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Abstract

Evidence for the role of sleep on metabolic and endocrine function has been reported more than
four decades ago. In the past 30 years, the prevalence of obesity and diabetes has greatly increased
in industrialized countries, and self-imposed sleep curtailment, now very common, is starting to be
recognized as a contributing factor, alongside with increased caloric intake and decreased physical
activity. Furthermore, obstructive sleep apnea, a chronic condition characterized by recurrent
upper airway obstruction leading to intermittent hypoxemia and sleep fragmentation, has also
become highly prevalent as a consequence of the epidemic of obesity and has been shown to
contribute, in a vicious circle, to the metabolic disturbances observed in obese patients. In this
article, we summarize the current data supporting the role of sleep in the regulation of glucose
homeostasis and the hormones involved in the regulation of appetite. We also review the results of
the epidemiologic and laboratory studies that investigated the impact of sleep duration and quality
on the risk of developing diabetes and obesity, as well as the mechanisms underlying this
increased risk. Finally, we discuss how obstructive sleep apnea affects glucose metabolism and the
beneficial impact of its treatment, the continuous positive airway pressure. In conclusion, the data
available in the literature highlight the importance of getting enough good sleep for metabolic
health.
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Introduction

The brain consumes up to two thirds of the circulating glucose [127]. Thus, it is not
surprising that major changes in brain activity, such as those associated with sleep—wake and
wake-sleep transitions, impact glucose metabolism. Evidence for a modulatory impact of
sleep on metabolic and endocrine systems was first reported more than four decades ago. In
particular, glucose tolerance, the 24-h pattern of release of insulin, and the counterregulatory
hormones growth hormone (GH) and cortisol, as well as of hormones involved in the
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regulation of appetite, such as leptin and ghrelin, are partly dependent on sleep timing,
duration, and quality [59, 168, 186]. In this article, we will first summarize the current
knowledge indicating that sleep modulates hormones involved in glucose control and
appetite regulation. The data presented in this section were mostly obtained using total sleep
deprivation paradigms. The second and third sections review the epidemiologic evidence
that has rapidly accumulated over the last decade, as well as results of laboratory studies that
experimentally enforced recurrent sleep restriction or disturbed sleep, to suggest that
recurrent reduced sleep duration and/or quality are risk factors of obesity and diabetes.
Results from the laboratory studies provide putative mechanisms involved in the relationship
between lack of sleep and increased risk of metabolic diseases evidenced in epidemiologic
studies. Finally, the last section summarizes the impact of OSA, a highly common sleep
disorder, on glucose metabolism.

Sleep modulates glucose regulation and hormones involved in appetite

regulation

Glucose regulation and sleep

Glucose is the primary source of energy for many tissues and, in normal circumstances, it is
the only energy source in the brain. Unlike the liver and the muscles, which are able to store
glucose in the form of glycogen, the brain depends entirely on glucose delivered via the
circulation. Blood levels of glucose are therefore tightly regulated to avoid hypoglycemia
and the associated impairment of the central nervous system and also to prevent
hyperglycemia-induced tissue damage. Glucose homeostasis is controlled primarily by
insulin, an anabolic hormone produced by the pancreas in response to rising levels of blood
glucose, typically after eating. Several catabolic hormones [glucagon, catechol-amines,
cortisol, and growth hormone (GH)] oppose the action of insulin; they are commonly
referred to as counter-regulatory hormones. After carbohydrate ingestion, insulin rapidly
promotes glucose uptake by tissues dependent on insulin to absorb glucose from the
circulation, such as muscle and fat, and suppresses the release of glucose by the liver by
stopping the conversion of glycogen to glucose. Thus, glucose homeostasis is critically
dependent on the ability of pancreatic beta cell 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 hepatic glucose production and promote glucose disposal by
peripheral tissues [i.e., insulin sensitivity (SI)]. Reduced insulin sensitivity, or insulin
resistance, occurs when higher levels of insulin are needed to reduce blood glucose levels
following the administration of the same amount of exogenous glucose.

The regulation of energy homeostasis results from the interaction of sleep—wake
homeostasis and circadian rhythmicity as well as the influence of environmental factors such
as postural changes, stress, food intake, and exercise. In order to delineate the respective
contributions of sleep and circadian rhythmicity on endocrine and metabolic functions,
experimental strategies involving sleep deprivation during the night and sleep recovery
during the day have been used [151, 152, 187]. Such protocols allow for the effects of time
of day to be observed in the absence of sleep and the effects of sleep to be observed at an
abnormal circadian time. Figure 1 shows, from top to bottom, the profiles of GH, cortisol,
glucose, and insulin in healthy young men studied during a 53-h period, including 8 h of
nocturnal sleep followed by 28 h of continuous wakefulness and 8 h of daytime recovery
sleep [151, 152, 187]. GH levels are increased during sleep, irrespective of the time at which
sleep occurs, and they are markedly diminished during sleep deprivation. In fact, in healthy
young men, a major GH pulse that accounts for roughly 70% of the daily production occurs
shortly after sleep onset [188], in association with the first phase of slow wave sleep (SWS).
The link between SWS and GH is quantitative, as a dose-response relationship between
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slow wave activity (SWA) and the amount of GH secreted has been evidenced in young and
older men. Taken together, these results indicate that sleep—wake homeostasis is a major
determinant of GH secretion [59, 168, 186]. The 24-h profile of cortisol comprises an early
morning rise, declining levels during the daytime and a quiescent period centered around
midnight. As shown in Fig. 1b, this profile is only modestly affected by the presence or
absence of sleep. The 24-h periodicity of corticotropic activity is therefore primarily
controlled by circadian rhythmicity. Nevertheless, wake—sleep and sleep—wake transitions
are associated with inhibition and stimulation of cortisol levels, respectively [59, 168, 186].
As a result, the amplitude of the 24-h cortisol profile appears slightly dampened during
extended wakefulness.

The mean profiles of blood levels of glucose and insulin are shown in Fig. 1c, d [187]. Both
nocturnal and daytime sleeps were associated with a marked decrease in glucose tolerance,
reflected by increased glucose levels. The rise in glucose levels was followed by increased
insulin levels and peaked during the middle of the sleep period. A glucose and insulin
elevation of roughly half the amplitude of the one observed during nocturnal sleep was
apparent during the night of sleep deprivation, indicating that circadian-dependent processes
also modulate glucose regulation. In this experiment, caloric intake consisted exclusively in
a glucose infusion at a constant rate to avoid the confounding effects of feeding and fasting.
Other studies have used continuous enteral nutrition and obtained similar results [151, 152].
Under these experimental conditions, the major underlying cause of the decrease in glucose
tolerance is decreased glucose utilization. Both the brain and peripheral tissues use less
glucose during early sleep. SWS, which is particularly abundant at the beginning of the
sleep period, has been shown to result in a 30-40% decrease in cerebral glucose metabolism
relative to waking or rapid eye movement (REM) sleep [12]. A recently published study in
rats [43] reported an increase in ATP levels in wake-active brain regions at the beginning of
the sleep period, in tight association with SWA. Although these results have been challenged
by other authors [64, 70, 210, 211], they are in line with earlier reports of decreased brain
energy use during non-REM (NREM) sleep. Muscle relaxation and the rapid hyperglycemic
effects of the sleep-onset GH pulse account for the remaining fall in glucose uptake during
early sleep [103]. During the later part of the night, glucose levels decrease toward morning
values, reflecting improvement of glucose tolerance. This progressive increase in glucose
uptake is likely to reflect the replacement of SWS by REM sleep and the increased insulin
sensitivity due to a delayed effect of low cortisol levels during the evening and early part of
the night [129]. Thus, glucose regulation is markedly influenced by circadian rhythmicity
and sleep, and these effects could be partially mediated by cortisol and GH.

Type 2 diabetes is a complex metabolic disorder that involves insulin resistance, impaired
insulin secretion, and increased glucose production [37, 79]. Early stages of type 2 diabetes
are characterized by insulin resistance causing excessive post-prandial hyperglycaemia. This
is followed by a deteriorating first-phase insulin response to increased blood glucose
concentrations. The prevalence of type 2 diabetes is increasing worldwide, reaching
pandemic proportions: The number of adults aged 25 years or older with diabetes has more
than doubled over nearly three decades and is currently approaching 350 million [34]. Type
2 diabetes is influenced by age, ethnicity, and genetic susceptibility. Recent genome-wide
association studies have identified genetic loci that predispose to glucose intolerance [128].
Whether diabetes develops is then influenced by environmental factors, some clearly
understood, others less so. If it is obvious that our modern lifestyle of physical inactivity and
increased food intake is involved in the growing prevalence of type 2 diabetes worldwide,
various other behavioral and environmental factors are likely to contribute to the progression
of this disease. The next two sections summarize the epidemiologic and experimental
evidence that has recently accumulated to suggest that sleep loss and poor sleep quality may
be such contributors. Voluntary sleep curtailment has, indeed, become an increasingly
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common behavior in all age groups over the past several decades, most likely reflecting the
demands and opportunities of modern society [75, 114]. In addition, the prevalence of sleep
disorders, particularly obstructive sleep apnea (OSA), has greatly increased, although they
often remain undiagnosed.

Appetite regulation and sleep

The regulation of food intake involves “hunger” and “satiety” signals, secreted by the
hypothalamus as well as by peripheral organs, mainly the adipose tissue and the
gastrointestinal tract. Hunger signals, such as ghrelin and neuropeptide Y, often drive the
initiation of a meal, while satiety peptides, like glucagon-like peptide (GLP-1), peptide YY
(PYY), cholecystokinin (CCK), insulin, and leptin terminate consumption. The regulation of
food intake also involves factors such as food reward, environmental cues, and cognitive
factors, processed in cortico-limbic structures.

Feeding and sleeping are mutually exclusive: They are both time-consuming and occur in
cyclic patterns. Although everyone has experienced somnolence after a large meal, the
association between feeding and sleeping only started to be examined in the late 1970s. In
rodents, food shortage or starvation results in decreased sleep [35], and, conversely, total
sleep deprivation leads to marked hyperphagia [133]. Evidence has accumulated over the
past 13 years to indicate that the orexin system plays a central role in this vital interaction
between feeding and arousal. Orexins (also called hypocretins), two distinct peptides (orexin
A and B) synthesized by neurons in the lateral hypothalamus (LH), stimulate not only
arousal but also feeding (see [136, 139] for review). Hypocretin-containing neurons in the
lateral hypothalamus project directly to the locus coeruleus and to other brainstem and
hypothalamic arousal areas. These neurons also interact with the leptin-responsive neuronal
network involved in balancing food intake and energy expenditure (EE). The orexin system
has been shown to be overactive when sleep deprivation is behaviorally enforced in rats,
dogs, and squirrel monkeys [49, 212, 216], most likely to maintain wakefulness against the
increased sleep pressure. A profound impact of sleep loss and/or poor sleep quality on
appetite regulation should therefore be expected.

Sleep modulates the 24 h pattern of secretion of two key hormones involved in energy
balance regulation, i.e., leptin and ghrelin [1, 193]. Circulating leptin is derived from the
adipocytes, while circulating ghrelin is derived predominantly from the stomach [191].
Leptin inhibits hunger and food intake, increases EE, and promotes fat utilization [1, 193].
Fasting and feeding lowers and elevates leptin levels, respectively [25, 84]. In humans,
under normal feeding circumstances, the 24-h leptin profile shows increasing levels during
the daytime that culminate in a nocturnal maximum [148]. The gradual increase of leptin
over the course of the day reflects the impact of meal intake. A study using an abrupt 8-h
shift of bedtimes and continuous enteral nutrition to eliminate the impact of meal intake
demonstrated that both sleep and circadian rhythmicity elevate leptin levels [153]. The
stimulating impact of sleep on leptin has also been evidenced in a subsequent study that
showed decreased amplitude of the leptin diurnal variation during prolonged total sleep
deprivation [107]. The increased leptin levels during nocturnal sleep, a result of the
combined influence of sleep and circadian rhythmicity, may facilitate the maintenance of
prolonged fasting. The relationship between leptin and sleep appears to be bidirectional;
systemic administration of leptin to normally fed rats increases SWS and decreases REM
sleep [155], and leptin deficiency in ob/ob mice disrupts sleep architecture and impairs sleep
consolidation [90].

In contrast to leptin, ghrelin stimulates hunger and food intake, reduces EE, and promotes
the retention of fat [56, 58, 92, 191]. While ghrelin acylation, under the control of the
enzyme ghrelin-O-acyl-transferase (GOAT), is essential for its orexigenic effects [92, 191],
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most of the physiology of human ghrelin has been based on the measurement of blood levels
of total ghrelin, which mainly reflect unacylated ghrelin levels. In humans, ghrelin levels
decrease after food ingestion in proportion to caloric load and rise before initiation of the
next meal, paralleling the increase in hunger [17, 33]. As early as 2001 [32], studies
involving frequent sampling across the 24-h cycle observed a nocturnal elevation of total
ghrelin levels with peak values during the sleep period and declining levels toward the
morning. All [95, 166] but one [3] of the studies that have attempted to characterize the
overnight profiles of acylated ghrelin in relation to unacylated ghrelin confirmed the
increased nocturnal elevation in total ghrelin and demonstrated a concomitant increase in
acylated ghrelin. To date, the significance of this rise and fall of ghrelin during the overnight
fast remains unknown, though it may contribute to the well-established reduced EE
associated with sleep [10, 53, 78, 207]. Only two studies directly examined the role of sleep
on nocturnal ghrelin release in humans: one found that sleep deprivation inhibited total
ghrelin levels [44]; the other study found that sleep deprivation inhibited total ghrelin at the
beginning of the night and stimulated total ghrelin in the second half of the night [5]. An
inhibitory influence of sleep deprivation would contradict animal studies linking the
promotion of feeding with the maintenance of wakefulness [9, 172, 173]. More in line with
an inhibitory influence of sleep on ghrelin, a recent study reported that the nocturnal
elevation of ghrelin is likely to reflect the post-dinner rebound curbed by an inhibitory effect
of sleep [166]. This latter study also found that the ratio acylated ghrelin/total ghrelin was
lower during sleep than during wake, suggesting that GOAT activity may be decreased
during sleep, consistent with a reduction of orexigenic signal. These findings support an
inhibitory effect of sleep on ghrelin, consistent with the association between sleeping and
fasting and, conversely, between feeding and arousal. In addition to its orexigenic effects,
ghrelin has also been identified as a potent GH secretagogue based on exogenous
administration [56], and a correlation between GH andghrelin levels has been reported in
some, but not all, studies [3, 48, 85, 106, 112, 113, 149]. A large body of evidence supports
the hypothesis that ghrelin acts on GH secretion, at least in part, via a stimulation of GHRH
[39, 50, 192]: A positive interaction between central ghrelinergic activity and sleep, in
particular SWS, should therefore be expected. However, as mentioned above, the interaction
between ghrelin and sleep regulation is still poorly understood, as animal and human studies
yielded inconsistent results.

Peptide YY (PYY) is another gut peptide involved in the regulation of food intake. In
contrast to ghrelin, PY'Y inhibits appetite. Preliminary data obtained in humans observed
that ghrelin and PY'Y levels show opposite variations over the 24-hspan [163]. The
respective contribution of sleep upon the 24 h PY'Y profile has not been assessed.

Taken together, these data suggest that sleep loss and/or poor sleep quality is likely to have a
profound impact on appetite regulation.

Short sleep and/or poor sleep loss as risk factors of diabetes

Epidemiologic evidence

Several large cross-sectional studies (reviewed in detail in [82, 178]) have reported an
association between short (<5or <6h per night) and/or poor sleep and increased prevalence
of diabetes or impaired glucose tolerance, after controlling for age, body mass index (BMI),
and various other confounders. To note, recent national surveys indicate that 16% of
working Americans and 17% of French adults aged 25-45 years sleep <6 h on a typical
weeknight [75, 114]. Some studies also reported an association between self-reported long
sleep duration (=8or >9 h per night) and increased risk of diabetes [82]. These cross-
sectional studies cannot address the direction of causality; having diabetes could impair
sleep, or, conversely, as the laboratory studies presented below suggest, poor or insufficient
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sleep may increase the risk of diabetes. In contrast, prospective studies that have assessed
sleep characteristics at baseline and incidence of diabetes over a follow-up period provide
some indication regarding the direction of causality. Nine studies have examined the impact
of self-reported sleep duration, and six studies have addressed the impact of sleep quality as
determined by self-report of sleep problems such as difficulty initiating or maintaining sleep
or use of sleeping pills (reviewed in [80]). None of these studies has involved objective
measures of sleep. Short sleep duration (mostly <5and/or <6h) was found to predict a higher
incidence of diabetes in seven of the nines studies, while poor sleep quality was associated
with an increased risk of diabetes in five of the six studies [80]. Two studies reported
increased odds of diabetes associated with longer sleep durations (=9 h). One recent meta-
analysis including ten prospective studies with a follow-up of >3 years concluded that sleep
duration and sleep disturbances consistently predicted the risk of incident type 2 diabetes.
The pooled relative risk (RR) was 1.28 (95% CI, 1.03-1.60; p=0.024) for short sleep (<5-6/
night), 1.48 (95% CI, 1.13-1.96, p=0.005) for long sleep (>8-9 h/night), 1.57 (95% ClI,
1.25-1.97, p<0.0001) for difficulty initiating sleep, and 1.84 (95% ClI, 1.39-2.43, p<0.0001)
for difficulty maintaining sleep [19]. Thus, taken together, prospective epidemiologic studies
strongly suggest that subjective short or long sleep duration and sleep disturbances predict
the development of diabetes. Future prospective epidemiologic studies need to include
objective measures of sleep in order to assess the contribution of sleep quality in the
relationship between short or long sleep and increased risk of diabetes. For instance, one
may spend more time in bed in order to compensate for poor sleep. The extent to which the
extended wake resulting from sleep curtailment is spent in activities deleterious for energy
homeostasis should also be examined [102]. However, well-controlled experimental studies
suggest that the lack of sleep per se is likely to negatively impact on glucose metabolism.

Evidence from experimental laboratory studies

Total sleep deprivation studies—The impact of sleep loss on glucose metabolism was
first evaluated using total sleep deprivation (TSD) paradigms. The results of seven studies,
comprising 24-126 h of forced wakefulness, are available in literature and are reported in
Table 1. Of these seven studies, six reported a deleterious impact of TSD on at least one
aspect of glucose metabolism. Increased fasting glucose was reported after 120 h of TSD
[200] but not after 72-126 h [86] or one single night of TSD [5, 143, 195, 204], suggesting
that fasting glucose may be sensitive to only severe TSD. Four studies assessed glucose
tolerance by analyzing the glucose response to an oral glucose tolerance test (OGTT) orto a
standardized breakfast [5, 86, 195, 204]. Glucose tolerance was found to be altered in two
studies, i.e., after 72-126 h of TSD [86] and after 24 h of TSD [5]. Normal glucose tolerance
is achieved when the beta cells are able to secrete appropriate amounts of insulin in a timely
manner in combination with adequate hepatic and muscular insulin sensitivity (SI) [137].
Kuhn et al. [86] did not report SI and beta cell function. In the study by Benedict et al. [5],
the decreased glucose tolerance in a state of sleep debt was the consequence of reduced Sl
combined to beta-cell dysfunction since insulin levels were not affected by the presence or
absence of sleep. Of the two studies that found no effect of sleep loss on glucose tolerance,
one reported that glucose tolerance after 60 h of TSD was preserved despite decreased Sl
because of a compensatory increase in insulin secretion [195]. The other study reported
similar glucose tolerance after baseline sleep, after one night of TSD, and after one night of
sleep recovery following a 4-h daytime nap [204]. However, postprandial insulin was
increased after sleep recovery, suggestive of decreased insulin sensitivity. The authors
hypothesize that these unexpected results could be due to a delayed effect of sleep
deprivation not counterbalanced by a single night of recovery sleep. Thus, of the three
studies that assessed Sl after a glucose load, two found reduced Sl after sleep loss [5, 195]
and one found reduced Sl after recovery sleep [204]. Evidence for a decrease in Sl after
TSD was also reported in a study that evaluated Sl by insulin suppression test modified with
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octreotide [57]. By contrast, Schmid et al. found no alteration of Sl, assessed by stepwise
hypoglycemic clamp, after one night of sleep deprivation. In this latter study, somewhat
unexpectedly, decreased baseline glucagon levels and enhanced relative glucagon response
were observed after TSD, compared to a 7-h night, indicating a modified pancreatic alpha-
cell function [143].

Partial sleep deprivation studies—Partial sleep deprivation (PSD) studies better reflect
the habits of our current society, in which voluntary sleep curtailment has become
increasingly common. In the first study looking at the effect of sleep debt on metabolic and
endocrine function, 11 young men underwent a restriction of their time in bed to 4 h for five
to six nights; carbohydrate metabolism, 24-h profiles of the counter-regulatory hormones
cortisol and GH, and cardiac sympathovagal balance were assessed [159-161]. These results
were compared with measurements taken at the end of a sleep-recovery period with 12-h
bedtimes for five to six nights. An intravenous glucose tolerance test (ivGTT) and a high-
carbohydrate breakfast showed that glucose tolerance was lower in the sleep-debt condition
than in the fully rested condition [159]. The left panel of Fig. 2 shows a re-analysis of the
data from the ivGTT. Glucose tolerance during this ivGTT was decreased by more than 40%
when the subjects were in a state of sleep debt and reached values typical for older adults
with impaired glucose tolerance [54]. The ivGTT is a validated tool that also provides
assessments of Sl, pancreatic beta-cell responsiveness (referred to as “acute insulin response
to glucose”, AIRQ), and glucose effectiveness (SG), a measure of non-insulin-dependent
glucose disposal [7]. SG, AIRg, and SI were decreased by ~25% in the state of sleep debt.
Considering that the brain is a major user of glucose, the decrease in SG is likely to reflect
decreased brain glucose utilization, as shown by PET studies [183]. The disposition index
(DI), the product of AIRg and Sl, which provides an estimate of beta-cell function relative to
the prevailing level of insulin resistance, has been shown to be a validated marker of
diabetes risk [96, 123]. In healthy subjects, insulin resistance is accompanied by
compensatory hyperinsulinemia, which in turn maintains a constant DI. Compared to the
fully rested state, DI was decreased by 50% in the state of sleep debt. Furthermore, three of
the 11 subjects had DI values <1000, indicating a high risk of diabetes [213]. Increased
evening cortisol concentrations, extended duration of elevated GH concentrations during the
waking period, and increased cardiac sympathovagal balance were also observed in the sleep
loss condition [159-161], all of which could underlie the clinically significant deleterious
impact of recurrent sleep restriction on glucose metabolism. Sympathetic activation inhibits
and para-sympathetic activation stimulates insulin release; the lack of compensatory
hyperinsulinemia in response to the reduced Sl associated with sleep loss may therefore be
related to an alteration of the autonomic regulation of the beta cells. In addition, changes in
counterregulatory hormones and elevated ghrelin levels, which in the next section will be
shown to also increase with sleep loss, favor glucose intolerance and hyperinsulinemia [130,
189].

A recent study in 20 healthy lean and overweight men confirmed and extended these
findings. Buxton et al. [16] assessed glucose metabolism by iv GTT and euglycemic—
hyperinsulinemic clamp after seven to eight nights of 10-h bedtime and after six to seven
nights of 4-h bedtime. The results of the ivGTT are presented in the second panel from the
left of Fig. 2. Recurrent reduced time in bed was associated with a decrease in Sl that was
not compensated for by an increase in insulin secretion. As a result of these alterations,
similarly to the previous study, glucose tolerance, and the DI were reduced after sleep
curtailment. Buxton et al. confirmed the decrease in Sl derived from the ivGTT by
hyperinsulinemic euglycemic clamp, considered to be the gold standard method for Sl
determination [16].
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As of today, a total of 11 studies have evaluated the effects of PSD on glucose metabolism.
The main results of these studies that involved young and middle-aged men and women
undergoing various durations of PSD are summarized in Table 1. An impairment of glucose
tolerance was observed in six studies, after an average of 5 h in bed for six consecutive
nights compared to a rested condition [16, 91, 115, 147, 159, 164]. S, assessed in five of
these six studies, was consistently found to be decreased [16, 91, 115, 147, 159]. Evidence
of beta-cell dysfunction was found for all but one [147] of these studies. Two other studies
[41, 194] reported only a decrease in Sl, with apparent preservation of glucose tolerance. Of
note, two groups [41, 147] observed that sleep loss was associated with increased levels of
free fatty acids, which have been implicated in the pathogenesis of insulin resistance [140].
Conversely, three studies [11, 145, 217] found no alterations in measures of glucose
metabolism. Zielinski et al. [217] assessed the effect of semi-chronic (8 weeks) sleep
curtailment on glucose tolerance in self-reported older long sleepers (=8.5 h/night),
compared to a control group. However, the self-reported long sleep duration contrasted with
the ~7.5 h of sleep assessed by actigraphy at baseline, and bedtime restriction resulted in
total sleep time being decreased by only 1 h on average. Furthermore, sleep duration was
also decreased in the control group, and the final difference in total sleep time between the
two groups was only approximately 16 min [81]. The negative findings regarding glucose
tolerance are therefore not unexpected. Bosy-Westphal et al. [11] are the only group who
focused exclusively on pre-menopausal women, who may be more resistant to the alterations
in glucose metabolism induced by sleep deprivation. Indeed, a recent meta-analysis of
prospective studies evaluating the relationship of habitual sleep disturbances to the
development of type 2 diabetes found a lower relative risk of incident diabetes for female
short-sleepers compared to male short-sleepers [19]. Moreover, Bosy-Westphal et al.
exposed their volunteers to a progressive and moderate sleep restriction (5.75 h in bed on
average) over four nights, which may not be sufficient to elicit clear-cut impairments in
glucose metabolism. A third study, in which subjects underwent a stepwise hypoglycemic
clamp, yielded negative results regarding the impact of sleep restriction on Sl [145]; a
decrease in glucagon levels both at baseline and during insulin-induced hypoglycemia was
observed, which indicates a reduced alpha-cell function. The same authors [147] later
reported a decreased glucagon response to an ad libitum breakfast compared to the rested
condition, suggesting again a reduced function of the pancreatic alpha cells. Such an
alteration would arguably not contribute to the impairment in glucose metabolism. However,
it is difficult to extrapolate what would happen in a chronic sleep deprivation setting, since
glucagon secretion is stimulated by the sympathetic nervous system that has been shown to
be stimulated under semi-chronic sleep deprivation conditions [115, 161]. Further studies
are needed to investigate this aspect of glucose metabolism during PSD.

To summarize, impaired SI was reported in seven of 11 studies, and beta-cell dysfunction
was observed in five of 11; the average duration of time in bed and sleep deprivation period
were comparable in both cases. To note, studies reporting negative results have used a more
moderate sleep restriction paradigm [11, 217] or methods of SI quantification with lower
sensitivity [145]. Evidence is also emerging about altered glucagon secretion, but further
studies are necessary to assess the exact effect of partial sleep deprivation on alpha-cell
function.

Poor sleep quality and glucose regulation—Two studies have demonstrated that
poor sleep quality, independently of sleep duration, impairs glucose regulation in healthy
young adults [167, 176]. The first study selectively suppressed SWS in healthy young adults
during three consecutive nights [176]. The second study fragmented sleep across all sleep
stages during two consecutive nights [167]. Both studies assessed glucose metabolism using
an ivGTT and involved a level of sleep fragmentation of approximately 30 events per hour
on each night, i.e., a degree of sleep fragmentation typical of moderate to severe OSA.
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Results from the ivGTTs of these two studies are displayed on the right two panels of Fig. 2.
After three nights of SWS suppression, SI was decreased by ~25%, reaching the level
reported in older adults and in populations at high risk of diabetes [6]. The decrease in Sl
following experimental reduction of SWS was not compensated for by an increase in insulin
release, as AIRg remained virtually unchanged. Consequently, the DI was ~20% lower after
SWS suppression. Consistent with an increased diabetes risk, glucose tolerance was reduced
by ~23% reaching the range typical of older adults with impaired glucose tolerance [176].
Fragmentation across all sleep stages for two nights resulted in a similar 25% decrease in SI.
In this latter study, however, the DI was not affected by the sleep fragmentation since an
increase in insulin release was able to compensate the decrease in Sl. Glucose effectiveness
was reduced by 21%. In the study by Tasali et al. [176], the amount of SWS was decreased
by nearly 90%. Random sleep fragmentation mainly resulted in a ~70% decrease in SWS
with a minimal impact on REM sleep [167]. Importantly, in the study by Tasali et al., the
changes in the two main determinants of glucose tolerance, i.e., SI and AIRg, were
correlated with the changes in SWS after the intervention. Physiological temporal correlates
of SWS such as decreased brain glucose utilization, stimulation of GH release, inhibition of
cortisol secretion, decreased sympathetic nervous activity, and increased vagal tone are
likely to affect total body glucose homeostasis. Reduced or absent SWS is very common, as
it occurs in normal aging and in individuals suffering from OSA. Both aging and OSA are
recognized risk factors for decreased glucose tolerance and increased diabetes risk. These
laboratory findings demonstrate unequivocally that disruptions in sleep quality do adversely
affect glucose regulation.

Short sleep as risk factor of obesity

Epidemiologic evidence

An ever-growing number of cross-sectional and case—control epidemiological studies (65 by
2009 [80]) have provided evidence of an independent link between short sleep (generally <6
h per night in adults) and the risk of obesity [82, 100, 124]. The association between short
sleep and increased BMI is particularly strong and consistent in children [82, 100, 124].
Studies in adults are less consistent and often show a U-shaped relationship between sleep
duration and BMI. Two meta-analyses including more than 600,000 adults and 30,000
children worldwide have quantified the link between short sleep and obesity risk. In the first
study, the pooled odds ratio (OR) linking short sleep to obesity was 1.89 (95% ClI, 1.46-
2.43; p<0.0001) in children and 1.55 (95% CI, 1.43-1.68; p<0.0001) in adults [18]. The
second study reported an OR of 1.58 (95% Cl, 1.26-1.98) in children with short sleep
duration and an OR of 1.92 (95% CI, 1.15-3.2) in children with the shortest sleep duration,
suggesting a dose—response relationship between sleep duration increased risk of obesity
[23].

Of the 28 longitudinal studies that examined the impact of short sleep on obesity risk in
children and adults, 22 reported that short sleep is associated with an increased risk of
weight gain or development of obesity and/or increased fat mass a few years later (reviewed
in [80]; additional references: [8, 21, 38, 89, 94, 97, 101, 105, 120, 150, 202]). This pattern
is particularly consistent in pediatric populations (all 12 studies had positive findings;
reviewed in [80]; additional references: [21, 38, 89, 150]). Importantly, the only pediatric
prospective study that obtained concomitant objective measurements of sleep, weight, and
body composition demonstrated that the increased weight gain in children sleeping less was
the result of selective increased fat deposition [21]. U- or L-shaped associations were
reported in some adult prospective studies (reviewed in [80]; additional studies: [97, 202]);
hence, the relationship between longer sleep and BMI is conflicting in adults and inexistent
in children.
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Thus, overall, the impact of reduced sleep duration on obesity risk is particularly clear in
pediatric populations, probably because physiological and behavioral mechanisms
responsible for this association are stronger in younger ages. Another explanation has
recently been suggested: It is possible that weight is not gained linearly over the course of
the short sleeping period. As a consequence, “in order for short sleep to predict any
physiological or behavioral change, the longitudinal time frame examined would need to
start prior to or at the beginning of the short sleep transition for each participant” [98], which
is less likely to be the case with older ages.

To note, one prospective study in adults reported a bidirectional relationship between short
sleep and obesity; not only did short sleep predict weight gain a few years later [67], but
body weight or obesity also predicted short sleep duration on a later occasion. In addition, a
large scale study [198] concluded that self-reported short sleep in obese adults may be a
surrogate marker of subjective sleep disturbance [196]. Taken together, these results suggest
the existence of a “vicious circle” where short sleep may initially promote weight gain, and
the resulting excess adiposity would then induce sleep disturbances, with a further decrease
in total sleep time. Such phenomenon is observed for other weight promoting behaviors,
notably physical inactivity and overeating, both of which are reinforced by weight gain
[158]. Future prospective studies need to determine whether short sleep in obese individuals
is the result of bedtime curtailment or is due to the presence of a sleep disorder.

Critics have questioned the relevance of this link by putting forward the weakness of the
association [74]. However, this may be the consequence, at least in part, of measurements
errors since both sleep and weight assessments were based on self-reports in nearly all
epidemiologic studies [119]. In support of this hypothesis, four studies that performed
objective measurements reported a much stronger cross-sectional association than other
studies of similar cross-sectional design but using self-reported data [63, 125, 182, 190]. It
has also been argued that these epidemiological findings are of questionable clinical
concern: “the worst case for weight gain that could be attributed to short sleep over a year is
<2.0 kg” [74]. However, even modest increases in weight have been shown to have
significant implications for long-term adiposity-related metabolic dysfunction, diabetes,
cardiovascular disease, and cancer [28, 46, 135, 208]. Studies are warranted to determine if
getting enough good sleep is an efficient intervention for weight maintenance and/or weight
loss. Such a study is currently under progress [27].

The following section presents results from experimental studies that have been able to
suggest putative pathways linking short sleep to excess weight.

Evidence from experimental laboratory studies

Sleep duration and appetite regulation—One pathway that may link short sleep to
excess weight is increased caloric intake in short sleepers. The following sections will
present results from laboratory studies that have used total or partial sleep deprivation to
explore the effects of sleep loss on subjective feelings of hunger, hormones involved in the
control of appetite, caloric intake, and weight gain.

Total sleep deprivation studies: Very few studies have evaluated the impact of TSD on
subsequent levels of hormones involved in appetite regulation and subjective feelings of
hunger. Early studies of total or rapid eye movement sleep deprivation anecdotally reported
increased feelings of hunger in some, but not all, subjects. Anecdotal evidence for an
increase in food intake in subjects confined to the laboratory and permitted ad libitum access
to food during 3 days of TSD wasreportedin1997[40]. More recently, two studies [5, 143]
reported that a night of TSD resulted in increased subjective hunger the following morning.
Accordingly, in the study by Benedict et al., ghrelin was higher in the second half of the
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night compared to a night of normal sleep, whereas nighttime leptin levels were unchanged.
Conversely, no impact of TSD was evidenced in another recent study that also reported
reduced amplitude of the 24-h leptin diurnal variation due to increased daytime leptin levels
[126]. In view of the anorexinergic effect of leptin, these elevated leptin levels are not
consistent with the increased hunger reported in previous studies.

Partial sleep deprivation studies: An increasing number of studies have attempted to
delineate the impact of partial sleep deprivation on food intake regulation. Table 2
summarizes the results of these studies. The first study that simultaneously assessed the
impact of sleep restriction on subjective feelings of hunger and hormones involved in the
regulation of appetite was published in 2004 [162]. In this randomized cross-over design
study, the daytime profiles of leptin and ghrelin were assessed in young normal-weight men
after two nights of 4 h in bed vs. two nights of 10 h in bed, while the subjects completed
validated scales for hunger and appetite for various food categories [162]. Leptin decreased
by 18%, while ghrelin increased by 28%, and the ghrelin/leptin ratio increased by more than
70% when sleep was restricted (Fig. 3). The state of sleep loss also resulted in a 23%
increase in hunger and in a 33% increase in appetite for nutrients with high carbohydrate
content. Seventy percent of the variance in increased hunger was explained by the increase
in ghrelin/leptin ratio [162] (Fig. 3). Importantly, these differences in appetite regulation
occurred despite identical amounts of caloric intake, similar sedentary conditions, and stable
weight. By comparison, 3 days of underfeeding by approximately 900 cal/day in healthy
lean volunteers resulted in a 22% decrease of leptin levels [25]; these results highlight the
functional significance of the decrease in leptin observed with sleep loss.

Were the increase in hunger observed during sleep restriction to translate into a
commensurate increase in food intake, weight gain would occur over time. In accordance
with this hypothesis, of the seven studies that assessed food intake during sleep restriction,
six observed increased caloric consumption (Table 2). One night of 4 h in bed, in
comparison with one night of 8 h in bed, resulted in a 22% increase in caloric intake during
the subsequent day in healthy young men [14]. When young women were exposed to an ad
libitum diet during two bedtime conditions, i.e., four nights of ~5.5 h of sleep vs. two nights
of ~9 h of sleep, a 20% increase in self-reported food consumption was observed during
sleep restriction [11]. In overweight middle-aged adults, increased consumption of calories
from snacks with higher carbohydrate content was observed after 2 weeks of sleep
restriction (—1.5 h/night) in comparison to after 2 weeks of sleep extension (+1.5 h/night),
while energy intake from meal and total energy intake were unaffected by bedtime condition
[116]. To note, each 2-week period was conducted in a setting of ad libitum access to
palatable food. Since food intake is critically dependent on the amount and palatability of
food provided to the subject [132], the subjects overate (>3,400 calories daily) in each
bedtime condition, which may have masked the impact of sleep duration on total energy
intake. Recently, in a crossover study, the food intake of middle-aged lean and overweight
men and women was measured after five nights of 4 h bedtimes and after five nights of 9 h
bedtimes. The volunteers ate ~300 kcal/day more, mostly from fat, notably saturated fat,
during short sleep [170]. Importantly, in the latter two studies, EE measured with the gold
standard doubly labeled water method did not differ between study conditions, therefore
suggesting that the increase in food consumption most often associated with sleep loss is not
related to a comparable rise in energy needs and would eventually result in a positive energy
balance. Similar preliminary data have been obtained in two other studies that assessed
caloric intake during an ad libitum buffet [104, 178]. Young normal weight men and women
increased their caloric intake by 14%, especially carbohydrate-rich nutrients, after four
nights of 4.5 h in bed, compared to after four nights of 8.5 h in bed [178], and middle-aged
obese subjects submitted to four to five nights of restriction or extension of their habitual
sleep schedule by 2-3 h/night ate 15% more calories in the bedtime restriction condition
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[104]. The sole study that did not report any change in caloric intake after sleep loss
proposed highly palatable food ad libitum 1 h after awakening after two nights of 4 h and
after two nights of 8 h sleep. Again, this unlimited availability of palatable food resulted in
overeating (+60% regardless of the bedtime condition) and may have masked the impact of
sleep loss on food consumption [146]. Another methodological difference may contribute to
the lack of effect of sleep loss on food intake in this study. In order to minimize the impact
of the manipulation of sleep duration on the circadian system, most of the studies kept the
center of the sleep period constant, therefore linking sleep restriction to an earlier
awakening. In contrast, Schmidt et al. awakened the subjects at the same time in both
bedtime conditions. In this latter setting, the subjects may be less prone to eat more than in
the other studies where sleep restriction was associated with more time awake before caloric
testing. Taken together, these results suggest that sleep loss can stimulate food intake with
an excess of >250 kcal/day. Such an increase is highly meaningful as the amount of positive
energy storage needed to explain the obesity epidemic is ~50 kcal/day [73]. Results
regarding subjective feelings of hunger seem less consistent, as only five studies [14, 99,
117, 144, 162]Jofthe 11 [11, 14, 99, 117, 122, 144-146, 162, 170, 194] that examined the
effect of reduced sleep duration on hunger reported positive effects. However, if we exclude
studies that allowed hunger to be satisfied by increased consumption of uncontrolled food
availability, five of nine studies reported positive effects. Of note, the study of St-Onge et al.
reported an increase of ~300 kcal/day after 5 days of 4 h bedtimes, although there was no
clear effect of sleep duration on subjective feelings of hunger and appetite on the previous
day [11, 170], suggesting that subjective assessments are unreliable.

The effect of sleep loss on weight was examined in two studies that allowed ad libitum
access to food during recurrent sleep restriction [11, 116]. Inconsistent results were
obtained. Bosy-Westphal et al. reported a weight gain of 0.4 kg in a group of freely living
lean, overweight, and obese women after four nights of ~5.5 h of sleep in comparison to two
nights of ~9 h of sleep [11]. By contrast, Nedeltcheva et al. observed similar weight at the
end of each 14-day period of sleep extension or sleep restriction in overweight men and
women exposed to unlimited palatable food in a laboratory setting. Consistent with the fact
that overeating usually occurs when unlimited palatable food is available [132], the subjects
overate and gained ~2 kg in each sleep condition [116]. Finally, a recent study examined if
sleep loss would compromise the efficacy of a reduced-calorie diet on excess adiposity
[117]. Overweight and obese middle-aged menand womenwere randomlyassignedto 8.5 or
5.5 h sleep opportunity during 14 nights in conjunction with moderate caloric restriction. At
the end of the 2 weeks of sleep curtailment, the proportion of weight lost as fat was
decreased by 55%, and the loss of fat-free body mass was increased by 60%. These results
indicate that lack of sleep may attenuate the efficacy of dietary interventions for fat loss
[117].

Twelve studies assessed the impact of partial sleep deprivation on leptin and ghrelin [11, 62,
99, 116, 117, 122, 144, 146, 154, 161, 162, 194]. Three studies assessed leptin at more than
2 time points in a rested sleep condition and in a sleep restriction condition in normal-weight
men after similar food intake had been enforced in both conditions. All found decreased
levels of anorexigenic leptin after sleep loss [62, 161, 162]. The four studies that provided
ad libitum food access prior to or during leptin assessments found unchanged or increased
leptin levels after sleep restriction [11, 116, 146, 154]. As leptin levels are enhanced by food
intake and correlate with the degree of obesity [25], these latter results may be the expected
consequence of the positive energy balance achieved by increased food intake [11, 116, 146]
and weight gain [11, 116]. Similarly, these studies did not observe changes in ghrelin levels.
The remaining five studies observed unchanged or increased, rather than decreased, leptin
levels after sleep restriction although food intake was similar in both sleep conditions.
Methodological differences may contribute to this discrepancy. For example, in the study
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that submitted the subjects to caloric restriction, leptin levels declined in parallel with the
loss of weight and adiposity without a significant independent effect of sleep loss: The
negative energy balance most likely overrode the impact of sleep duration [117]. However,
increased ghrelin levels and elevated hunger scores were observed in the sleep restriction
condition, suggesting that, in contrast to what was observed with leptin, sleep loss was able
to exacerbate the upregulation of ghrelin and hunger triggered by a negative energy balance.
In the studies by Leeuwen et al., a single assessment of leptin was performed at 0730 hours
after five nights of 4 h in bed (bedtimes from 0300 to 0700 hours) and after five nights of
habitual sleep (bedtimes from 2300 to 0700 hours) [194]. As the nocturnal elevation in
leptin levels is influenced both by sleep and circadian rhythmicity [36], the elevation of
leptin levels may have occurred later due to the shifted short bedtimes, resulting in higher
morning leptin levels. In the study by Omisade et al. [122], bedtimes were restricted to 3 h
for only 1 day, and leptin levels were measured only at 2 time points during daytime. In the
study by Schmid et al. [144] that obtained a single blood draw after one single night of 4.5 h
in bed, leptin was unaffected, whereas hunger and ghrelin were increased. The results of
these two latter studies may be compared to results from a population-based study that
assessed habitual sleep by diaries and obtained a morning single blood draw after a
polysomnographically (PSG) recorded night [174]. The authors found increased ghrelin that
correlated mainly with acute sleep loss as measured by PSG immediately prior to blood
sampling, while reduced leptin correlated with chronic sleep restriction indicated by self-
reported sleep measures. Thus, one single night of sleep deprivation may not be sufficient to
elicit changes in leptin. These findings are in agreement with the role of leptin in signaling
long-term nutritional status, while ghrelin is more involved in acute hunger [174]. Finally,
the fifth study did not observe changes in leptin and ghrelin levels after two nights of 5 h in
bed vs. after a fully rested night (8-10 h in bed), but sleep restriction resulted in reduced
satiety and lower levels of PY'Y, an anorexigenic peptide produced by the gastrointestinal
tract in response to food intake [99]. Although sleep was not monitored and hormonal levels
were assessed at a single time point upon awakening, it is the first report of decreased PYY
levels after sleep restriction in humans, which could represent another mechanism
underlying the reduced feeling of satiety consistently reported by sleep-deprived individuals.

Inconsistent results regarding leptin and ghrelin may also be partly attributed to differences
in sample sizes, severity of sleep restriction, and study populations (Table 2). More
specifically, differences in body composition and prevalence of obstructive sleep apnea
(OSA) may be particularly relevant, as they both alter leptin and ghrelin regulation as well
as leptin action. Obesity is associated with hypoghrelinemia, hyperleptinemia, and leptin
resistance, while OSA is associated with hyperghrelinemia, hyperleptinemia, and leptin
resistance. It is therefore inappropriate to assume that the impact of sleep duration on leptin
and ghrelin observed in normal weight individuals will generalize to obese subjects,
especially if they also suffer from OSA. In favor of this hypothesis, Table 2 shows that sleep
loss resulted in increased leptin and no change in ghrelin in studies that enrolled subjects
with a higher BMI than studies that reported decreased leptin and increased ghrelin (average
upper range of BMI of 40.3 and 32.8, respectively vs. 26.5 and 27.6, respectively). These
results suggest that short sleep may worsen the hyperleptinemia and leptin resistance
typically associated with excess weight in obese subjects. A few observational,
epidemiologic studies that have examined the cross-sectional association between sleep
duration, leptin, and ghrelin have also yielded contradictory results. In accordance with most
experimental studies conducted in normal weight individuals, the Wisconsin Sleep Cohort
Study and the Québec Family Study have shown reduced leptin levels, after controlling for
BMI or adiposity, in habitual short sleepers [22, 174]. Higher ghrelin levels were also found
to be associated with short sleep [174]. In contrast to these two studies that enrolled men and
women of various body composition (lean, overweight, and obese), three subsequent studies
did not confirm the link between sleep duration, leptin and ghrelin levels: One involved only
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overweight postmenopausal women [94], another one only women mostly overweight or
obese with type 2 diabetes [209], and the last one only obese subjects [83]. Finally, a recent
report of the Cleveland Family Study found associations between sleep duration and leptin
that were in the opposite expected direction: Each hour reduction in total sleep time assessed
by PSG during 7 h45 of enforced time in bed was associated with a 6% increase in morning
leptin after adjustment for various confounders, including adiposity and sleep apnea
severity. Since this cohort was designed to study the genetic basis of sleep apnea, the
prevalence of OSA and obesity was very high. Although these observational studies adjusted
for BMI or adiposity and sometimes for indexes of OSA severity in their analyses, they did
not assess the association between sleep and leptin for various body compositions and sleep
apnea status (e.g., lean, overweight, or obese, with or without OSA). Studies are warranted
to determine whether the discrepant leptin and ghrelin results between studies, both
experimental and observational, are due to methodological differences or if they represent
physiological differences between lean, overweight, and obese individuals with or without
OSA.

Sleep duration seems to modulate the neuroendocrine regulation of appetite in a dose-
dependent manner. In a study that assessed the 24-h leptin profiles after 6 days of 4-, 8-, and
12-h bedtimes in healthy lean young men under conditions of stable caloric intake and
activity levels, all characteristics of the 24-h leptin profile (overall mean, nocturnal
maximum, and amplitude) gradually increased from the 4- to the 12-h bedtime condition
[161]. A dose-response relationship between amounts of sleep, hunger ratings, and ghrelin
levels was also reported in a study involving TSD, 4.5- and 7-hbedtimes [144]. These results
are in accordance with a meta-analysis of epidemiologic studies that reported a trend for a
dose-response relationship between reduced sleep duration and increased risk of obesity
[23].

Sleep duration and energy expenditure—Energy homeostasis is reached when energy
intake meets EE. Beside changes in the regulation of food intake, reduced EE during sleep
loss could represent another mechanism contributing to the link between short sleep and
increased weight.

Although it is well established that EE is lower during sleep [10, 53, 78, 207], relatively few
studies have evaluated the impact of sleep loss on daytime and/or 24 h EE. In comparison to
a regular sleep—wake cycle, resting and postprandial EE assessed in the morning following a
night of TSD were found to be 5% and 20% lower, respectively [5]. Twenty-four hour EE
assessed in a whole-room indirect calorimeter during 16 h of wakefulness followed by a
night of TSD was increased by 7% (~134 kcals), in comparison to anormal sleep—wake
cycle with 8 h bedtimes. Interestingly, this study also reported that the 24 h EE measured
over the day and 8 h recovery sleep following the night of TSD decreased by 5% (~96 kcal)
in comparison to baseline [78]. These results suggest that compensatory mechanisms are
taking place after sleep deprivation in order to limit the energetic cost of extended wake.
Thus, it may be possible that recurrent sleep restriction does not significantly affect 24 h EE.
In accordance with this hypothesis, Bosy-Westphal et al. [11] found no change in resting EE
measured by indirect calorimetry in 14 healthy women studied after four nights of ~5.5 h in
bed compared to ~9 h sleep for two nights, even when adjusted for fat-free mass or total EE.
Similarly, in a protocol involving 14 nights of 5.5 h vs. 14 nights of 8.5 h in bed in healthy
overweight subjects, total EE assessed by the gold standard doubly labeled water method,
resting metabolic rate assessed by indirect calorimetry, and the thermic effect of food were
similar in both bedtime conditions [115]. Finally, resting metabolic rate and total EE
measured with the doubly labeled water method over 5 days of 4 h bedtimes and over 5days
of 9 h bedtimes in middle-aged men and women were similar in both bedtime conditions.
Thus, the 20% increase in self-reported food consumption in the study of Bosy-Westphal et
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al., the increased consumption of snacks in the study of Nedeltcheva et al., and the ~300
kcal/day increase in energy intake in the study of St-Onge et al. were not related to a
comparable rise in energy needs and would, if sustained, eventually result in weight gain
[11, 115, 170].

To note, the study of Nedeltcheva et al. was conducted under controlled sedentary
conditions, and the results obtained for EE may have been different if the subject had been
allowed physical activity. Indeed, sleep problems and/or excessive daytime sleepiness
significantly reduce physical activity [13, 203]. The four studies that examined the impact of
behavioral sleep restriction on physical activity have yielded contradictory results; the
possible involvement of reduced activity-related EE in the link between short sleep and
increased obesity risk remains to be determined. In comparison with a rested condition,
physical activity was found to be decreased after two nights of 4 h sleep [146], increased
after one night of 4 h sleep [14], and unaffected after two nights of 6 h and 1 night of 4 h in
bed [11] or during five nights of bedtimes restricted to 4 h [170].

Thus, from evidence obtained so far, it appears that short sleep affects energy balance
because of an upregulation of orexigenic hormones and a downregulation of anorexigenic
hormones associated with increased hunger and caloric intake, rather than because of a
reduced EE.

Obstructive sleep apnea and type 2 diabetes

OSA is a highly prevalent chronic sleep disorder characterized by repetitive episodes of
upper airway obstruction leading to intermittent hypoxemia and/or hypercapnia and sleep
fragmentation (see review of Leung et al. in the same issue). OSA is diagnosed by
polysomnography and defined as an apnea—hypopnea index (AHI; the number of apneas and
hypopneas per hour of sleep) >5. In the general population, the prevalence of OSA is around
17% [215]. Obesity is a major risk factor for OSA, and recent estimates suggest that excess
weight is responsible for 41-58% of OSA [215]. The prevalence of OSA in the morbidly
obese population is reaching a striking high 50-98% [141]. It is now well-documented that
OSA, independently of age, sex, BMI, and other confounders, is associated with glucose
intolerance, insulin resistance, and diabetes (for review, see [175, 177]). In patients with
type 2 diabetes, the prevalence of OSA assessed with full night polysomnography, i.e., the
gold standard method for the diagnosis of OSA, ranged from 58% to 86% [2, 45, 52, 134].
The highest estimate was obtained when only obese type 2 diabetics were considered [52].
This emerging evidence for an exceptionally high rate of OSA in type 2 diabetes has
important implications for clinical practice; OSA should be systematically evaluated and
treated in diabetic patients, especially if they are obese. While OSA involves respiratory
disturbances and hypoxic stress, reduced sleep quality due to sleep fragmentation and low
levels of SWS as well as reduced total sleep time are major components of this condition.
The alterations of glucose regulation observed with experimentally induced reduced sleep
duration and quality suggest that poor and short sleep, in addition to hypoxia, could be
significant contributors to altered glucose homeostasis and weight gain in OSA.

The first-line therapy for OSA is continuous positive airway pressure (CPAP), and a number
of studies have examined the impact of this treatment on cardiovascular risk factors.
Regarding glucose homeostasis, 21 studies have involved mostly or exclusively non-diabetic
patients, while seven have focused on patients with type 2 diabetes. Another seven did not
have specific exclusion criteria regarding glucose tolerance status. The results are presented
in Table 3.

The most investigated parameter of glucose homeostasis in OSA patients is SI, which was
assessed in 30 studies. In 12 of these, an improvement in SI was reported after as little as 2
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days of CPAP treatment in non-obese patients [65]and 1 week in obese patients [88].
However, very few of these reports were randomized controlled studies. In the study by Lam
et al., 31 patients underwent CPAP treatment, and 30 patients were randomized to sham
CPAP; the two patient groups were comparable in terms of age, BMI, AHI, and daytime
sleepiness. SI was evaluated by short insulin tolerance test 1 and 12 weeks after the start of
the CPAP treatment. The patients randomized to sham CPAP showed unchanged Sl at both
evaluations, while a significant improvement in Sl, but no other marker of glucose
homeostasis, was obtained in those who received adequate treatment. Another group [36]
included data about both obese non-OSA controls and non-compliant OSA patients (<4 h
CPAP use per night), and observed improvement in Sl, assessed by the homeostatic model
assessment (HOMA-IR), only in the patients with good treatment adherence. In this case,
the groups were comparable for age and AHI (except for the non-OSA controls), but BMI
was slightly higher in the treated OSA patients. One study reporting unchanged Sl in type 2
diabetes patients after therapeutic CPAP also included a group of patients who underwent
sham CPAP [206]; in this study, the patients underwent a hyperinsulinemic—euglycemic
clamp, the gold standard for evaluation of Sl, but the average nightly therapeutic CPAP use
was only 3.3+2.6 h. Although both objective and subjective measures of daytime sleepiness
were significantly improved, the change in AHI with CPAP was not reported. Another study
with negative results was a randomized placebo-controlled blinded cross-over trial,
comparing 6 weeks of therapeutic CPAP vs. sham CPAP in obese OSA patients [30].

In seven reports, the improved Sl resulted in an amelioration of glucose tolerance [4, 24, 68,
71, 118, 169, 205]. Two studies involving patients with type 2 diabetes [4, 68] reported,
after 3-4 months of CPAP, a decrease in HbAlc similar to that induced by metformin and
thiazolinediones [214]. Furthermore, two studies reported lower fasting glucose and insulin
levels in CPAP treated patients [42, 71], while one observed improved fasting glucose
concentrations but unchanged fasting insulin levels [142].

Out of four studies that evaluated beta-cell function [31, 71, 109, 180], only one [31]
observed an improvement in this parameter, as assessed by the homeostatic model
assessment (HOMA-beta); somewhat surprisingly, all other markers of glucose homeostasis
(fasting glucose and insulin levels, HOMA-IR) were unchanged by 2 months of CPAP
treatment. The compliance to CPAP was not reported.

Finally, a population-based study involving 28 OSA patients and 28 controls matched for
age, smoking status, and comorbidities found a significant decrease only in fasting insulin
levels, after 3 weeks of CPAP treatment, while the decrease in Sl, assessed by HOMA-IR,
failed to reach statistical significance [93]. It is possible that a longer treatment period would
have brought significant changes in HOMA-IR as well.

One group [110] focused on children with metabolic syndrome and sleep-disordered
breathing treated with CPAP for 12 months and observed no improvement in glucose
tolerance or Sl; however, the compliance to CPAP is not reported.

To summarize, 17 of the 35 studies reported an improvement in at least one parameter of
glucose homeostasis following CPAP treatment in OSA patients, both diabetics and non-
diabetics. The parameter most consistently found to be positively impacted by CPAP is Sl,
which is interesting since OSA has been found to be independently associated with insulin
resistance [77, 131]. However, there were only five controlled studies among those
published in literature, of which three yielded positive results, while the other two were
unable to demonstrate a beneficial impact of CPAP on glucose homeostasis.

Most of the positive studies focused either on only non diabetic patients (n=10) or only
diabetic patients (n=5), while almost half of the studies with negative results enrolled
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patients regardless of their glucose tolerance status (only non-diabetics n=7, only impaired
glucose tolerance n=1, only diabetics n=1). Average duration of treatment was comparable
in the studies with positive and negative results (5.3+5.8 vs 4.8+6.2 months). However, the
compliance to CPAP, for the articles that report it, was on average higher in the studies with
positive findings than in the negative studies (5.4+0.5 vs 4.8+0.8 h/night). Methodological
differences may also account for the variability of results obtained: four positive studies
relied on the hyperinsulinemic—euglycemic clamp technique to assess Sl [15, 65, 66, 142],
which is considered the gold standard to evaluate Sl; another two used continuous glucose
monitoring (CGMS) [4, 205], which provides 288 readings of interstitial glucose levels per
24 h (every 5 min) and allows a very accurate evaluation of glucose homeostasis [60]; and
one used the minimal model estimate of Sl derived from the analysis of ivGTT [180], which
has a coefficient of variation for Sl similar of that of the glucose clamp and allows to
evaluate S, glucose tolerance, and beta cell function in one single test [108]. Conversely,
most of the negative studies assessed glucose metabolism with parameters derived from the
results of a single fasting blood sample. HOMA-IR has been found to correlate reasonably
well with the glucose clamp and minimal model estimates of insulin sensitivity/resistance in
several studies of distinct populations. However, it is a measure of basal insulin sensitivity/
resistance and does not provide information about dynamic conditions [201]. Furthermore, it
was suggested that the logarithmic transformation of HOMA-IR may be a more appropriate
measure for the evaluation of insulin resistance in individuals with glucose intolerance and
insulin-resistant conditions [108].

Nevertheless, more controlled studies are necessary to accurately evaluate the impact of
CPAP on the alterations of glucose homeostasis observed in OSA patients. The mechanisms
through which CPAP may improve glucose metabolism include better sleep quality and
continuity and correction of the intermittent hypoxia leading to increased SWS [47, 51, 61,
69, 180], decreased activity of the sympathetic nervous system [111, 157], and decreased
weight and/or adiposity through improvement of hormones involved in appetite regulation
[165]. The effect of CPAP on the activity of the hypothalamic—pituitary—adrenal axis is still
debated [184]. However, two studies involving frequent (q30 and q10 min) blood sampling
over a 24-h period observed a decrease in cortisol and ACTH levels in OSA patients
following treatment [72, 197].

Conclusion

Over the past 10-15 years, growing evidence from both epidemiological and experimental
studies has accumulated to show that metabolic function is tightly linked to sleep duration
and sleep quality. The experimental studies, in particular, are providing greater insight into
the mechanisms underlying the relationship between sleep, glucose homeostasis, and weight
regulation, which involve peripheral insulin sensitivity, insulin secretion by the pancreatic
beta cells, and brain glucose utilization, as well as several hormones influencing appetite/
satiety and energy homeostasis. There is an obvious necessity to increase public awareness
about the contribution of the self-imposed sleep curtailment to the pandemic of obesity and
diabetes. Furthermore, OSA, a condition highly prevalent not only in obesity but also in
diabetes and other metabolic disorders, needs to be more widely diagnosed. The evidence of
a beneficial impact of CPAP treatment on glycemic control in patients with OSA is not as
clear cut as for other cardiovascular risk factors, but definitely warrants further
investigation.
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Fig. 1.

From top to bottom Mean (+SEM) profiles of a growth hormone, b cortisol, ¢ glucose, and d
insulin in eight healthy young men studied during a 53-h period including8hof nocturnal
sleep (black bars), followed by 28 h of sleep deprivation including a period of nocturnal
sleep deprivation (open bars), and 8 h of daytime recovery sleep (dashed bars). Data were
obtained at 20-min intervals under continuous glucose infusion. (adapted from [187])
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Alterations in glucose metabolism assessed by intravenous glucose testing in four well-

controlled laboratory studies. The two left panels illustrate the effects of reduced sleep

duration (adapted from [16, 159]). The two right panels illustrate the effects of disturbed
sleep, independently of sleep duration (adapted from [167, 176]). **p <0.01,

*p<0.05, Tp<0.10
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Fig. 3.

a Mean (xSEM) daytime of ghrelin/leptin ratio and ratings of hunger obtained in nine young
healthy mean under continuous glucose infusion after 2 days with 4-h bedtimes or after 2
days with 10-h bedtimes. b Association between the increase in hunger ratings and the
increase in ghrelin/leptin ratio when sleep is restricted as compared to extended
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Impact of total (upper panel) and partial sleep deprivation (lower panel) on glucose metabolism

Table 1

Outcome measure Studies with Studies with
positive effect no effect
reported reported

Total sleep deprivation

Increased fasting glucose®
Number of studies 1 [200] 5[5, 86, 143,
195, 204]
Number of subjects ™™ 75 M
Duration of forced 120 h 24-126 h
wakefulness
Decreased glucose toleranceb
Number of studies 2[5, 86] 2 [195, 204]
Number of subjects 42 M 23 M
Duration of forced 24-126 h 24-60 h
wakefulness
Insulin resistance®
Number of studies 3[5, 57, 195] 2 [143, 204]
Number of subjects 38(31M,7F) 23 M
Duration of forced 24-60 h 24
wakefulness
Beta-cell dysfunctiond
Number of studies 1[5] -
Number of subjects 14 M
Duration of forced 24 h
wakefulness
Altered alpha-cell function®
Number of studies 1[143] -
Number of subjects 0M
Duration of forced 24 h
wakefulness
Partial sleep deprivation
Decreased glucose tolerancef
Number of studies 6[16, 91, 115, 2[11, 217]
147, 159, 164]
Number of subjects 81 (74 M, 7F) 36 (22 M, 14 F)
Average TIB duration (range) 5 h (4-5.5) 7h (5.25-7.7 h)

Average duration of
sleep restriction (range)

Insulin resistanced

Number of studies

Number of subjects

Average TIB duration (range)
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6 nights (1-14)

7[16, 41, 91, 115,
147, 159, 194]

93 (82 M, 11 F)
5h (4-5.5)

1 night-
8 weeks

3[11, 145, 217]

46 (16 M, 30 F)
75h (4-7.7)
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Outcome measure Studies with Studies with
positive effect no effect
reported reported

Average duration of 6 nights (1-14) 1 night-
sleep restriction (range) 8 weeks
Beta-cell dysfunctionh
Number of studies 516, 91, 115, 2[11, 147]
159, 164]
Number of subjects 29 (15M, 14 F) 14F

Average TIB duration (range) 5 h (4.25-5.75) 5.75h

Average duration of 3 days (2-4) 4 nights
sleep restriction (range)

Altered alpha-cell function

Number of studies 2 [145, 147] -
Number of subjects 25M

Average TIB duration (range) 4.4 h (4.25-4.5h)
Average duration of 1.5 nights (1-2)

sleep restriction (range)

a . ] . . . .
Increased fasting glucose was defined by an increase in morning glucose levels after an overnight fast

b ] . .
Decreased glucose tolerance was defined by an increased response of glucose to OGTT or to a standardized breakfast

Insulin resistance was defined by an increased insulin response to OGTT or by increased steady-state glucose levels during an insulin suppression
test modified with octreotide

Beta-cell dysfunction was defined by increased glucose levels and lack of concomitant compensatory increase in insulin response to standardized
breakfast

eAltered alpha-cell function was defined by an increased relative response of glucagon during a stepwise hypoglycemic clamp

f ] . . .
Decreased glucose tolerance was defined by an increased glucose response to OGTT or standardized breakfast and/or a slower rate of decline of
glucose levels during ivGTT or increased glucose levels during constant-rate i.v. glucose infusion

glnsulin resistance was defined by decreased Sl assessed by HEC, or decreased Sl assessed by ivGTT, or increased insulin response to OGTT or
standardized breakfast in the face of similar or reduced glucose tolerance, or increased HOMA-IR index, or increased fasting insulin/glucose ratio

Beta-cell dysfunction was defined by decreased AIRg at ivGTT, or decreased insulin levels during constant glucose infusion, or unchanged
insulin response in the face of increased glucose response to standardized breakfast

IAltered alpha-cell function was defined by a decreased response of glucagon during a stepwise hypoglycemic clamp or after a standardized
breakfast

OGTT Oral glucose tolerance test, ivGTT intravenous glucose tolerance test, HEC hyperinsulinemic euglycemic clamp, HOMA-IR homeostatic
model assessment- insulin resistance, AIRg acute insulin response to glucose
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