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Abstract

During the past few decades, sleep curtailment has become a very common behavior in
industrialized countries. This trend for shorter sleep duration has developed over the same time
period as the dramatic increase in the prevalence of obesity and diabetes. There is rapidly
accumulating evidence to indicate that chronic partial sleep loss may increase the risk of obesity
and diabetes. Laboratory studies in healthy volunteers have shown that experimental sleep
restriction is associated with an adverse impact on glucose homeostasis. Insulin sensitivity
decreases rapidly and markedly without adequate compensation in beta cell function, resulting in
an elevated risk of diabetes. Prospective epidemiologic studies in both children and adults are
consistent with a causative role of short sleep in the increased risk of diabetes. Sleep curtailment is
also associated with a dysregulation of the neuroendocrine control of appetite, with a reduction of
the satiety factor leptin and an increase in the hunger-promoting hormone ghrelin. Thus, sleep loss
may alter the ability of leptin and ghrelin to accurately signal caloric need, acting in concert to
produce an internal misperception of insufficient energy availability. The adverse impact of sleep
deprivation on appetite regulation is likely to be driven by increased activity in neuronal
populations expressing the excitatory peptides orexins that promote both waling and feeding.
Consistent with the laboratory evidence, multiple epidemiologic studies have shown an
association between short sleep and higher body mass index after controlling for a variety of
possible confounders.
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Introduction

The prevalence of obesity and type 2 diabetes is increasing worldwide but particularly in the
US.1 Obesity and diabetes are both associated with increased age-adjusted mortality risk as
well as a substantial economic burden.? The causes of this pandemic are not fully explained
by changes in traditional lifestyle factors such as diet and physical activity. One behavior
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that seems to have developed during the past few decades and has become highly prevalent,
particularly amongst Americans, is sleep curtailment. In 1960, a survey study conducted by
the American Cancer Society found modal sleep duration to be 8.0 to 8.9 hours,3 while in
1995 the modal category of the survey conducted by the National Sleep Foundation poll had
dropped to 7 hours.# Recent analyses of national data indicate that a greater percentage of
adult Americans report sleeping 6 hours or less in 2004 than in 1985.% Today, more than
30% of adult men and women between the ages of 30 and 64 years report sleeping less than
6 hours per night. ® The decrease in average sleep duration in the U.S. has occurred over the
same time period as the increase in the prevalence of obesity and diabetes.

The present review examines the existing evidence for a link between short sleep and
increased risk of obesity and diabetes and explores putative causal mechanisms. By “short
sleep”, we mean sleep durations under 7 hours per night. There is substantial evidence in
support of an association between long sleep (>8 h) and increased morbidity and
mortality,5-8 but the mechanisms linking long sleep and poor health are likely to be distinct
from those mediating the adverse effects of short sleep.

Figure 1 provides a schematic representation of some of the pathways that could mediate an
adverse effect of sleep loss on the risk of obesity and diabetes. Several of these pathways
interact with one another. An upregulation of the activity of orexin neurons may be a
primary mechanism linking sleep deprivation and adverse metabolic effects. Total or partial
sleep deprivation results in increased sympathetic nervous activity, increased levels of
cortisol in the evening, and increased levels of growth hormone (GH) in the daytime. All of
these can, in turn, lead to increased insulin resistance and reduced glucose tolerance, and
thus increase the risk of developing of diabetes. Sleep loss also impacts hormones involved
in appetite regulation. After sleep restriction, the levels of leptin, a satiety factor, are lower
and the levels of ghrelin, an appetite stimulant, are higher. Less time sleeping also allows for
more opportunity to eat. Thus, through these pathways, sleep loss could lead to increased
appetite and increased food intake, which could lead to obesity. Finally, sleep loss and the
associated sleepiness and fatigue may be result in reduced energy expenditure, in particular
through decreased physical exercise but also through decreases in non-exercise activity
thermogenesis (NEAT). Reduced energy expenditure is to date an unexplored pathway that
could link short sleep and the risk of overweight and obesity. Obesity is in itself a major risk
factor for type 2 diabetes. This cascade of negative events is likely to be accelerated in many
overweight and obese individuals by sleep-disordered breathing (SDB), a reported
independent risk factor for insulin resistance.® 10 The present chapter will only focus on
sleep loss resulting from behavioral sleep restriction rather than from the presence of a sleep
disorder.

We will first review the experimental and epidemiologic evidence for an association
between short sleep, alterations in glucose metabolism and increased diabetes risk. As a
cautionary note, translating the effects of experimental sleep restriction in the laboratory to
the real world is not straightforward. Furthermore, laboratory studies of sleep restriction
cannot be conducted for periods of time extending beyond 1-2 weeks. Epidemiologic
studies that involve population-based samples do not provide evidence for causal direction.
In many epidemiologic studies, the reductions in sleep duration cannot be distinguished
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from reductions in sleep quality. A presentation of the evidence linking short sleep,
upregulation of appetite and increased body mass index (BMI) will follow. Finally, we will
address the possibility that individuals exposed to insufficient sleep and the resulting
sleepiness and fatigue may also have lower levels of energy expenditure than well-rested
adults, particularly in an environment that promotes physical inactivity.

Sleep Loss & Glucose Metabolism

Normal Physiology

Blood levels of glucose are tightly regulated within in a narrow range to avoid
hypoglycemia and hyperglycemia as both conditions have adverse life threatening
consequences. Glucose tolerance refers to the ability to metabolize exogenous glucose and
return to baseline normoglycemia. In clinical settings, glucose tolerance is assessed by the
oral glucose tolerance test, which consists of ingesting a glucose solution and measuring
glucose levels at frequent intervals during the next 2 hours. Glucose tolerance may also be
examined after ingestion of a carbohydrate-rich meal or after intravenous injection or
infusion of glucose. Glucose tolerance is dependent on the balance between glucose
production by the liver and glucose utilization by insulin-dependent tissues, such as muscle
and fat, and non-insulin dependent tissues, such as the brain. Thus, glucose tolerance is
critically dependent on the ability of pancreatic beta cells to release insulin both acutely (i.e.
acute insulin response to glucose or beta cell responsiveness) and in a sustained fashion and
on the ability of insulin to inhibit glucose production by the liver and promote glucose
utilization by peripheral tissues (i.e. insulin sensitivity). Reduced insulin sensitivity, or
insulin resistance, occurs when higher amounts of insulin are needed to reduce blood
glucose levels following the administration of the same amount of exogenous glucose.

In normal, healthy individuals, glucose tolerance varies across the day such that plasma
glucose responses to exogenous glucose are markedly higher in the evening than in the
morning, and glucose tolerance is at its minimum in the middle of the night.1* The reduced
glucose tolerance in the evening is at least partly due to a reduction in insulin sensitivity
concomitant with a reduction in the insulin secretory response to elevated glucose levels.
The further decrease in glucose tolerance during the night is dependent on the occurrence of
sleep. Indeed, a variety of mechanisms intervene to maintain stable glucose levels during the
extended overnight fast associated with sleep.11 Overall glucose utilization is greatest during
wake and lowest during non-REM (Stages 2, 3 & 4) sleep with intermediate levels during
REM sleep.12 In the first half of the night, glucose metabolism is slower, partly because of
the predominance of slow wave sleep that is associated with a marked reduction in cerebral
glucose uptake,13: 14 and may be also because of a reduction in peripheral glucose
utilization. These effects are reversed during the second half of the night, when light non-
REM sleep and REM sleep are dominant and awakenings are more likely to occur. These
major modulatory effects of sleep on glucose regulation can also be observed when the sleep
period occurs during the daytime.1®
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Laboratory studies of glucose metabolism and sleep loss

Nearly 40 years ago, a study examining the impact of 72-126 hours of total sleep
deprivation on oral glucose tolerance found that levels of glucose were markedly higher
throughout the test when subjects were sleep-deprived.18 Since then, a large body of
evidence has accumulated to indicate that sleep has major modulatory effects on glucose
regulation?®. It may therefore be somewnhat surprising that the possibility that recurrent sleep
loss may be associated with adverse metabolic effects has only been considered in recent
years. An explanation to this paradox may be that nearly all early studies used the paradigm
of acute total sleep deprivation, a condition that is necessarily of short duration in humans
and invariably followed by sleep recovery. Alterations evidenced during acute total sleep
deprivation are readily corrected following sleep recovery and therefore the possibility that
sleep loss may result in long-term adverse effects on glucose tolerance appeared unlikely.
However, as pointed out elsewhere, there are differences in the EEG and hormonal effects of
acute total as compared to recurrent partial sleep deprivation.1” For example, after recovery
sleep following total sleep deprivation, slow-wave sleep and growth hormone levels rebound
whereas during recurrent sleep restriction, slow-wave sleep and growth hormone levels are
not higher than at baseline.1”- 18 During total sleep deprivation, thyroid stimulating hormone
(TSH) levels are more than doubled whereas after 3-5 days of partial sleep deprivation, TSH
levels are markedly depressed.19-21

The first detailed laboratory study that examined the effects of recurrent partial sleep
deprivation on glucose metabolism involved healthy young men who were subjected to 6
nights of 4 hours in bed (“sleep debt”) followed by 7 nights of 12 hours in bed (“sleep
recovery”).21 The subjects ate identical carbohydrate-rich meals and were at continuous bed
rest on the last two days of each condition. During each bedtime condition, the subjects
underwent an intravenous glucose tolerance test (ivGTT) on the morning of the 5 or 6t
day that was followed by 24 hours of blood sampling at 10-30 minutes intervals.2! The
results of the ivGTT may be analyzed using a mathematical model of glucose homeostasis,
referred at as the “minimal model”.22 Fitting the minimal model to the measured values of
plasma glucose and insulin levels allows for the derivation of critical parameters
contributing to glucose metabolism. The results obtained during the sleep debt condition are
shown in Table 1. The rate of glucose clearance during the initial phase of the test (glucose
tolerance; Kg) was 40% lower, glucose effectiveness (Sg), a measure of non-insulin
dependent glucose disposal, was 30% lower, and the acute insulin response to glucose
(AIRg) was also 30% lower. A trend for reduced insulin sensitivity (SI) was evident but
failed to reach statistical significance. The disposition index (DI) is the product of AIRg x
SI, and is a marker of diabetes risk that is used in genetic studies.?3 In individuals with
normal glucose tolerance, the product AIRg x SI remains constant because beta cell function
is able to compensate for insulin resistance with increased insulin release.2* Type 2 diabetes
occurs when beta-cell function is unable to be sufficiently upregulated to compensate for
insulin resistance, resulting in hyperglycemia. Thus low DI values represent a higher risk of
type 2 diabetes. DI values of 2,000 and above are typical of subjects with normal glucose
tolerance while DI values under 1,000 have been reported in populations at high risk for
type 2 diabetes, such as Hispanic women with prior gestational diabetes.25 In the sleep debt
condition, the DI was 40% lower than after sleep recovery and 3 of the 11 subjects had DI
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values under 1,000. Table 2 compares the glucose tolerance (Kg) values observed in these
healthy young men at the end of the sleep debt condition and when fully rested to values
obtained in different subject populations using the same ivGTT protocol and mathematical
analysis. The values observed after 5 days of sleep restriction were similar to those observed
in older adults with impaired glucose tolerance,28 while the values observed after sleep
recovery were, as expected, in the range typical of healthy young subjects.2” When glucose
responses to a high carbohydrate breakfast presented on the 6! day of each sleep condition
were examined, glucose levels were higher after sleep restriction than after sleep recovery
despite levels of insulin secretion that were slightly, but not significantly, higher.2
Calculations of the homeostatic model assessment (HOMA) levels, an index of insulin
resistance directly proportional to the product insulin x glucose, revealed that the area under
the HOMA curve for the breakfast meal was more than 50% higher after 6 days of sleep
restriction than when the subjects were fully rested.28: 29 Although the HOMA has only been
validated as a measure of insulin resistance under fasting conditions, these results suggest
that insulin sensitivity was lower on the 6! than on the 51 day of sleep restriction and thus
that insulin resistance may develop progressively with increasing exposure to partial sleep
loss. Preliminary findings from ongoing studies in our laboratory are supporting this
hypothesis although reduced insulin sensitivity to oral glucose administration was already
observed after one night of total sleep deprivation in an earlier study.3? In any case, insulin
resistance is a well-recognized risk factor for type 2 diabetes. It is possible that insulin
resistance could also promote increased adiposity and weight gain.

A criticism of this initial “sleep debt study” was that there may be an order effect,3! since
the fully rested condition always followed the sleep debt condition.?! Partly to address this
concern, a second study that examined the impact of sleep restriction (4 hours per night for 2
nights) as compared to sleep extension (10 hours per night for 2 nights) used a randomized
cross-over design and confirmed the findings of the “sleep debt” study. In both bedtime
conditions, plasma levels of glucose and insulin were examined during constant glucose
infusion in healthy lean young subjects. Morning glucose levels were higher, and insulin
levels tended to be lower, after 2 nights with 4 hours in bed as compared to 2 nights with 10
hours in bed.28 A further critique of both these studies is that they used a severe restriction
of sleep (i.e. only 4 hours in bed), and thus that it is not clear if more moderate amounts of
sleep restriction would have similar effects.3! Ongoing studies in our laboratory examine the
effects of more extended periods of less severe sleep curtailment (e.g. 8 days of 5 hours in
bed, and 2 weeks of bedtimes restricted by only 1.5 hours per night) and both have provided
preliminary evidence of impaired glucose homeostasis, consistent with our previous studies.

The mechanisms underlying alterations in glucose metabolism following recurrent partial
sleep restriction are likely to be multifactorial. The reduction in Sg, a measure of non-insulin
mediated glucose disposal, is suggestive of a decrease in cerebral glucose metabolism,
consistent with the findings of positron emission tomography (PET) studies of subjects
submitted to total sleep deprivation.32 The acute reduction in insulin release could be due to
increased sympathetic nervous activity at the level of the pancreatic beta-cell. While changes
in sympatho-vagal balance at the level of the pancreas have not yet been assessed in any
study, in both laboratory studies of sleep restriction described above, cardiac sympatho-
vagal balance, derived from estimations of heart rate variability, was elevated (likely
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reflecting an increased influence of sympathetic tone) when sleep was restricted.21 29
Disturbances in the secretory profiles of the counter-regulatory hormones, GH and cortisol,
may also contribute to the alterations in glucose regulation observed during sleep loss.
Indeed, 6 days of sleep restriction were associated with an extended duration of elevated
nighttime GH concentrations 18 and with an increase in evening cortisol levels.2! An
extended exposure of peripheral tissues to higher GH levels may induce a rapid decrease in
muscular glucose uptake adversely affecting glucose regulation. Also, elevated evening
cortisol concentrations are likely to result in reduced insulin sensitivity on the following
morning.11 Finally, acute total sleep loss or even a 2-hour reduction of sleep/night for one
week is associated with increased levels of proinflammatory cytokines and low grade
inflammation, a condition known to predispose to insulin resistance and diabetes.33: 34 There
is recent evidence that decreased sleep quality without changes in sleep duration also results
in impaired glucose metabolism.3°

Epidemiologic studies of sleep and diabetes

There have been a few studies that examined cross-sectional associations between sleep and
markers of diabetes risk or control. An overnight polysomnographic recording was
conducted in obese children aged 3 to 19 years and sleep measures were compared to the
results of an oral glucose tolerance test.3® The results indicated that obese children who slept
less than 6 hours during the PSG had higher fasting insulin and higher insulin resistance
based on the HOMA method.36 A cross-sectional study among adults in Canada found an
increased risk of prevalent diabetes for those reporting sleeping less than 7 hours (OR 1.58,
95% CI 1.13, 2.31).37 Furthermore, fasting plasma glucose, fasting plasma insulin, and the
HOMA insulin resistance index were higher in the short sleepers.3” A survey study among
patients with type 2 diabetes found that subjective poor sleep quality and subjective
insufficient sleep were associated with higher levels of hemoglobin Alc, which is a marker
of worse glycemic control.38 Finally, a cross-sectional study found that subjective sleep
quality was associated with higher glucose and insulin levels, higher estimated insulin
resistance, and higher BMI, body fat percentage and waist circumference.3? These cross-
sectional analyses suggest a significant relationship between glucose metabolism and sleep
duration and quality.

Several prospective studies have examined the association between sleep duration or
disturbance and the development of diabetes. Results from the Nurses Health Study, which
included only women, found an increased risk of incident symptomatic diabetes over 10
years among those reporting sleep durations of 5 hours or less relative to 7-8 hours, even
after controlling for many covariates such as BMI, shiftwork, hypertension, exercise and
depression.” A study in Japan followed adult men for 8 years from 1984 to 1992, and high
frequency of difficulty initiating sleep or difficulty maintaining sleep, which are both likely
to result in shorter sleep duration, had an increased age-adjusted risk of developing type 2
diabetes.4? One Swedish study examined men aged 35-51 years once between 1974 and
1984 and again 7-22 years later, and found an increased risk of incident diabetes among
those who reported difficulty falling asleep or use of sleeping pills (OR 1.52, 95% CI: 1.05,
2.20) after controlling for numerous covariates.*! Another prospective study conducted in
Sweden followed 1,187 men and women free of diabetes at baseline for 12-years.*? Men
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who reported difficulty maintaining sleep or who reported sleep duration of 5 hours or less
had a significantly greater risk of developing diabetes, but no significant associations
between sleep and diabetes risk was observed in women.*2 A third prospective study from
Sweden followed over 600 women for 32 years beginning in 1968-69, but the incidence of
diabetes over a 32-year period was not associated with the self-reported sleep problems,
sleep medication use or sleep duration at baseline.*3 A prospective study from Germany
interviewed 8,269 non-diabetic men and women aged 25-74 years and followed them for an
average of 7.5 years.** The results demonstrated a significant increased risk of incident type
2 diabetes for those who reported difficulty maintaining sleep at baseline, even after
adjustment for numerous covariates.** The Massachusetts Male Aging Study observed that
among men without diabetes at baseline, a sleep duration of 6 hours or less per night was
associated with twice the risk of developing diabetes after adjustment for covariates such as
age, hypertension, smoking, self-rated health, waist circumference and education.® Finally,
recent analysis of data from the First National Health and Nutrition Examination Survey
found that people reporting sleeping five hours or less and those reporting sleeping 9 or
more hours were at an increased risk of developing diabetes.#®

The majority of these studies, which involved different subject populations and originated
from different geographical locations and cultures, were consistent in indicating that short or
poor sleep may increase the risk of developing type 2 diabetes. One important limitation of
all these epidemiologic studies is that nearly all of them relied on self-reported measures of
sleep. Additional studies that use objective measures of sleep and preferably an
interventional design are required to determine if sleep loss could indeed be part of the
causal mechanisms leading to the development of diabetes.

Sleep Loss & Appetite Regulation

Normal Conditions

Appetite is regulated by the interaction between metabolic and hormonal signals and neural
mechanisms. The arcuate nucleus of the hypothalamus has two opposing sets of neuronal
circuitry, appetite simulating and appetite-inhibiting, and several peripheral hormonal
signals have been identified that affect these neuronal regions.*” Among these peripheral
signals are leptin, an appetite-inhibiting hormone, and ghrelin, an appetite stimulating
hormone. Leptin is primarily secreted by adipose tissue and appears to promote satiety.4’
Ghrelin is a peptide released primarily from the stomach. In rodents, ghrelin generates a
positive energy balance and increased adiposity through increased food intake and reduced
fat oxidation.*8 Studies in humans also indicate that ghrelin increases appetite and food
intake.*8 Plasma ghrelin levels are rapidly suppressed by food intake and then rebound after
1.5-2 hours, paralleling the resurgence in hunger. Thus, leptin and ghrelin exert opposing
effects on appetite. Evidence from animal studies suggests that leptin and ghrelin also have
opposing effects on energy expenditure (see following section).

Under normal conditions, the 24-hour profile of human plasma leptin levels shows a marked
nocturnal rise, which is partly dependent on meal intake.4® Nevertheless, a study using
continuous enteral nutrition to eliminate the impact of meal intake showed the persistence of
a sleep-related leptin elevation, although the amplitude was lower than during normal
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feeding conditions.30 The 24-hour profile of ghrelin levels also shows a nocturnal rise,
which may partly reflect the post-dinner rebound. However, ghrelin levels spontaneously
decrease in the second half of the sleep period, despite the maintenance of the fasting
condition.>1

In rodents, food shortage or starvation results in decreased sleep,52 and, conversely, total
sleep deprivation leads to marked hyperphagia.>3 The identification in the lateral
hypothalamus and perifornical area of a population of neurons that express two excitatory
neuropeptides (orexin A and orexin B, also referred to as hypocretin A and hypocretin B)
derived from the same precursor (pre-pro-orexin) that have potent wake promoting effects
and stimulate food intake, has provided a molecular basis for the interactions between
feeding and sleeping.>* 55 Figure 2 presents a simplified schematic representation of the
orexin system. Orexins activate all the components of the ascending arousal system,
including noradrenergic, cholinergic and serotonergic cell groups in the brain stem and
histaminergic cells in the tuberomammillary nucleus (TMN) of the hypothalamus. Orexin
neurons also project diffusely to the entire cerebral cortex.56 Thus, orexinergic neurons
promote wake. Orexin exhibits excitatory effects on neurons of the nucleus tractus solitaries
(NTS) and of the hypothalamic paraventricular nucleus (PVN),% resulting in increased
sympathetic nervous activity. The orexin system also activates the appetite-promoting
neuropeptide Y neurons in the arcuate nucleus of the hypothalamus. Furthermore, orexin
neurons in the lateral hypothalamus have dense projections to the dopaminergic ventro-
tegmental area (VTA) and nucleus accumbens (NA), which are important in the hedonic
control of food intake.?8: 5 Thus, the activation of the orexin system would lead to
increased hedonic and homeostatic feeding. Orexinergic activity is in turn influenced by
both central and peripheral signals, with glucose and leptin exerting inhibitory effects while
ghrelin promotes further activation.®® In animal models, experimental sleep deprivation —
which invariably involves increased activity and/or stress — results in increased orexinergic
activity.50 It is not known whether sleep deprivation in humans under comfortable sedentary
conditions, e.g. in an armchair in front of a television set, is similarly associated with an
upregulation of the orexin system. Rodent studies have provided evidence suggesting that a
decrease in leptin levels may be involved in the hyperphagia associated with sleep
deprivation. Indeed, in rats submitted to prolonged total sleep deprivation as well as in their
yoked controls who experienced partial sleep deprivation, leptin levels declined in the first
four days of the deprivation period.5! Rats submitted to selective REM sleep deprivation for
2 weeks also showed reduced levels of leptin as well as increased NPY expression in the
arcuate nucleus.%2 63 Finally, a brief period of sleep deprivation (5 hours) did not alter the
levels of leptin but did acutely increase the levels of ghrelin.®4 The results from animal
studies are consistent with findings from human studies as will be discussed below. In
general both animal and human studies have observed that sleep loss is associated with
increased food intake and appetite, decreased leptin and increased ghrelin, altered glucose
utilization and increased sympathetic nervous activity.%° (For a more detailed review, see 6°)

Recent rodent data indicate that orexins also play a role in the control of reward and
motivation®® and raise the possibility that insufficient sleep may affect the amount and
composition of non-homeostatic food intake (i.e. food intake that is not needed to fulfill a
caloric need) related to emotional and psychosocial factors in humans. Consistent with this
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hypothesis, epidemiological data show an association between short sleep duration and
irregular eating habits, snacking between meals, excessive food seasoning, and reduced
consumption of vegetables.56: 67 Evidence for a role of sleep loss in the dysregulation of
mechanisms involved in the non-homeostatic control of food intake, i.e. food intake that is
not in response to a caloric need, but rather to social, hedonic or other factors, is currently
lacking in humans.

Laboratory studies of leptin and ghrelin during sleep loss

Only a couple of studies have examined human leptin or ghrelin levels during acute total
sleep deprivation. In subjects receiving continuous enteral nutrition, plasma leptin levels
rose slightly during nocturnal sleep deprivation and the maximum level occurred later in
night compared to during nocturnal sleep 0. Eighty-eight hours of total sleep deprivation
with scheduled meals designed to maintain body weight resulted in a decrease in the
amplitude of the leptin diurnal variation without change in body weight.58 The nocturnal rise
of ghrelin is modestly, but significantly, reduced during acute total sleep deprivation as
compared to normal nocturnal sleep.>?

In the laboratory study that subjected healthy men to 4-hour bedtimes for 6 nights followed
by 6 nights of 12-hour recovery sleep, mean leptin levels were 19% lower, the nocturnal
acrophase was 2 hours earlier and 26% lower and the amplitude of the diurnal variation was
20% lower during sleep restriction.2% These changes occurred despite identical caloric intake
and physical activity with no change in BMI1.29 Maximal leptin levels between the state of
sleep debt and the fully rested state differed on average by 1.7 ng/ml, which is somewhat
larger than the decrease reported in young adults after three days of dietary intake restricted
to 70% of energy requirements (a caloric deficit of approximately 900 Kcal per day).2°
Ghrelin levels were not measured and subjective feelings of hunger and appetite were not
assessed. Another laboratory study, which used a randomized cross-over design to compare
the impact of restricted versus extended sleep, observed similar effects of sleep restriction
on leptin. This study involved 2 days of 4-hour bedtimes and 2 days of 10-hour bedtimes in
subjects receiving a constant glucose infusion as their only source of caloric intake. Daytime
levels of leptin, ghrelin, hunger and appetite were measured at 20 (for leptin) to 60 minutes
intervals following the 2"9 night of sleep restriction or extension.®® Figure 3 illustrates the
levels of hunger, appetite and the ghrelin-to-leptin ratio in the 4-hour and 10-hour condition
in a representative individual. Importantly, the change in the ratio of ghrelin-to-leptin
between the two conditions was strongly correlated to the change in hunger ratings,
suggesting that the changes observed in these appetite hormones was partially responsible
for the increase in appetite and hunger. These observed changes would suggest that these
subjects, if allowed ad libidum food, may have increased their food intake.

A population-based study, The Wisconsin Sleep Cohort Study, also observed an association
between sleep duration, leptin and ghrelin.”® This study collected sleep diaries from which
average nightly sleep was calculated, and each subject underwent one night of
polysomnography (PSG) in the laboratory. In the morning following the PSG, a single blood
sample was obtained for the measurement of hormonal levels. The results indicated that total
sleep time from PSG was negatively associated with ghrelin levels (beta coefficient = -0.69,
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p=0.008) while average usual sleep duration from the diaries was positively associated with
leptin levels independently of BMI (beta coefficient = 0.11, p=0.01).7% Thus, ghrelin levels
were associated with an acute, short-term measure of sleep duration while leptin levels were
associated with the more chronic measure. The findings from the Wisconsin Sleep Cohort
Study regarding the relationship between sleep duration and BMI, leptin and ghrelin, were
not confirmed in a subsequent smaller study including only post-menopausal women.”*
Cross-sectional analysis did not reveal an association between short sleep, higher BMI,
lower leptin and higher ghrelin. Differences in age and gender composition of the sample
between the two studies could play a role in the divergent findings, as could the fact that the
smaller study included relatively fewer individuals with sleep durations under 7 hours.

The notion of “leptin resistance” has been introduced to explain the paradoxical observation
that most obese individuals have high, rather, than low plasma leptin levels. While a number
of putative mechanisms have been proposed to underlie leptin resistance, one suggestion that
is particularly relevant to studies of sleep loss is the hypothesis that leptin binds to
circulating levels of C-reactive protein (CRP), an inflammatory marker that is elevated in
obesity, resulting in an attenuation of its physiological effects.’? Several studies of acute
total as well as recurrent partial sleep deprivation in healthy lean adults have reported an
elevation of CRP with sleep loss’3 and ongoing studies from our laboratory confirm these
findings. The combination of reduced leptin levels with increased CRP concentrations in
sleep-deprived subjects might involve a larger negative impact on energy balance than that
of the leptin reduction alone.

Taken together, these studies indicate that sleep duration may play an important role in the
regulation of human leptin and ghrelin levels, hunger and appetite. In the laboratory studies,
differences in energy expenditure between the two bedtime conditions were minimal
because the subjects were at bed rest. The findings from the Wisconsin Sleep Cohort Study
further support the hypothesis that sleep loss may alter the ability of leptin and ghrelin to
accurately signal caloric need, acting in concert to produce an internal perception of
insufficient energy availability. This suggests that sleep loss could lead to increased food
intake, which is consistent with reports of increased food intake in human subjects and in
laboratory rodents submitted to total sleep deprivation.>3: 74 Study designs that examine
actual food intake under different sleep duration conditions will be needed to further test this
hypothesis.

Epidemiologic studies examining sleep duration and BMI

In recent years, evidence from large epidemiological studies from seven different countries
has rapidly accumulated to indicate the existence of a negative association between sleep
duration and BMI in both adults (Table 3) and children (Table 4). Of note, the association
was observed in studies that enrolled subjects with different BMI, from lean or mildly
overweight to frankly obese.

Cross-sectional studies conducted in adults from Spain,’® Japan,’8 and the U.S.7778 have all
observed a significant association between short sleep duration and being obese. Among
studies conducted in the US, an analysis of data collected in 1982 by the American Cancer
Society indicated a decrease in BMI with increasing sleep durations among men, but a U-
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shaped relationship between sleep duration and BMI among women.® The Wisconsin Sleep
Cohort Study conducted in 1995 found that the average time spent in bed based on diaries
was significantly associated with BMI in a U-shaped manner after adjusting for age and sex,
where the minimum BMI was observed at an average bedtime of 7.7 hours per night.”0
Analysis of the Nurses Health Study data from over 80,000 women also observed a cross-
sectional U-shaped association between sleep duration and BMI where the lowest mean
BMI was observed among those reporting sleeping 7-8 hours per night.”® Longitudinal
analysis of the same cohort observed that sleep durations less than 7 hours were at an
increased risk of weight gain.8° In a study from France, mean BMI was slightly but
significantly higher among women reporting sleeping 6 hours or less as compared to those
sleeping more than 6 hours (24.4 vs. 23.4 kg/m?) after adjustment for age and area of
residence, but no difference was observed among men.81 A study of a rural population in the
US observed a negative association between sleep duration and BMI.82 A study from
Norway found that sleep durations less than 6 hours were associated with higher BMI in 40—
45 year olds.83 Analysis of a sample of adults from Hong Kong revealed a significant
negative association between sleep duration and BMI in men.8* Among Greek women aged
30-60 years longer nocturnal sleep duration based on a week of sleep diaries was a
significant predictor of lower BMI, lower percent body fat and lower sum of skinfolds.8>
However, a study of women 50 years or older from Quebec, Canada, found no significant
differences in adiposity indices or BMI between short (<7 hours) and long (=7 hours)
sleepers.86

All of the studies discussed above were cross-sectional in design, however, two published
studies in adults have exploited a longitudinal design. First, analysis of data from the first
National Health and Nutrition Examination Survey (NHANES 1) indicated that among the
32-49 year age group those reporting sleeping 2—4 h, 5 h or 6 h/night in 1982—84 had a
higher mean BMI in 1982-84, 1987 and 1992 relative to those reporting 7 h/night in 1982—
84.87 The second longitudinal study analyzed the association between sleep and BMI over a
13-year period, and reported that the odds ratio for sleep duration predicting obesity was
0.50, which means that every extra hour increase of sleep duration was associated with a
50% reduction in risk of obesity.88

Table 4 lists the studies to date that have observed a negative association between sleep and
BMI among children. Cross-sectional studies in children in Canada,8° France,?0 Germany,%!
Japan®2, the US,% and Vietnam?* have found increased risk of overweight and/or obesity
associated with short sleep durations. A prospective study in the US followed children from
birth to 9.5 years of age, and sleep duration was assessed annually between the ages of 2 to 5
years.95 Average sleep duration between the ages 3 to 5 years was negatively associated
with being overweight at 9.5 years of age, however the difference in sleep between
overweight and lean children was primarily due to daytime naps and not to nocturnal
sleep.9% A study in the UK collected sleep duration information at 38 months of age and
examined obesity at age 7 years, and observed that sleep durations of <10.5 h and 10.5-11.4
h were associated with an increased risk of obesity at age 7 relative to sleep durations of >
12 h per night.%8 A longitudinal study of children in the US found that short sleep duration
in 3™ grade (when they were 9 years old) was significantly associated with increased risk of
overweight in 6! grade (when they were 12 years old) after adjustment for gender, race,
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maternal education, BMI in 3™ grade and the change in sleep duration.%” An analysis of the
National Longitudinal Study of Adolescent Health in the US indicated that self-reported
sleep duration was weakly associated with BMI z score and risk of overweight among male
adolescents but not among females.%® An Australian study of children aged 7 to 15 years
also found that short sleep duration was significantly associated with overweight in males
only.9 All of these studies in children used subjective measures of sleep duration either
reported by the parent or by the adolescent. One study in the US, however, used a 24-hour
period of actigraphy recording to measure sleep in 383 adolescents aged 11-16 years.100
This study defined obesity as a BMI above the 85t percentile for sex and age as well as
having a percent body fat of 25% or above for males or 30% or above for females, as
measured by bioelectrical impedance.100 After adjusting for age, sex, sexual maturity, and
ethnicity, total sleep time had an odds ratio of 0.20 (95% CI 0.11-0.34) predicting obesity,
which indicates that every extra hour of sleep is associated with an 80% reduction in risk of
being obese.100

While the epidemiologic evidence for an association between short sleep and obesity is
becoming quite impressive, it should be noted that nearly all studies, whether in adults or
children, relied on subjective reports of sleep duration. Some studies in children suggest that
self-reported sleep duration is fairly accurate,191 however, more studies are needed to
determine the accuracy with which adults report their sleep duration and quality. Also, the
majority of studies were cross-sectional in design, which means that the direction of
causality cannot be inferred. Short sleep could lead to weight gain, but overweight or obesity
could also lead to an inability to obtain sufficient amounts of sleep. Future studies need to
overcome these limitations by employing a prospective and interventional design with
objective measures of sleep and adiposity.

Sleep Loss & Energy Expenditure

Energy expenditure plays an important role in the control of body weight and adiposity. The
total amount of daily energy expenditure (TEE) is divided into 3 components: a). Resting
metabolic rate under basal conditions (RMR), which is measured as the energy expenditure
of an individual resting in bed in the morning after sleep in the fasting state; RMR represents
approximately 60% of TEE in people with sedentary occupations; b) Thermic effect of
meals (TEM), which is the energy expenditure associated with the digestion, absorption,
metabolism and storage of food and accounts for approximately 10% of TEE; and c)
activity-related energy expenditure (AEE), which is the energy expended in all volitional
and non-volitional activities. For most people, the majority of AEE is not accounted for by
physical exercise but rather by low and moderate intensity activities such as sitting,
standing, walking and other occupational, volitional and spontaneous activities, collectively
referred to as non-exercise activity thermogenesis (NEAT).192 NEAT in humans may be
considered the equivalent of spontaneous physical activity (SPA) in rodent models. AEE is
the most variable component of TEE and plays a major role in the homeostatic control of
body weight.193 The ability to increase NEAT when caloric intake is excessive can
contribute to the maintenance of body weight. Obese individuals have lower levels of NEAT
than lean subjects.194 Studies have indicated that increased physical activity is critical for
maintenance of weight loss.10°
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Whether sleep loss in humans has an impact on TEE or its components has not been directly
tested. While numerous studies have shown that recurrent sleep restriction is associated with
cumulative deficits in sleepiness, vigilance and neurobehavioral function, it is not known
whether these deficits are associated with reduced voluntary physical exercise and/or
reduced NEAT. Subjects with sleep problems and/or excessive daytime sleepiness report a
significant reduction in their levels of physical activity and energy,1%6: 107 which could
indeed reduce AEE. Thus, it is possible sleep loss may impact human energy expenditure
directly, but there is currently no direct evidence in support of this hypothesis. Discrepant
effects of sleep loss on body weight have been observed in rodent as compared to human
studies. In rats, studies have been consistent in indicating that total or partial sleep
deprivation results in a marked increase in food intake along with weight loss, indicating a
negative energy balance.61 62. 108,109 |n humans, limited evidence suggests that
hyperphagia may also occur during sleep deprivation,”* but, in contrast to rodents, this
hyperphagia may be associated with weight gain rather than weight loss. Sleep depriving a
laboratory animal for extended periods of time invariably involves increased physical
activity and stress. While it is difficult to make meaningful comparisons of the impact of
sleep deprivation between rats subjected to increased physical activity and repeated water
immersions (as in studies using the disk-over-water procedure for sleep deprivation) and
human volunteers studied under comfortable sedentary conditions at room temperature, it is
likely that major species differences underlie the discrepant findings in rodents versus
humans. Energy metabolism in brown adipose tissue, which is abundant in rodents but rarely
found in humans, could be involved in differences in energy balance during sleep
deprivation between humans and rodents.

Sleep loss could also affect energy expenditure via its impact on the levels of leptin and
ghrelin. Indeed, in rodent models, there is good evidence to indicate that leptin and ghrelin
have opposite effects on energy expenditure. Leptin appears to increase energy expenditure,
possibly via increased thermogenesis in brown adipose tissue,11% while central ghrelin
administration has been reported to decrease locomotor activity in rats.111 Exogenous leptin
administration in lean mice prevents the decrease in energy expenditure typically associated
with the reduction in food intake.112 Studies that administered leptin to obese and lean
human subjects observed no effect on energy expenditure.113-116 However, one study of 4
human subjects observed that leptin reversed the decrease in energy expenditure experienced
during sustained weight reduction,117 which is similar to the findings in rats. Since several
human studies have demonstrated reduced levels of leptin after sleep loss,2? 69 70 jt is
possible that the reduction in leptin is associated with a reduction in energy expenditure.
Similarly, the increase in ghrelin after partial sleep restriction could be associated with a
decrease in NEAT. Experimental evidence is currently lacking to support either hypothesis.
In summary, the various putative pathways through which sleep loss might adversely affect
energy balance and lead to weight gain include factors such as alterations in appetite and
glucose regulation, increased food intake and reduced energy expenditure.

Conclusion

The research reviewed here suggests that chronic partial sleep loss may increase the risk of
obesity and diabetes via multiple pathways, including an adverse effect on parameters of
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glucose regulation, a dysregulation of the neuroendocrine control of appetite leading to
excessive food intake, and decreased energy expenditure. Epidemiological studies have
generally supported the laboratory findings. As the causes of the dramatic increase in the
prevalence of obesity and diabetes that has occurred worldwide over the past few decades
remain to be fully elucidated, the possibility that chronic partial sleep curtailment, a novel
behavior that appears to have developed with the advent of the 24-h society, is very
intriguing, particularly because sleep habits may be amenable to behavioral intervention.
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Schematic of the putative pathways leading from sleep loss to diabetes and obesity risk.
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Figure 2.
Schematic of the Orexin System. TMN: tuberomammillary nucleus; NTS: nucleus tractus

solitaries; PVN: paraventricular nucleus; VTA: ventro-tegmental area; NA: nucleus
accumbens (NA). Grey arrows represented stimulatory (+) pathways and black dashed lines
reflect inhibitory (=) pathways.
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Figure 3.

Profiles of hunger ratings, appetite ratings and the ghrelin-to-leptin ratio during the long
sleep (10 hour) and short sleep (4 hour) conditions in a single representative subject.
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Table 1

Results from intravenous glucose tolerance tests including glucose tolerance (Kg), acute insulin response to
glucose (AIRQ), glucose effectiveness (Sg), insulin sensitivity (SI) and disposition index (DI) in healthy males

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

while fully rested and after 5 days of sleep restriction.

Fully rested | After 5daysof sleep restriction p level
Kg (% per minute) 2.40+0.41 1.45+0.31 <0.04
AIRg (HU.ml-1.min) 548 + 158 378+136 0.05
S (%/min) 2.620.2 1.740.2 p<0.0005
SI(10%min~L.(uu/ml) 1) | 6.73+1.24 5.41 +0.60 0.28
DI 2897 + 404 1726 + 395 0.0006
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Glucose tolerance (Kg) derived from glucose disappearance curve during IVGTT from the Sleep Debt

Study 21 and reference populations 26: 27,

Table 2

Sleep Debt Study

18-27 year old men in sleep debt condition

18-27 year old men fully rested

Kg (% per minute)

145+0.31

240+0.41

Reference Populations

61-80 yr old adults with impaired glucose tolerance

21-30 yr old fit subjects

Kg (% per minute)

Range: 1.30 - 2.10

Range: 2.20 - 2.90
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Table 3
Summary of findings from studies examining the association between sleep and body mass index (BMI) in
adults.
Authors Date of study | BMI range Results Country
Vioque et al, 1994 Mean BMI was 26.3 kg/m? Prevalence of obesity decreases with Spain
2000 and 16.0% obese among increasing sleep duration. Prevalence Odds
men; mean BMI was 25.7 Ratios adjusted for sex, age & population
kg/m? and 18.1% were size:
obese among women. <6h/day: 1.00
7h/day: 0.70 (95% CI 0.48-1.01)
8h/day: 0.59 (95% CI 0.41-0.84)
>9h/day: 0.47 (95% CI: 0.30-0.74)
Shigeta et al, 1998-1999 Mean BMI was 23.4 (SD Odds ratio for obesity for sleeping <6 h/night: | Japan
2001 3.0) kg/m? 1.98 (95% CI 1.03-3.82) versus sleeping 6 or
more hours.
Kripke et al, 1982 not reported A negative association between BMI & sleep US, Cancer Prevention
2002 in men; a U-shaped association in women. 11 Study
Taheri et al, 1995 BMI Quartiles: Average time in bed was associated with BMI us
2004 25th = 26.2 kg/mZ, 50th = in a U-shaped manner where lowest mean
29.7 kg/m?, 75th = 34.7 BMI was associated with 7.7 h/night.
kg/m?
Patel et al, 2004 | 1986-2002 not reported Sleep duration was associated with BMI in a US (Nurses Health
U-shaped manner where the lowest mean Study)
BMI was among those sleeping 7-8 h/night.
Cournot et al, 1996 9.8% were obese Among women, mean BMI was higher for France (VISAT study)

2004

those reporting 6 hours or less sleep per night
versus those reporting more than 6 hours
(24.4 vs. 23.4 kg/m2). This difference was not
observed among men.

2007

25.05 kg/m? (SD 3.7) to
26.34 kg/m? (SD 4.3)
depending on sleep duration
group

Vorona et al, not reported Mean BMI was 30 kg/m? Mean total sleep time was significantly us
2005 (SD 6) shorter in the obese group relative to normal
weight. The overweight and severely obese
group did not differ from normal weight.
Singh et al, not reported Mean BMI was 27.2 kg/m?, Odds ratio for obesity was 1.7 (95% Ci 1.3— us
2005 24.% obese. 2.3) for < 5 h sleep/night and 1.4 (95% CI
1.1-1.8) for 5-6 h sleep/night relative to 7-8
h sleep/night
Gangwisch et 1982-1992 not reported Cross-sectional analysis of sleep and obesity us
al, 2005 risk among 32-49 year olds: OR 2.35 (95%
Cl 1.36-4.05) for 2-4 h/night; OR 1.60 (95%
Cl1 1.12-2.29) for 5 h/night; OR 1.27 (95% CI
1.01-1.60) for 6 h/night relative to 7 h/night.
Hasler et al, 1978-1999 Mean BMI was 21.2 (SD Prospective Study. Longitudinal analysis Switzerland
2004 2.5) kg/m?in 1979 and 23.3 | resulted in an odds ratio of 0.50 for sleep
(SD 3.8) kg/m? in 1999. duration predicting obesity.
Patel et al, 2006 | 1986-2002 Mean BMI ranged from Prospecive Study. Those who slept < 5 hours us
249 (SD 4.5)t0 26.1 (SD gained 1.14 kg (95% CI: 0.49, 1.79) and those
5.5) depending on sleep sleeping 6 hours gained 0.71 kg (95% ClI:
duration group 0.41, 1.00) more than those sleeping 7 hours
adjusting for age and baseline BMI.
Kohatsu et al, 1999-2004 29.51 kg/m? (SD 5.79) Cross-sectional analysis indicated sleep Rural US
2006 duration was negatively associated with BMI
(Beta = -0.42; 95% CI: —0.77 to -0.07) after
adjustment for covariates.
Bjorvatn et al, 1997-1999 Mean BMI ranged from Cross-sectional analysis indicated a u-shaped Norway

association between sleep duration and BMI
after adjustment for gender and smoking.
<5h: beta = 1.17 (p<.01)

5-<6 h: beta = 0.68 (p<.01)

6-<7 h: beta = 0.12 (p>.05)
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Authors Dateof study | BMI range Results Country
7-<8: ref
8-<9: beta = 0.28 (p>.05)
>9: beta = 1.07 (p<.01)
Chaput et al, not reported Mean BMI was 28.6 kg/m? Among women =50 years, no significant Canada
2007 (SD 5.0) differences between short (<7 hours) and long
(=7 hours) sleepers
Rontoyanni et 2005 Mean BMI was 25.7 kg/m? Sleep duration based on diaries was Greece
al, 2007 (SD 3.38) significantly associated with BMI (beta=
-2.0), % body fat (beta= —2.8), and sum of
four skinfolds (beta= - 15.0), in women aged
30-60 years.
Ko et al, 2007 2000-2002 Mean BMI was 24.1 (SD In fully adjusted models, sleep duration Hong Kong

3.3) for men & 22.6 (SD
3.5) for women

significantly predicted BMI in men only (beta
=-.051).
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