue worldwide caused 
by a complex interplay of multiple factors1. Efforts to 
counter the obesity pandemic and its associated meta-
bolic dysregulations (for example, type 2 diabetes melli-
tus (T2DM) and non-alcoholic fatty liver disease) have 
largely focused on traditional risk factors, such as excess 
energy intake and insufficient physical activity. However, 
traditional risk factors cannot fully explain the increase 
in obesity rates that have occurred in the past few dec-
ades. Over the past 20 years, many novel contributors 
to obesity and the risk of associated metabolic disease 
have been identified2,3, including insufficient sleep and 
circadian misalignment4,5.

Sleep is a foundational pillar of health (Box  1). 
Unfortunately, the prevalence of insufficient sleep is high 
in modern society, such that one-third or more of adults 
in the Americas, Europe and Asia sleep less than the 7 h 
per night recommended by public health authorities for 
health maintenance6–10. Furthermore, modern society is 
active 24 h a day, 7 days a week, which is conducive to 
circadian misalignment. For example, shift-work sched-
ules require people to work during the biological night 
(when circadian clocks promote sleep) and sleep during 

the biological day (when circadian clocks promote activ-
ity)11–13. Moreover, access to electric light can delay the 
timing of the central circadian clock, which can result in 
delayed sleep schedules that are not conducive to early 
school and work start times11.

Both insufficient sleep and circadian misalignment 
(Box 2) are stressors to metabolic health and are asso-
ciated with adverse health outcomes, including an 
increased risk for the development of obesity14,15. For 
example, short sleep duration (defined in most of the 
cited studies as less than 5 or 6 h per day) is associated 
with a 38% absolute increase in the incidence of obesity 
compared with normal sleep duration in a meta-analysis 
of prospective cohort studies among adults14. Other 
adverse metabolic health outcomes commonly asso-
ciated with insufficient sleep and/or circadian mis-
alignment include T2DM, cardiovascular disease, 
hypertension and dyslipidaemia14.

In this Review, we highlight the role of insufficient 
sleep and circadian misalignment in obesity and asso-
ciated metabolic dysregulation, focusing on human 
studies. We overview common sleep disruptors and 
discuss the effects of insufficient sleep and circadian 

Central circadian clock
Residing in the suprachiasmatic 
nucleus of the hypothalamus 
(master oscillator in humans), 
the central circadian clock 
receives light cues and drives 
circadian rhythms.
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misalignment on appetite hormones, energy expendi-
ture, food intake and choice, and obesity risk. We also 
consider the impact of obesity on sleep. Finally, some 
potential strategies to reduce the adverse effects of sleep 
and circadian disruption on metabolic health as well as 
future research directions are discussed. Of note, this 
Review focuses on the adult population (mainly young 
adult workers) because this population is where most of 
the mechanistic evidence lies in experimental studies.

Sleep disruption in modern society
Behaviours and events that disrupt sleep have been 
described in religious scriptures that were written thou-
sands of years ago16. Since then, humanity has gone 
through several breakthroughs and cultural and societal 
changes. As such, sleep patterns have changed and sleep 
disruptors or ‘sleep stealers’ have grown in number and 
complexity17,18.

Historical sleeping patterns
Pre-industrial societies had a distinct pattern of sleep 
from modern societies, possibly reflecting the lifestyle of 
humanity before the availability of electricity. Societies 
of hunter-gatherers and/or hunter-horticulturalists did 
not have access to artificial light or heating and cool-
ing systems; thus, their sleeping patterns often varied 
according to sunlight exposure and temperature19. As 
such, sleep has been shown to be influenced by natural 
events outside of the control of individuals. For example, 

in pre-industrial society, sleep was longer in winter 
than in summer, as low temperatures during the night 
favour sleep in equatorial regions. Furthermore, napping 
occurred more during summer than winter, possibly 
under shade to avoid temperatures above thermoneutral 
conditions during the afternoons. In addition, the dura-
tion of nightly sleep was more strongly determined by 
the time of sleep onset (which typically occurred 3.3 h 
after sunset) than sleep offset (which occurred typically 
before sunrise)19. Of note, nightly sleep duration in these 
pre-industrial societies has been shown to be shorter than 
that observed and recommended in modern societies19.

Different sleep patterns, such as biphasic sleep or 
multiphasic sleep, were also reported historically. These 
patterns were typically characterized by a first sleep, 
occurring somewhere between 9 pm and 1 am, and a sec-
ond sleep, from the end of the first sleep until somewhere 
around sunrise20. The time between the first and second 
sleep periods was reportedly used for various tasks, from 
meditating to house chores. The night-to-night consist-
ency in the reported biphasic sleep pattern and the aver-
age duration of wakefulness between sleeps are unknown, 
as is whether this pattern was seen in different age groups 
and segments of the population. Other segments of sleep 
might have been more common than biphasic sleep, such 
as naps in the early afternoon, which are still common in 
‘siesta’ cultures in Spain and Italy20. These different sleep 
patterns were substantially changed in the early 1900s, 
with the development of electric power grids enabling 
widespread access to electric lights, technologies to con-
trol temperatures and industrial work schedules. The fol-
lowing sections highlight some common ‘sleep stealers’ 
that have become prevalent in modern society.

Modern working patterns
The growth, development and diversification of work in 
the global economy have increased the necessity of work-
ers across different settings to maintain high productivity, 
often at the expense of sleep21. This effect has been evident 
since the Fourth Industrial Revolution, when workers began 
to report burnout, increasingly complex tasks, social dis-
connection and other problems that were not as present 
previously22. To keep up with these demands, workers 
consistently use substances to reduce sleepiness such as 
coffee and energy drinks that contain caffeine. These sub-
stances can increase wakefulness and productivity but, 
in turn, might contribute to insufficient sleep and circa-
dian misalignment, which results in an increased need 
for substances to manage fatigue that feeds back into a 
vicious cycle. This cycle is common in shift workers23 and 
in workers with uncertain schedules24, who are prone to 
chronic circadian misalignment and its many associated 
adverse effects25. For example, working atypical shifts 
(for example, before 8 am, after 6 pm or during the night) 
is associated with trouble sleeping, excessive sleepiness, 
fatigue, and poor physical and mental health — effects 
that eventually lead to reduced quality of life25.

Screen time
In addition to work schedules, many recreational 
activities of the modern and globalized society have 
been shown to affect sleep18. The use of screen-based 

Key points

•	Insufficient sleep and circadian misalignment are common in modern society.

•	Insufficient sleep and circadian misalignment are important metabolic stressors and 
are associated with weight gain and obesity.

•	Insufficient sleep increases energy expenditure by ~100 kcal per day but also 
increases energy intake by >250 kcal per day, resulting in a positive energy balance 
and weight gain.

•	Sleep restriction increases the drive to eat, and excess food intake resulting from not 
sleeping enough is more related to cognitive control and reward mechanisms than to 
appetite hormones.

•	Circadian misalignment reduces 24-h energy expenditure by ~3% (~55 kcal per day), 
alters the levels of appetite hormones and promotes unhealthier food choices than 
conditions of adequate sleep.
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The Fourth Industrial 
Revolution
This time period in the 
twenty-first century entailed 
rapid changes to technology, 
industries, societal patterns 
and processes due to 
increasing interconnectivity 
and smart automation.

Caffeine
This central nervous system 
stimulant has a mean half-life 
in the plasma of healthy 
individuals of about 5 h.
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devices is now widespread, even in low-income and 
middle-income countries; these include televisions, game 
consoles, computers and portable devices such as tablets, 
smartphones and smartwatches26. In fact, among young 
adults and adolescents, total screen time adds up to more 
than a third of the day27,28. Young people use mobile 
phones for several hours a day29 and, among adults, 
text messages, phone calls and night-time device noti-
fications have been shown to negatively affect sleep30–32. 
Evidence published in 2019 showed that portable elec-
tronic devices, rather than stationary devices, are a main 
driver of sleep disturbances33. Using portable electronic 
devices is associated with shorter sleep duration than 
using non-portable electronic screens33. Many modern 
jobs also require a substantial amount of screen time that 
can potentially affect the sleep of individuals worldwide.

The negative effects of screen time on sleep can be 
partly explained by exposure to bright light at night, espe-
cially blue–green light, which reduces circulating levels 
of melatonin34. Light is also arousing to the brain and thus 
light exposure at night increases alertness. Increased 
screen time might also be associated with reduced time 
spent outside and therefore with reduced exposure to 
bright sunlight, which might affect sleep and circadian 
alignment35. Furthermore, the content of screen time 
activities might be engaging and alerting to the brain and 
can increase wakefulness. This fact could help explain 
the link between screen time-related issues (for example, 
internet addiction36, problematic social media use37 and 
problematic gaming38) and poor sleep outcomes39,40.

Sleep-disrupting substances
To help fulfil either occupational or leisure objectives, 
voluntary sleep restriction and the use of sleep-disrupting 
substances are becoming popular. Trends in caffeine 

intake have shown substantial increases in many parts 
of the world41, not only in the form of coffee but also as 
cola drinks and energy drinks among young people42. 
Caffeine can affect the onset of sleep and reduce sleep 
time (especially slow-wave sleep; Box 1), sleep efficiency 
and satisfaction levels43.

Cigarette smoking has become less prevalent globally 
but is still present. Of note, nicotine, one of the main 
substances in cigarettes, is a common sleep disruptor17,42. 
Nicotine is also a stimulant and is associated with 
increased insomnia severity and shortened sleep dura-
tion, particularly if intake occurs at night44. In adoles-
cents, nicotine use through vaping has been increasing, 
which can negatively affect sleep45–47.

Alcoholic beverages are commonly used as sleep aids 
owing to their ability to reduce sleep onset latency. These 
beverages are popular among adults48 and adolescents, 
despite their consumption actually resulting in disturbed 
sleep17,42. People who drink alcohol before bed often expe-
rience disruptions late in their sleep cycle as their liver 
enzymes metabolize the alcohol; this disruption can lead 
to excessive daytime sleepiness the following day. Finally, 
recreational and medical drugs, such as marijuana and 
opiates, have also been shown to disrupt sleep49,50.

Modern emotional stressors and sleep
Many health problems and conditions can affect sleep, 
including diabetes mellitus, heart disease, cancer, pain, 
medication use and substance abuse. However, there is no 
doubt that sleep is intrinsically related to mental health, 
with chronic sleep problems being highly comorbid with 
depression, anxiety and other mental health conditions. 
The relationship between sleep and mental health is so 
strong that sleep problems, such as insomnia, are simul-
taneously causes and consequences of mental health 
problems51–53. Consequently, the worsening of sleep 
observed in the past few decades cannot be dissociated 
from the increase in mental health problems observed 
over the same period54. Furthermore, this decrease in 
sleep amount and quality cannot be dissociated from 
the rising rates of the aforementioned sleep-disrupting 
lifestyle behaviours. This change is reflected in the shift 
from life stressors commonly reported a century ago 
(for example, physical stressors) to new, non-physical 
work-related stressors linked to burnout and emotional 
exhaustion55 or stress due to major societal events such 
as the COVID-19 pandemic56 or negative emotions 
about climate change57 and even global conflicts. Even 
the stress caused by sleep loss itself can be a disrup-
tor of sleep58. In conclusion, although the marvels of  
modernization and technology have improved life at several  
levels, achieving a healthy balance with these technologies  
is still a challenge that keeps many people awake at night.

Temporal variation in human physiology
Human physiology varies across the 24-h day at every 
level of physiological organization — from cellular59,60, 
transcriptomic61–64, proteomic65, metabolomic66–68, tissue 
and organ systems69,70, to physiological and behavioural 
systems71–73. Such 24-h variation is controlled by circa-
dian and sleep–wakefulness-dependent processes. Sleep–
wake cycles and circadian rhythms are fundamentally 

Box 1 | What is sleep and what purpose does it serve?

Sleep (see IomC: Sleep quality and pain) is the opposite of wakefulness and has been 
defined as “a naturally recurring state of mind and body, characterized by altered 
consciousness, relatively inhibited sensory activity, reduced muscle activity and 
inhibition of nearly all voluntary muscle during rapid eye movement [rem] sleep,  
and reduced interactions with surroundings”203.

During sleep, the brain alternates between non-rem (Nrem) sleep and rem sleep, 
with a complete Nrem–rem cycle occurring approximately every 90 min. Nrem  
sleep is divided into light sleep and deep sleep (also called slow-wave sleep). During 
sleep, Nrem sleep occurs first and decreases in duration throughout the night; therefore, 
Nrem sleep occurs more in the first half of the night. During this phase, breathing and 
heart rate are regular and slow, the brain uses less energy and thoughts can occur. rem 
sleep occurs next and increases in duration throughout the night; therefore, rem sleep 
occurs more in the second half of the night. This phase of sleep is associated with 
irregular and faster breathing and heart rates than Nrem sleep, rems, loss of muscle 
tone and a temporary suspension of homeostasis, the brain uses more energy, and 
bizarre and fantastic dreams occur204.

Sleep has many functions, including energy conservation and the repartitioning of 
energy to sleep-dependent or sleep-optimal functions that cost energy such as protein 
and hormone synthesis. In addition, sleep reduces oxidative stress, enhances the 
removal of metabolic waste products from the brain, promotes immune function, and 
facilitates synaptic homeostasis and memory consolidation. most of the systems of  
the body are in an anabolic state during sleep, which helps to restore the nervous, 
immune, skeletal and muscular systems. These processes are vital for the maintenance 
of memory, cognitive function and mood as well as for endocrine and immune 
func tions205. although the diverse mechanisms and purposes of sleep are still under 
investigation, sleep has been a highly conserved behaviour throughout evolution206.

Melatonin
This important circadian 
hormone is predominantly 
produced in the pineal gland 
and induces physiological 
changes to help prepare the 
body and brain for sleep and 
increase sleepiness.

Sleep onset latency
The length of time it takes  
to fall asleep.
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involved in energy metabolism and related behaviours 
such as eating and activity74. Over the 24-h day, human 
physiology is organized by the central circadian clock and 
peripheral circadian clocks, such that wakefulness, energy 
intake, nutrient processing and activity occur during the 
biological daytime (when levels of melatonin are low). 
By contrast, sleep, fasting, inactivity and restorative 
processes occur during the biological night-time (when 
levels of melatonin are high). Additionally, the central 
circadian clock, along with external cues (for example, 
light, energy intake and activity), can entrain peripheral 
clocks located throughout the body.

Energy metabolism
Multiple components of energy metabolism are influ-
enced by circadian and sleep–wakefulness processes, 
including energy expenditure75–77 and metabolic and 
appetite hormones78–83 (FIgs. 1,2 and 3). For example, 
circulating levels of growth hormone are largely sleep 
dependent, with pulses of secretion that predominately 
occur during slow-wave sleep82. By contrast, levels of cor-
tisol are largely dependent on the circadian rhythm, with a 
peak in the early morning hours82. Circulating levels of the 
appetite-regulating hormone ghrelin are dependent on 
both sleep–wakefulness and energy intake76,84,85. Finally, 
energy expenditure is highest during wakefulness and 
lowest during sleep75. Many of these parameters (such as 
ghrelin80 and energy expenditure70) also display circadian 
rhythms that are independent of the sleep–wakefulness  
cycle; therefore, it is no surprise that, when sleep and  
circadian rhythms are disrupted, energy expenditure  
and hormone profiles are subsequently altered.

The constant routine
A physiological or behavioural outcome might demon-
strate a diurnal rhythm that is driven by external factors 
(for example, ambient temperature or sleep–wake cycles) 
rather than the endogenous clock. The gold standard 
protocol for assessing the circadian contribution to a 
physiological or behavioural outcome is the constant rou-
tine. The constant routine protocol controls for factors 
that might affect the outcome of interest by eliminating, 

holding constant or equally distributing such factors 
across at least one 24-h circadian cycle. In this protocol, 
participants are maintained in constant environmen-
tal conditions of dim light and thermoneutral ambi-
ent temperature. Wakefulness, activity and posture 
are controlled by maintaining wakefulness in bed rest 
conditions with the head raised for at least 24 h. Energy 
intake can be equally distributed in small hourly snacks 
or constantly maintained using a continuous infusion. 
Canonical circadian markers of biological time, such as 
melatonin, cortisol or core body temperature, are typi-
cally measured to facilitate the interpretation of findings; 
that is, how outcomes of interest vary relative to central 
circadian rhythms. Circadian rhythms in the outcomes 
of interest can then be compared with patterns observed 
in other non-constant conditions, for example, whether 
they are influenced by factors such as wakefulness– 
sleep, energy intake–fasting, activity–inactivity or light–
dark cycles. Understanding the distinct contributions 
of circadian versus diurnal rhythms in the regulation of  
physiological processes could inform how these mech-
anisms are dysregulated as well as how they can be 
targeted for obesity prevention and treatment67,86,87.

Energy expenditure and appetite hormones
To examine the role of sleep and circadian disruption 
in obesity development, this section primarily focuses 
on findings from studies that examined 24-h patterns 
in energy expenditure and the appetite-regulating 
hormones ghrelin, leptin and peptide-YY (PYY) that 
feed back to energy intake regulatory centres in the 
hypothalamus88–90. Compared with fasting values, 
24-h patterns in these parameters are more relevant to 
understanding weight gain and metabolic dysregulation 
and have been repeatedly studied under conditions of 
insufficient sleep and circadian misalignment (Box 2). 
We also briefly examine the limited existing data on the 
effect of insufficient sleep and circadian misalignment 
on the 24-h or daytime patterns in the gut hormones 
glucagon-like peptide 1 (GLP1) and pancreatic polypep-
tide. Other potentially relevant hormones, such as gas-
tric inhibitory polypeptide, cholecystokinin and amylin, 
are not discussed here as data are not currently available.

24-h variation
Energy expenditure. The 24-h pattern of energy 
expenditure has been measured under controlled 
energy intake, controlled activity and bed rest condi-
tions (FIg. 1). Increases in energy expenditure occur in 
response to meals (referred to as the thermic effect of 
food or diet-induced thermogenesis) and sleep induces a 
decrease in energy expenditure that is absent when wake-
fulness is maintained. Staying awake for a single night 
results in a physiologically relevant ~7% increase in 24-h 
energy expenditure in healthy young adults75. If activ-
ity or diet-induced energy expenditure occurred over-
night, the 24-h increase in energy expenditure during 
sleep deprivation would probably be even larger than 7%. 
Under constant routine conditions, the circadian varia-
tion in energy expenditure decreases across the biologi-
cal day and increases across the biological night (FIg. 1b). 
However, the circadian rhythm in energy expenditure is 

Peripheral circadian clocks
Clocks located in cells, tissues 
or organs outside the 
suprachiasmatic nucleus.

Box 2 | Definitions of insufficient sleep and circadian misalignment

Insufficient sleep
Insufficient sleep occurs when sleep does not support adequate alertness, performance 
and health. These effects arise either owing to reduced total sleep time (short  
sleep duration or decreased quantity) or fragmentation of sleep (poor sleep quality).  
In epidemiology, insufficient sleep is generally defined as sleeping less than 
recommended by public health authorities for health benefits14. For example, adults 
that report sleeping fewer than 7 h per night are considered to have insufficient sleep  
in most epidemiological studies14.

Circadian misalignment
Circadian misalignment describes a variety of circumstances, such as inappropriately 
timed sleep–wakefulness and fasting–energy intake cycles relative to the internal 
circadian and/or environmental time, or misaligned timing of central and peripheral 
rhythms. For example, night-shift workers have a mismatch between environmental 
time and the body’s internal circadian time, as wakefulness activities, such as physical 
activity and energy intake, occur when the circadian rhythm is promoting sleep and 
fasting. Thus, night-shift workers are an ideal population in which to study circadian 
misalignment.
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of much smaller magnitude than the sleep–wake modu-
lation of energy expenditure. In addition, wakefulness–
sleep, energy intake–fasting and circadian rhythms are 
observed in the thermic effects of energy intake and in 
levels of hunger in healthy young adults and healthy 
middle-aged (aged 38–69 years) adults77,80,91.

Appetite hormones. Sleep and circadian rhythms influ-
ence the levels of appetite hormones (FIgs. 2 and 3). 
Ghrelin is produced by P/D1 cells in the stomach and 
is a hormone that increases appetite. In healthy adults, a 
24-h pattern occurs in circulating levels of ghrelin under 
conditions of energy balance, such that ghrelin levels 
increase between meals, decrease after meals, increase 
before and during the first few hours of sleep, and 
decrease during the second half of the sleep episode76,84 
(FIg. 2a). Under constant routine conditions, the circadian 
rhythm of ghrelin increases across the biological day-
time and decreases across the biological night80 (FIg. 2b). 
Of note, prolonged fasting (72 h) is not associated with 
elevated levels of ghrelin, thereby suggesting that the 

meal-related pattern observed in plasma concentrations 
of ghrelin in the aforementioned studies76,80,84 might be 
driven more by the postprandial reduction rather than 
by preprandial increases in circulating levels of ghrelin92. 
Furthermore, hypocaloric diets that induce moderate 
weight loss are not necessarily associated with elevated 
ghrelin93. Together, these reports suggest that increased 
levels of ghrelin are not required to increase appetite.

Leptin is produced by white adipocytes and is a hor-
mone that decreases appetite. Circulating levels of leptin 
are positively associated with adiposity and are considered 
representative of energy storage. In healthy adults, a 24-h 
pattern of levels of leptin can be observed under condi-
tions of energy balance, with relatively lower levels most 
of the waking day and higher levels at night76,94 (FIg. 2c). 
Like ghrelin, leptin levels peak in the first few hours of the 
habitual sleep episode and decrease across the remainder 
of the sleep episode. Under constant routine conditions, 
a very small amplitude circadian rhythm occurs in lep-
tin, which increases across the biological daytime and 
decreases across the biological night80 (FIg. 2d).
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Fig. 1 | Energy expenditure in healthy adults is influenced by both sleep 
and circadian processes. a | Hourly 24-h energy expenditure with diet con-
trolled for energy balance during a typical day with adequate sleep and one 
night of total sleep deprivation. b | The circadian rhythm of energy expend-
iture during a constant routine protocol; bottom graph shows percentage 
change for the circadian variation in energy expenditure (0° = melatonin 
onset, 360° = 24 hours after melatonin onset, where each 1 hour incre-
ment = 15°). Energy expenditure follows a circadian rhythm, with decreases 
in energy expenditure levels across the biological daytime, when levels of 
the hormone melatonin are low, and a trough in energy expenditure during 
early evening hours. During biological night-time, increases in energy 
expenditure occur when levels of melatonin are high (that is, 0 to ~180  
circadian degrees), with a peak near the end of the biological night.  
c | Hourly 24-h energy expenditure during adequate sleep and insufficient 
sleep regardless of controlled or ad libitum diet. During sleep, energy is 
conserved, whereas energy expenditure during sleep deprivation  

(part a) and sleep restriction (part c) are similar to that of typical waking 
energy expenditure. d | Hourly 24-h energy expenditure during circa-
dian mis alignment with diet controlled for a typical day with adequate 
sleep; bottom graph shows the percentage change for sleeping energy 
expenditure during daytime and night-time sleep. If sleep is initiated during  
the daytime, energy expenditure is lower than during sleep under condi-
tions of circadian alignment, resulting in an overall decreased 24-h energy 
expenditure. Figures show mean data with b-spline creating smooth  
curve fits. Note that energy expenditure plotted in parts a, b and d were 
assessed under bed rest conditions controlling for posture and activity, 
whereas energy expenditure in part c was assessed under ambulatory  
conditions in the whole-room calorimeter with two scheduled 
stair-stepping sessions each day. Grey panels show control sleep patterns  
and red panels show experimentally disrupted sleep patterns. Part a  
adapted with permission from ReF.75, Wiley. Data for parts b–d  
from ReFs.75,76,80,100,139.
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intake, sleep and circadian rhythm in healthy adults. The figure shows blood hormonal profiles during adequate sleep 
with diet controlled for energy balance at baseline as well as the circadian rhythm of these hormones during a constant 
routine protocol with hourly snacks. During conditions of habitual sleep timing with adequate sleep and an energy-balanced 
diet, levels of ghrelin peak near the beginning of sleep and decrease across the sleep episode (part a). From a circadian 
perspective, levels of ghrelin increase across the biological day and decrease across the biological night (part b). During 
conditions of habitual sleep timing with adequate sleep and an energy-balanced diet, levels of leptin are higher during sleep 
than during wakefulness, peak near the beginning of sleep and decrease thereafter (parts c), while levels of peptide-YY (PYY) 
are higher during wakefulness than during sleep (parts e). From a circadian perspective, levels of leptin decrease across the 
biological night and increase across the biological day; inset shows the percentage change for the circadian variation in leptin 
(part d). By contrast, levels of PYY increase across the biological night and decrease across the biological day (part f). Graphs 
show mean data with b-spline creating smooth curve fits. For comparison purposes, data for each hormone are plotted on the 
same scale. Parts a, c and e: Adequate sleep with diet controlled for energy balance at baseline. Parts b, d and f: circadian 
rhythm constant routine with hourly snacks. B, breakfast timing; D, dinner timing; L, lunch timing. Data from ReFs.76,80.
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PYY is produced by L cells of the small intestine and is 
a hormone that decreases appetite. In healthy adults, the 
24-h pattern of circulating levels of PYY under conditions 
of energy balance shows higher levels during the daytime 
and lower levels at night76 (FIg. 2e). Under constant routine 
conditions, the circadian rhythm of PYY shows decreased 
levels across the biological daytime and increased levels 
across the biological night80 (FIg. 2f). Thus, 24-h patterns of 
the appetite hormones ghrelin, leptin and PYY are mod-
ulated by circadian rhythms and by wakefulness–sleep, 
activity–inactivity and energy intake–fasting processes.

GLP1 is produced by L cells of the intestine and is 
a hormone that reduces appetite. In healthy adults, the 
24-h pattern of GLP1 shows that higher levels of GLP1 
are observed in the afternoon after food intake than 
at other times95. Whether a circadian rhythm of GLP1 
occurs is unknown. Whether this diurnal rhythm is cir-
cadian and/or influenced by sleep is also unknown and 
requires follow-up studies with more frequent sampling.

Pancreatic polypeptide is produced by PP cells of the 
pancreas and is a hormone that reduces appetite96. In 
healthy adults, the 24-h pattern of circulating levels of pan-
creatic polypeptide shows higher levels during the daytime 
with food intake and lower levels at night97–99. Whether 
a circadian rhythm of pancreatic polypeptide occurs is 
unknown. Under a 24-h fast in healthy adults, a diur-
nal rhythm was observed, with highest levels occurring 
during the early evening and night and low levels in the 
second half of the night98. Whether the potential diurnal 

rhythm observed during this fast is circadian and/or sleep 
influenced is unknown and requires follow-up studies.

Impact of insufficient sleep
Increased energy expenditure. Similar to total sleep 
deprivation, insufficient night-time sleep increases 24-h 
energy expenditure, in this case by 4–5% (~100 kcal per 
day) of total daily energy expenditure in healthy young 
populations75,76,100–102, when assessed using rigorous and 
sensitive whole-room calorimeter techniques. Such 
increases in 24-h energy expenditure occur regardless 
of whether energy intake is maintained at levels that 
are sufficient for energy balance during adequate sleep 
conditions or whether energy intake is permitted ad libi-
tum. Furthermore, increased energy expenditure during 
insufficient sleep occurs rapidly and is sustained across 
many days in both healthy young men and women100. In 
lean individuals, measuring energy expenditure using 
doubly labelled water (a less sensitive and more variable 
technique than whole-room calorimeter techniques) 
does not detect these small but physiologically mean-
ingful changes in response to insufficient sleep103,104. 
However, the doubly labelled water technique can be 
more readily employed in free-living studies and when 
large changes in energy balance are predicted.

Controlled energy intake. When energy intake is con-
trolled during insufficient sleep and not increased to 
account for the increased energy expenditure, a negative  

a b c

Insufficient sleep with diet 
controlled for energy 
balance at baseline

Insufficient sleep with 
ad libitum diet

Energy intake continues to 
be excessive despite changes 
in appetite hormones 
promoting satiety

↑ Hunger ↓ Hunger

Hunger

Ghrelin

Ghrelin

Leptin

Leptin

PYY

PYY Ghrelin Leptin PYY

?

Adipose
tissue

Fig. 3 | Model of changes in appetite hormones, hunger and energy intake in response to insufficient sleep.  
The peripheral appetite-stimulating hormone ghrelin and the satiety hormones leptin and peptide-YY (PYY) feed back  
to the brain to influence appetite and hunger. When sleep is restricted but diet is controlled for the energy balance 
needed for a typical day with adequate sleep, the appetite-stimulating hormone ghrelin is increased and the satiety 
hormone leptin is decreased, resulting in increased hunger levels. By contrast, ghrelin is decreased and leptin and PYY are 
increased under an ad libitum diet during restricted sleep, reducing hunger levels. Changes in appetite hormones during 
ad libitum diets are probably due to increased energy intake during sleep restriction. However, energy intake remains 
excessive despite reductions in hunger, which suggests that other factors promote food intake. It is unknown how PYY 
might change during sleep restriction under a diet controlled for energy balance for a typical day with adequate sleep.
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energy balance occurs. This negative energy balance 
and changes in the levels of appetite hormones (namely 
increased ghrelin and reduced leptin) are associated  
with increased hunger ratings across days of insufficient 
sleep in healthy populations94,105–107; however, not all appe-
tite hormones (for example, T3, T4 or adiponectin) were 
altered in these studies. Furthermore, PYY has not been 
assessed under insufficient sleep with controlled energy 
intake conditions. Energy intake during adequate habitual 
sleep in healthy lean adults was isocaloric; thus, the 24-h 
pattern of leptin, ghrelin and PYY during adequate sleep 
was under assumed conditions of energy balance76,100. By 
contrast, during insufficient sleep in healthy lean adults, 
if energy intake is not increased to meet the increased 
energy expenditure during insufficient sleep, the 24-h 
pattern of these same appetite hormones can be assumed 
to reflect conditions of negative energy balance (FIg. 2).

Findings on the effect of insufficient sleep on the 
24-h pattern in gut hormones associated with satiety, 
such as GLP1 and pancreatic polypeptide, are mixed 
and potentially dependent on sex or context. For exam-
ple, afternoon blood levels of GLP1 were reduced during 
experimental sleep restriction under conditions of con-
trolled energy intake (negative energy balance) in young 
women (compared with adequate sleep), whereas circu-
lating levels of GLP1 across the 24-h day did not nota-
bly change under the same conditions in young men108. 
However, afternoon levels of GLP1 were decreased 
during sleep fragmentation in young men tested under 
energy balance conditions109. Of note, in young men, 
circulating levels of pancreatic polypeptide across the 
24-h day during experimental sleep restriction did not 
notably change but after-dinner levels were reduced 
compared with adequate sleep conditions107.

Uncontrolled energy intake. When energy intake is 
uncontrolled in lean adults during periods of insufficient 
sleep, an increase in energy intake occurs that is larger 
than the increase in energy expenditure, which results in 
a positive 24-h energy balance and weight gain76 (FIg. 4). 
Meta-analyses of sleep restriction interventions in both 
lean adults and adults with overweight or obesity have 
reported respective average increases in energy intake by 
253 kcal per day5 and 385 kcal per day110 following sleep 
restriction compared with recommended sleep duration. 
Importantly, this excess in 24-h energy intake in healthy 
adults occurs5,103,104,111 even with changes in appetite hor-
mones that should reduce levels of hunger (reduced ghre-
lin, increased leptin and increased PYY)76,112. Although 
changes in ghrelin, leptin and PYY might initially pro-
mote energy intake during acute sleep restriction, mecha-
nisms other than changes in these appetite hormones are 
probably involved in the continued excess energy intake 
and obesogenic effects of chronic insufficient sleep76,112.

Mechanisms beyond appetite hormones. Potential expla-
nations for increased energy intake during sleep restric-
tion beyond appetite hormones include increased energy 
expenditure that does not seem to adapt to continued 
insufficient sleep113 and the activation of brain regions 
associated with changes in hunger and food choices. For 
example, healthy volunteers underwent restricted sleep 

in a laboratory setting under conditions of either con-
trolled energy intake or ad libitum energy intake. Both 
conditions resulted in increased activation of areas of 
the brain associated with an increased desire for energy 
intake when the volunteers were shown pictures of food 
items114,115, particularly foods with high caloric content 
that could be deemed ‘unhealthy’ options116,117. Brain 
areas associated with reward following sleep restriction 
include the putamen, nucleus accumbens, thalamus, 
insula and prefrontal cortex.

Behavioural observations support these brain imag-
ing findings as insufficient sleep is associated with 
poor dietary choices and altered dietary patterns118. 
Specifically, insufficient sleep was reported to increase 
the consumption of high-carbohydrate foods, fats, 
sugar-sweetened beverages and alcohol103,119–121, in addi-
tion to inducing an increased drive for hedonic eating. 
One potential mechanism for an elevated drive for 
hedonic eating during insufficient sleep is increased acti-
vation of the endocannabinoid system122, an important 
part of the hedonic food pathway123,124.

Insufficient sleep

Positive energy
balance

Appetite hormones
↑ Ghrelin*
↓ Leptin*

↑ Appetite ↑ 24-h energy
expenditure

↑ Energy intake
(especially after dinner)

–

+

*When energy intake controlled; opposite effects
   when energy intake ad libitum

Fig. 4 | Insufficient sleep affects energy intake and 
energy expenditure, which leads to a positive energy 
balance and the risk of weight gain. During experimental 
conditions of insufficient sleep in healthy adults, when 
energy intake is designed to meet the energy balance 
demands for a typical day with adequate sleep at baseline, 
there is an increase in energy expenditure due to the 
increased wakefulness and a negative energy balance (that 
is, energy expended is greater than energy consumed). 
Concurrently, hunger will increase owing to changes in 
appetite hormones. However, if sleep is restricted and  
food is provided ad libitum, participants will eat far more 
calories than expended during the additional wakefulness 
despite changes in appetite hormones that would promote 
satiety. These extra calories put participants into a positive 
energy balance and weight gain if maintained over time. 
Moreover, the increase in calories occurs predominately in 
after-dinner snacks, a time in which the energetic response 
to energy intake is decreased, further promoting a positive 
energy balance and weight gain. +, Positive energy balance; 
–, negative energy balance.

Hedonic eating
eating for pleasure and  
not hunger.
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Large inter-individual and sex differences are 
observed in the amount of increased energy intake 
and energy expenditure occurring during insufficient 
sleep100,125–129. In general, inter-individual differences 
are consistent and robust100. Furthermore, men consist-
ently show higher energy intake, energy expenditure 
and larger positive energy balance than women during 
insufficient sleep76,111. However, in epidemiological work, 
the notable association between short sleep and obesity 
and/or body composition is most consistently found in 
women130–133. Such inter-individual differences contrib-
ute to inconsistencies in some findings. For example, 
in highly controlled crossover research designs, where 
each participant serves as their own control, robust and 
meaningful differences in energy intake and expenditure 
are seen between conditions of insufficient sleep and of 
adequate sleep76. However, inter-individual designs are 
limited by large variability between individuals100.

Another important consideration in studies of insuf-
ficient sleep is the timing of food intake as when we eat 
has been demonstrated as an important determinant of 
metabolic health and disease risk134–137. In many indi-
viduals, insufficient sleep changes the biological timing 
of food intake. For example, insufficient sleep increases 
food intake later in the day76,103,121 and later timing  
of food intake (closer to the biological night) is asso-
ciated with a reduced thermic effect of food (the ener-
getic response to a meal)138,139 and with weight gain and 
obesity140. Of note, people who consume a larger propor-
tion of their food intake later in the day show reduced 
weight loss during caloric restriction compared with 
those who eat a larger proportion of their food intake 
earlier in the day137. In adults with overweight, weight 
loss in response to caloric restriction under conditions of  
insufficient sleep leads to loss of muscle mass in lieu  
of adipose tissue mass compared with caloric restric-
tion under conditions of adequate sleep141. Importantly, 
under experimental insufficient sleep conditions, 
switching to an adequate sleep schedule reduces food 
intake in lean adults75,76,100 and leads to weight loss over 
time in adults with obesity142.

Whether insufficient sleep reduces physical activity 
— an effect that would further contribute to a positive 
energy balance and weight gain — is unclear. Some 
individuals who are sleep restricted move less than 
those who have adequate sleep owing to increased 
tiredness, whereas others do not change their activity 
behaviours, thereby reflecting large inter-individual 
variability14. Decreased sleep duration in middle-aged 
adults was associated with increased sedentary activity 
(such as screen time143,144), including next-day sedentary 
activity144. Such increased sedentary time could contrib-
ute to reduced energy expenditure and increased risk for 
obesity and metabolic dysfunction.

Impact of circadian misalignment
Many aspects of 24-h energy metabolism are influenced 
by circadian processes. Circadian misalignment, from 
a metabolic perspective, is defined as energy intake, 
activity and wakefulness occurring during the biolog-
ical night73,139,145,146 (Box 2). Circadian misalignment 
also disturbs sleep and thus insufficient sleep probably 

contributes to the alterations in metabolism observed 
during circadian misalignment. Furthermore, sleep-
ing during the biological daytime probably also con-
tributes to alterations in 24-h rhythms of metabolites 
and proteins65,67. Moreover, internal circadian desyn-
chrony can occur between the central circadian clock 
and peripheral clocks when animals (such as mice) are 
awake, active and consuming energy during their inac-
tive phase147, although data for such internal circadian 
desynchrony in humans is limited.

Energy expenditure. In contrast to findings regarding 
insufficient night-time sleep, simulated shift work (sleep-
ing during the daytime and eating at night) reduced 24-h 
energy expenditure by ~3% (~55 kcal per day) and sleep 
energy expenditure by 12–16% (200–250 kcal per day) 
in healthy lean adults139. Examination of the human pro-
teome during a simulated shift-work protocol in healthy 
lean individuals has provided some initial mechanistic 
insight into these changes. For example, decreased levels of 
fibroblast growth factor 19 (a protein that increases energy 
expenditure) were found to be associated with a reduction 
in energy expenditure65. Working during the biological 
night is also associated with increased rates of obesity and 
related metabolic diseases140,148. However, findings regard-
ing energy intake during circadian misalignment induced 
by shift work are mixed. For example, a meta-analysis 
published in 2016 found no difference in energy intake 
between shift workers and non-shift workers149.

Food intake, physical activity and food timing. Another 
mechanism by which circadian misalignment could 
increase obesity risk is by alterations in food intake. For 
example, food choices made during circadian misalign-
ment might be less healthy than those made during day 
work conditions (for example, less vegetables and more 
sweets and saturated fats); this effect has been observed 
in both lean individuals and individuals with overweight 
or obesity who are shift workers150,151. Circadian misalign-
ment could also contribute to weight gain by inducing a 
reduction in physical activity in lean men and women152.

If sustained, reduced 24-h energy expenditure during 
circadian misalignment, even without a change in energy 
intake, could result in weight gain over time. Indeed, 
when food intake is restricted to the time of day typi-
cally reserved for sleep, mice show higher weight gain 
than when their food intake is restricted to the time of 
typical wakefulness. This finding occurs despite similar 
amounts of caloric intake and activity levels134,153. In con-
junction with a circadian variation in the thermic effect 
of food in humans, these findings indicate that a calorie 
is not a calorie per se and that the timing of calorie intake 
has importance for metabolic health.

Appetite hormones. Under conditions of controlled energy 
intake or energy balance in healthy adults, circadian mis-
alignment has been reported to have minimal influence 
on total circulating levels of ghrelin139. However, under 
these same conditions, circadian misalignment increases 
postprandial levels of active (acylated) ghrelin154 and 
reduces levels of leptin139,155,156 and PYY139 (FIg. 2), which 
should promote energy intake. Findings for hunger 
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during circadian misalignment are mixed, with overall 
decreases139 or postprandial increases154. Moreover, there is 
a paucity of evidence for changes in 24-h patterns of other 
gut satiety hormones (for example, GLP1 or pancreatic 
polypeptide) in humans during circadian misalignment.

Other factors in addition to appetite hormones might 
contribute to hunger during circadian misalignment 
(for example, reduced 24-h energy expenditure139 and 
reduced circadian drive for hunger; mechanisms are sum-
marized in ReF.91 and FIg. 5). Additional research is needed 
to determine whether energy intake is promoted under 
conditions of circadian misalignment and ad libitum feed-
ing. Additionally, whether repeated exposures to circadian 
misalignment (for example, during night-shift work) and 
alignment (days off) chronically alter appetite hormones 
and energy intake remains to be determined. Finally, inter- 
individual differences during circadian misalignment 
that might be sex dependent should be examined152.

Combined effects
The combined effects of circadian misalignment and 
insufficient sleep can be assessed using a modified 
forced desynchrony protocol, which permits assessment 
of circadian and sleep–wakefulness-driven processes. 
Under presumed negative energy balance conditions 
in older and younger adults, combined circadian mis-
alignment and insufficient sleep increased blood levels 
of ghrelin and decreased blood levels of leptin, which 
should promote energy intake157. However, decreased 
levels of PYY were also found, which should reduce 
energy intake157. Experimental studies with ad libitum 
food intake in humans are needed to determine the 
influence of circadian misalignment on energy intake 
under these conditions. Notably, when sleep restriction 
and circadian misalignment are combined and energy 
intake is controlled in healthy young adults in a fasted 
state, circadian timing seems to be more influential on 
appetite hormone fluctuations than sleep restriction81.

Circadian misalignment and obesity risk
To date, the scientific literature on circadian misalign-
ment and obesity risk has primarily focused on fairly  
large challenges to the circadian system (for example, 
night-shift work or a 12-h inverted shift in behaviours). 
Smaller degrees of misalignment, such as staying up late 
on weekends (social jetlag; commonly found in teen-
agers), travel across a few time zones, early work start  
times (for example, early morning shift work) and 
insufficient sleep (which can lead to morning mis-
alignment or energy intake at night) occur more fre-
quently than large degrees of misalignment, and are 
also associated with adverse metabolic health158,159. For 
example, every hour a person must shift their internal 
clock to match the wakefulness period between week-
ends and weekdays resulted in an increased odds ratio 
of 1.3 of having metabolic syndrome in the general 
population160. Likewise, social jetlag score (a higher 
score is indicative of a greater change in sleep tim-
ing between weekdays and weekends) is positively  
associated with obesity in the general population161.

Observations between social jetlag and health have 
predominately been conducted in cross-sectional 

designs, which limit the ability to identify mechanisms 
for observed associations. However, individuals with an 
obesity-related chronic illness with a higher social jet-
lag consume more calorie-dense foods than those with 
a lower score162. This finding could be driven by higher 
circulating levels of ghrelin, as observed in lean adults 
with social jetlag in free-living conditions163. Insufficient 
sleep also leads to morning circadian misalignment 
(melatonin levels are still high in the morning) or to 
energy intake during the biological night. Such morn-
ing circadian misalignment contributes to metabolic 
dysregulation (for example, in blood levels of insulin 
and glucose) in humans76,113,145,164,165.

Obesity and its effect on sleep
People with obesity typically report reductions in 
both sleep duration and quality, although research has 
largely focused on sleep disorders14,166. Although there 
is no discounting the importance of sleep disorders in 
this population, little is known about the independent 
effects of obesity on sleep itself. In addition, most inves-
tigations into the association between obesity and sleep 
rely on self-reported sleep and cross-sectional study 
designs. Such research might not adequately control for 

Circadian
misalignment

Mixed findings for changes
in energy intake.
Some evidence for poor
food choices or quality 

Appetite hormones
↓ PYY*
↓ Leptin*

Appetite ↓ 24-h energy
expenditure

+

?

?

Positive energy
balance

*When energy intake controlled

Fig. 5 | Circadian misalignment affects energy intake 
and appetite hormones, which potentially leads to a 
positive energy balance and the risk of weight gain. 
During experimental conditions of circadian misalignment 
in healthy adults, when energy intake is designed to meet 
energy balance demands for a typical day with adequate 
night-time sleep at baseline, there is a decrease in 24-h 
energy expenditure predominantly due to decreased 
sleeping energy expenditure. Hunger might increase owing 
to changes in appetite hormones, but hunger might also 
decrease owing to the circadian variation in hunger that 
shows lower hunger levels during the biological night-time 
than during the biological daytime. Alternations in food 
choices and eating during the biological night might also 
contribute to weight gain. Pathways with limited evidence 
are indicated with ‘?’. +, positive energy balance; PYY, 
peptide-YY.
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confounders and is unable to determine the direction-
ality of the association14,166. Although limited, evidence 
suggests that adults with obesity are more likely to report 
either short or long sleep durations compared with 
adults without obesity, who reported sleep of between  
7 and 8 h per night14,166. However, whether poor sleep 
quality is a factor in this U-shaped association is unclear as 
sleep fragmentation might not be accounted for in these 
studies and can be one reason for a longer sleep duration 
(in addition to other underlying comorbidities). Adults 
with obesity are also more likely to report sleep prob-
lems than people without any comorbidities167. Excessive  
daytime sleepiness has also been reported in adults with 
severe obesity but without obstructive sleep apnoea168.

A variety of physiological factors could affect sleep in a 
population with obesity. For example, the location of adi-
pose tissue has a role in the risk of certain sleep disorders. 
For instance, abdominal obesity and large neck circum-
ference are risk factors for obstructive sleep apnoea169. 
Visceral adipose tissue is also well established as a key adi-
pose depot associated with cardiovascular disease risk and 
T2DM. Other factors, such as inflammatory markers170 
and gut microbiome171, should also be considered for their 
effects on sleep. Additionally, behavioural factors, such as 
poor diet and lack of physical activity, are likely to have an 
impact on sleep. More research is needed to elucidate the 
causal mechanisms that link sleep and circadian disruption 
in order to define the directionality of these associations.

Potential strategies to improve sleep
This section briefly discusses some potential strate-
gies that might help individuals to mitigate the adverse 
effects of sleep and circadian disruption on metabolic 
health. These strategies do not currently differ much 
from traditional sleep hygiene strategies and a detailed 
discussion of sleep hygiene falls outside the scope of this 
paper. Further information can be found at the National 
Sleep Foundation.

Physical activity
Increased levels of physical activity are well known to be 
related to decreased levels of metabolic syndrome172–174. 
Furthermore, a synergistic health effect has been doc-
umented of physical inactivity and poor sleep on the 
development of metabolic syndrome and increased 
mortality175,176. Findings also suggest that evening physi-
cal activity should be discouraged owing to a disturbance 
of night-time sleep; however, any effect here is likely to be 
small177. Of note, whether being physically active helps to 
prevent or reduce the metabolic health consequences of 
insufficient sleep and circadian misalignment is unknown.

Eat well and avoid eating at night
Healthy eating patterns have been reported to be asso-
ciated with a decreased risk of developing metabolic 
syndrome178,179. Healthful diets, especially dietary patterns 
similar to the Mediterranean diet, have been associated 
with improved sleep quality in various populations180. 
Increased food intake in the evening is associated with 
weight gain and obesity140 and reduces the effectiveness 
of weight loss programmes137. A 2022 study showed that 
early time-restricted feeding in healthy adults (food intake 

restricted to the early part of the day) provides greater 
benefits for insulin resistance and related metabolic  
parameters than mid-day time-restricted feeding181.

Have brighter days and dimmer nights
Bright daytime and dim evening light exposure is impor-
tant for circadian alignment and could benefit metabolic 
function182–184. Further studies are needed to examine 
whether increasing bright light exposure during the day 
(by going outside more often) can improve metabolic 
health by improving sleep and circadian health11. In 
addition, research is needed to determine whether bright 
light exposure during evening physical activity could 
affect sleep. Previous research has shown that a reduc-
tion of exposure to blue light at night promotes better 
sleep quality185–187. This strategy might also decrease the 
risk of developing metabolic syndrome by improving 
fasting plasma levels of glucose and insulin resistance; 
however, more research in this area is needed186.

Avoid caffeine late in the day
Observational studies report that people who drink coffee 
seem to have a lower risk of obesity, metabolic syndrome 
and T2DM than people who do not drink coffee188–190. 
However, caffeine consumed later in the day is well known 
to disrupt sleep. For example, in healthy adults, 400 mg of 
caffeine taken 6 h before bedtime was found to reduce sleep 
by more than 1 h (ReF.191). Caffeine might also contribute to 
late sleep and circadian timing. Furthermore, consumption 
of a caffeine dose equivalent to that in a double espresso 
3 h before habitual bedtime in healthy adults induced a 
~40-min phase delay of the circadian melatonin rhythm192. 
The magnitude of that delay was nearly half the size of 
the delay induced by evening exposure to bright light. 
Further research is needed to determine whether earlier 
versus later time of day caffeine consumption has benefits  
for sleep, circadian alignment and metabolic health.

Have a nap
A dose–response meta-analysis on napping found a 
J-shaped relationship between the length of nap time 
and the risk of T2DM and metabolic syndrome193. 
Napping up to about 40 min per day had no effect, 
followed by a sharp increase in the risk at longer nap 
times. Short naps (10–20 min) have been associated with 
a wide range of health benefits in healthy young adults, 
including improved cognitive functions and a reduction 
in daytime sleepiness and fatigue194. A short nap when 
night-time sleep is insufficient could potentially help 
reduce the adverse effects of a lack of night-time sleep 
on metabolic health but research in this area is needed.

Limit alcohol consumption and do not smoke
Alcohol consumption in adults has been found to inter-
act with reduced sleep duration to increase the risk of 
dysglycaemia195. Evidence also suggests that smoking 
is associated with the development of metabolic syn-
drome whereas smoking cessation seems to reduce this 
risk196. People who smoke, particularly at night-time, 
have longer sleep latency, more awakenings, poorer 
sleep quality and shorter sleep duration than people 
who do not smoke44,197,198. Not smoking and limiting 

Mediterranean diet
A diet characterized by 
plant-based foods such as 
whole grains, vegetables, 
legumes, fruits, nuts, seeds, 
herbs and spices.
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alcohol consumption, especially near bedtime, are rec-
ommended for healthy sleep and optimal metabolic 
regulation.

Get treatment
Effective treatment strategies are available for sleep prob-
lems and sleep and circadian disorders. As noted, sleep 
and circadian disorders are often comorbid with mental 
health and obesity. Treating sleep and circadian problems 
and any related health conditions concurrently is gener-
ally associated with better health outcomes compared 
with treating these disorders alone199,200. Addressing 
modern emotional stresses and mental health issues is 
also important given that they are prominent risk factors 
for insufficient sleep and obesity.

Conclusions
Growing evidence indicates that both insufficient sleep 
and circadian misalignment contribute to adverse meta-
bolic health and obesity by altering multiple components 

of energy metabolism and behaviour. Insufficient sleep 
increases 24 h energy expenditure and, under controlled 
energy intake conditions, changes in appetite hormones 
occur that promote hunger and energy intake75,76,80,84. 
Importantly, during insufficient sleep and ad libi-
tum food intake, 24 h energy intake is higher than the 
increase in 24 h energy expenditure, which leads to a 
positive energy balance5,76,110. Furthermore, energy 
intake tends to occur later in the day (for example, after 
dinner) despite appetite-reducing changes in the levels 
of appetite hormones. Later timing of food intake is 
associated with lower thermic effects of food than ear-
lier timing of intake and obesity76,103,121,138–140. The tim-
ing of food intake is emerging as an important factor 
in weight regulation. Food choices during conditions of 
insufficient sleep might also be less healthy than during 
adequate sleep103,118–121.

Circadian misalignment increases the risk of obe-
sity by reducing 24 h energy expenditure. Furthermore, 
changes in appetite hormones occur that promote hun-
ger and energy intake139,154–156. Energy intake does not 
seem to be higher in shift workers experiencing circa-
dian misalignment than in non-shift workers; however, 
food choices might be less healthy and obesity rates are 
higher149–152. Findings from rodent models indicate that 
the consumption of calories during the circadian time 
typically reserved for sleep leads to more weight gain 
than consumption of the same number of calories during 
the circadian time typically reserved for wakefulness134,153. 
These findings highlight that, even without changes in 
energy intake, weight gain could ensue when energy is 
consumed at inappropriate circadian times.

Knowledge in this field has substantially increased 
over the past 10 years and the importance of sleep is 
increasingly recognized in public health strategies and 
clinical practice201,202. However, key knowledge gaps 
remain and future studies are needed to address these 
gaps and move the agenda forward (Box 3).

Although nutrition and physical activity are key 
health pillars, it is important that we pay more attention 
to sleep and circadian health in today’s society. Sleep 
and circadian rhythms are critical for optimal meta-
bolic and weight regulation and directly influence eating 
and activity behaviours to impact health. Future efforts 
should aim to quantify the global burden of disease asso-
ciated with poor sleep health and circadian health (for 
example, health-care and productivity costs) and test 
the cost-effectiveness of interventions at the population 
level. Sleep and circadian health are important pillars of 
health and are part of an overall healthy lifestyle along 
with a healthy diet and physical activity.

Published online 24 October 2022

Box 3 | Research priorities in relation to sleep disruption and metabolic 
health and obesity

•	large trials with long follow-ups are needed to determine whether the short-term 
effects of sleep restriction and circadian disruption on metabolic health and obesity 
last over time. Furthermore, studies are needed to determine whether there are 
differences between acute and chronic insufficient sleep and circadian disruption. 
research in this area is limited by safety concerns; thus, designs are mostly limited to 
observational studies.

•	longitudinal studies are needed that follow people across their lifespan in order to 
determine whether the associations between insufficient sleep and/or misaligned 
sleep, metabolic outcomes, and obesity are affected by age.

•	The interaction between sleep, circadian clocks and gut hormones and how these 
factors modulate appetite and metabolism as well as their clinical relevance for the 
efficacy of novel pharmacotherapies for obesity should be examined.

•	more studies should examine the potential risks and benefits of ‘catch-up sleep’ on 
metabolic health and weight regulation.

•	The timing of food intake as it relates to the sleep schedule and circadian timing as 
well as its influence on altering metabolic health and obesity should be examined.

•	Studies are needed to examine how the different sleep health characteristics, 
combined and individually, affect metabolic health and obesity.

•	research is needed to determine whether energy intake is promoted under 
conditions of circadian misalignment and ad libitum food intake.

•	Studies are needed to examine the most effective circadian times for exercising and 
how much exercise is needed for shift workers to maintain their metabolic health.

•	Sleep extension and/or improvement interventions are needed that are aimed at 
improving metabolic health as well as an examination of their effects on metabolic 
health outcomes and weight.

•	Studies should examine whether obesity, independent of sleep disorders, causes poor 
sleep and should identify the underlying mechanisms.

•	additional investigations are needed into how diet content and quality affect 
circadian rhythmicity and sleep health.
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