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Abstract

Classically, sleep has been considered to serve an essential restorative function for the brain.
However, there are an increasing number of studies linking decreased sleep quantity and/or quality
in humans to an increased obesity and diabetes risk. Reductions in sleep quantity or quality lead to
an increase in hunger and appetite, which chronically could predispose an individual to obesity.
Carefully controlled studies have shown that two nights of insufficient sleep is causally linked to a
decrease in disposition index, the most commonly used predictor of an individual’s diabetes risk,
and impairments in glucose tolerance and insulin sensitivity. Thus, sleep appears to play a critical
role in modulating energy metabolism in peripheral tissues. Here we will discuss recent work
implicating adipose tissue as a potential direct target of disruption of sleep quality, and explore the
potential mechanistic links between sleep, adipose tissue and the global control of energy
metabolism in humans.
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Physiological role of the adipocyte in the body

Adipose tissue is an important insulin sensitive tissue comprised of many cell types, the bulk
of which are adipocytes. Commonly referred to as fat cells, adipocytes play a critical role for
survival, serving as the central lipid storage depot that accounts for the vast majority of
energy storage in mammals. In response to a meal and subsequent insulin signaling,
adipocytes take up glucose and free fatty acids, which are stored primarily as triglycerides.
The stored lipids are released for use as energy between meals, during the normal nocturnal
fast during sleep, or in more precarious situations such as starvation and famine. During
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times of fasting, counter-regulatory hormones such as growth hormone, catecholamines and
glucagon signal to adipocytes to initiate hydrolysis of stored triglycerides and the release of
free fatty acids and glycerol to be metabolized primarily by skeletal muscle and liver,
respectively. Figure 1 illustrates the 24-h profiles of plasma glucose, insulin and free fatty
acids levels in a single subject who received three identical carbohydrate-rich meals at 9 am,
2 pm and 7 pm. Meal intake inhibits the release of free fatty acids while the overnight fast is
associated with a surge of free fatty acid, relative to average daytime levels. In a state of
adequate energy intake, however, the primary role of insulin signaling in the adipocyte is to
indicate sufficient energy influx and inhibit the unnecessary lipolysis of triglycerides and
release into the circulation.

The two major depots of adipose tissue are subcutaneous (under the skin) and visceral (co-
localized with internal organs). Increased visceral fat has been implicated as playing a role
in the development of insulin resistance and diabetes and is often associated with the
“apple” body shape phenotype [1]. Subcutaneous fat accumulation is more closely linked to
the “pear” body type, and is considered less metabolically deleterious, and therefore a
“safer” depot in which to deposit excess energy. It is generally accepted that the adipokine
leptin, which regulates feeding behavior and energy expenditure, is released primarily from
the subcutaneous depot in direct proportion to insulin-stimulated glucose uptake and total
subcutaneous fat mass [2], [3]. Genetic deficiencies in leptin secretion and/or signaling in
the hypothalamus result in profound obesity in mice and humans [4], [5].

Insulin exerts its metabolic and mitogenic effects in target cells (i.e. muscle, liver and fat
cells) by binding to its cell surface receptor to activate multiple signaling cascades and elicit
a variety of metabolic effects in a tissue specific fashion. The three most important insulin-
sensitive peripheral tissues are skeletal muscle, liver and adipose tissue. Insulin promotes
glucose uptake into skeletal muscle, accounting for 50-90% of glucose clearance from
peripheral circulation following a meal, while simultaneously insulin suppresses energy
production and mobilization from the liver and adipose tissue. Insulin resistance in
mammals is defined as a decrease in the efficacy of insulin to promote cellular responses
and is the strongest risk factor for the development of diabetes. Although a variety of
genetic, environmental and pharmacologic factors can induce insulin resistance in humans,
excess energy accumulation in adipose tissue during the development of obesity is the most
common cause of insulin resistance. Systemic insulin resistance results in decreased glucose
uptake by muscle, inappropriate glucose production by liver and an increase in free fatty
acid release into the bloodstream by adipose tissue. The elevation of circulating lipids due to
the development of insulin resistance in adipose tissues results in ectopic fat accumulation in
other cells types, which in turn further impedes insulin action and production. Thus, the
localized impairment of insulin signaling in adipocytes can exert profound effects on global
energy metabolism through the disruption of insulin signaling in other peripheral tissues.

Regulation of leptin secretion by sleep

The identification of leptin as a regulated secreted peptide from adipocytes was a key
development in the identification of adipose tissue as an endocrine organ [5]. Despite
intense research, the precise metabolic and molecular mechanisms by which leptin secretion
is regulated remain incompletely understood, though insulin stimulated glucose uptake and
metabolism in adipose tissue appears to play a critical role. Leptin expression and secretion
are associated with insulin-stimulated glucose uptake into adipocytes [6-9]. Leptin promoter
activity is also increased after treatment with insulin, but this can be blocked by the
administration of a non-metabolizable glucose analogue [10]. Inhibitors of glycolysis also
block leptin secretion, even in the presence of insulin [9]. Cumulatively, these results
indicate that insulin stimulation, as well as glucose uptake and metabolism, are necessary for
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the production and secretion of leptin from the adipocyte. Although leptin levels increase in
proportion to fat mass, the ability of leptin to reduce food intake can be impaired in an obese
state, possibly due to a saturable transport system [11], indicating the development of leptin
resistance in addition to insulin resistance in obesity.

Another layer of complexity surrounding adipokine secretion is the large circadian variation
of their peripheral levels. For instance, serum leptin levels peak between midnight and early
morning, and fall to a nadir around mid-day [12-15]. In a study of 6 young men studied
under so-called “constant routine conditions” (i.e. continuous wakefulness under recumbent
conditions and constant light exposure) with identical meals every 2 hours, a clear circadian
rhythm of leptin was observed despite the absence of dark-light and sleep-wake cycle and
the uniform distribution of caloric intake across the study span [16]. Nonetheless, meal
timing clearly plays a role in the diurnal variation of leptin, since a well-documented study
showed a marked delay in the leptin profile following a 6-hour delay of meal timing without
change in the timing of the sleep period [17].

In addition to its regulation by insulin and glucose signaling, leptin has been shown to be
robustly affected by changes in sleep duration. Population based studies have shown that
self-reported sleep duration was positively associated with leptin levels, independently of
body mass index (BMI) [18] and that leptin levels in people sleeping 5-6 hours were
approximately 15-17% lower than expected based on fat mass [19]. In a laboratory setting,
it has been demonstrated that 88 hours of total sleep deprivation results in a decrease in peak
amplitude as well as overall mean leptin levels and this is reversed upon recovery sleep [20].
Additionally, in a study of chronic partial sleep restriction to 4 hours of sleep for 6 nights
followed by 12 hours of sleep for 6 nights, mean leptin levels were 19% lower during sleep
restriction [21]. These changes in leptin levels occurred despite identical caloric intake and
physical activity and no change in weight [21]. The maximal leptin level during sleep
restriction was on average 1.7 ng/ml lower, which is somewhat larger than the decrease in
leptin reported in young adults after three days of dietary intake restricted to 70% of energy
requirements [22]. Another group showed that seven days with 4 hours of sleep per night is
associated with approximately 33% lower leptin levels as compared to 8.5 hours of sleep
(p<.001) [23]. Just two nights of sleep restriction are enough to elicit an 18% reduction in
leptin levels as compared to longer sleep times [24]. In this study, subjective hunger and
appetite were also increased during short sleep, specifically, there tended to be an increase in
appetite ratings for food groups that included sweets, salty foods, starchy foods in the sleep
restriction condition, compared to sleep extension indicating an increase in desire for
calorie-dense foods in a state of accumulating sleep debt [25].

Thus, it is becoming increasing clear that alterations in sleep duration can directly impact
leptin release from adipocytes and thus alter the neuroendocrine regulation of hunger. Thus
sleep disturbances may contribute to the current obesity epidemic in industrialized countries.
The current evidence suggests that even a short period of sleep restriction is associated with
alterations of leptin and resulting increases in appetite ratings. If increases in hunger of the
magnitude reported in several studies of sleep restriction were to translate into a
commensurate increase in food intake, this would correspond to a caloric excess of 350 to
500 Kcal/day for a young normal weight sedentary adult, which would result in a high risk
of clinically significant weight gain. However, these studies were conducted under
controlled conditions of caloric intake, thus it cannot be determined whether the
dysregulation of leptin and the observed increased subjective hunger would lead to an actual
increase in food intake. The current body of evidence supports the hypothesis that due to the
impact of sleep duration on leptin release from the adipocytes, there may be an increase in
individual susceptibility to weight gain and obesity in the presence of sleep perturbations.
Chapters in the present volume discuss both the laboratory and epidemiologic data
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indicating that insufficient sleep is associated with insulin resistance and an increased risk of
diabetes.

Reduced sleep quantity and quality are associated with an increased risk of
diabetes and obesity

The associations described above suggested that reduced sleep duration could lead to
chronic alterations in leptin secretion and promote the development of obesity. Whether
reduced sleep quality, independently of reduced sleep duration, could also impact adipocyte
function and leptin release is unclear. However, there is a growing body of epidemiologic
and laboratory evidence to indicate that sleep disturbances may result in insulin resistance
and play a role in the risk of diabetes. For example, total sleep deprivation for 24 hours has
been shown to result in a decrease in insulin sensitivity in healthy subjects [26]. The effects
of chronic partial sleep restriction have also been examined. Six nights of 4 hours of time in
bed, as compared to 6 nights of 12 hours of time in bed, resulted in decreased glucose
tolerance, decreased acute insulin response to glucose and lower insulin sensitivity [27,28].
The combination of a decrease in acute insulin response to glucose with a reduction in
insulin sensitivity results in a decrease in the disposition index, a validated marker of
diabetes risk. As detailed in the chapter by Spiegel et al in this issue, these findings have
been confirmed and extended in a number of experimental studies.

Furthermore, decreased sleep quality, without a decrease in sleep duration, also plays an
important role in maintaining metabolic health. In epidemiologic studies (reviewed by
Knutson et al in this issue), self-reported poor sleep quality is associated with higher waist
circumference, BMI and body fat percentage [29]. Slow wave sleep (SWS), a marker of
sleep depth or intensity, is often considered to be the most physically restorative sleep stage,
and the percentage of sleep spent in SWS decreases with age [30]. A 2008 study examined
the impact of SWS suppression, without change in sleep duration, on glucose homeaostasis in
normal young subjects. In this study (reviewed in greater detail in the chapter by Aronsohn
et al in this issue), the subjects received either 2 nights of 8.5 hours in bed, or 3 nights of
SWS suppression achieved by acoustic stimuli, which caused individual subjects to revert to
a more shallow sleep stage without experiencing a full awakening. Following suppression of
SWS, as compared to undisrupted sleep, subjects had a 25% lower insulin sensitivity, a 23%
decrease in glucose tolerance and a 20% worsening in disposition index [31]. This decrease
in disposition index is clinically predictive of an increase in diabetes risk. These deleterious
effects on diabetic risk suggest that sleep quality is as important as sleep duration with
respect to maintaining glucose homeostasis.

In the most recent study evaluating the effects of reduced sleep quality on glucose
metabolism, eleven healthy normal volunteers were subjected to 2 nights of sleep
fragmentation by auditory and mechanical stimuli after which they underwent an
intravenous glucose tolerance test. Following two nights of sleep fragmentation, insulin
sensitivity was decreased by ~25% (p<0.0001). Thus both sleep duration and quality emerge
as important regulators of systemic insulin sensitivity.

Linking sleep disruptions to reduced insulin sensitivity - pointing towards

the adipocyte

In light of the effects of reduced sleep duration and or quality on BMI, global insulin
sensitivity, glucose tolerance and leptin secretion, it is important to consider the possible
changes occurring at the cellular level that could mediate these observed systemic
alterations. The body of epidemiologic, experimental and clinical evidence supporting the
hypothesis that short and poor sleep is causally linked to insulin resistance and correlated
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with diabetes risk is rapidly growing. As such, it is important to elucidate the mechanisms
that link sleep and diabetes/obesity, which could ultimately lead to better prevention and
therapy of these highly prevalent chronic disease states.

In several experimental studies mentioned earlier in this article, young, lean, healthy
volunteers undergoing restrictions of sleep quantity and/or quality experienced a transient
reduction of insulin resistance, as well as a decrease in both the mean leptin concentration
and the amplitude of its circadian variation. Since adipocytes are the only cells that produce
leptin, these findings position the fat cell as a likely cellular target for alterations in sleep.
While leptin secretion is proportional to insulin-stimulated glucose uptake into fat cells, a
reduction in leptin levels without change in caloric intake suggests the induction of insulin
resistance in adipose tissue. Skeletal muscle is generally thought to be responsible for
changes in systemic insulin resistance as occur following weight gain, changes on exercise
levels or pharmacologic treatment but it is not known whether a reduction in systemic
insulin sensitivity due to sleep disturbances also reflects the same pathway. In fact, due to
the marked impact of sleep on leptin release, it is a reasonable assumption that the adipocyte
may undergo a reduction of insulin signaling as well. Insulin resistance in adipose tissue
resulting from sleep restriction would be predicted to decrease leptin secretion and increase
lipolysis, both of which could have negative implication for global energy intake and insulin
metabolic action. However, chronic sleep disruption in obese subjects with obstructive sleep
apnea is associated with increased circulating leptin levels compared to age and weight
matched controls [32-34], indicating that the associations between sleep quality and
adipocyte function may be more complex. Regardless, the fat cell likely plays a pivotal role
in the development of the sleep-elicited changes in systemic energy metabolism.

The precise molecular mechanisms by which sleep curtailment impairs insulin action in
adipocytes at this stage remain hypothetical. However, several potential mechanisms that
may be involved will next be considered. Proposed pathways include are increased exposure
to elevated sympathetic nervous activity either via direct innervation or indirectly via
elevated catecholamine levels, stimulation of the stress-responsive hypothalamo-pituitary
axis with a resulting increased exposure to glucocorticoids and/or increased inflammation,
all of which have been previously identified as aggravating factors in the development of
adipocyte dysfunction and obesity.

Physiological mechanisms connecting sleep to the adipocyte

Sympathetic nervous system

The autonomic nervous system controls aspects of involuntary physiology, such as heart rate
and respiration, as well as signals to other peripheral organs. The autonomic nervous system
can be divided into the parasympathetic and sympathetic nervous systems, the latter of
which is activated during times of stress. This system is activated during the “fight or flight”
response. The sympathetic nervous system is also regulated by sleep-wake cycles and its
activity gradually decreases during the deep sleep stages of non-REM sleep whereas during
REM sleep and wakefulness, sympathetic nervous activity is increased [35]. Sleep onset
itself is associated with a significant decline of circulating concentrations of catecholamines
epinephrine and norepinephrine, which serve as direct readouts of sympathetic activity.
Nocturnal and morning awakenings, on the other hand, are associated with increases in both
hormones [36].

Chronic activation of the sympathetic nervous system has been linked to obesity and insulin
resistance. However, mechanisms linking these chronic disease states with sympathetic
over-activity are complex and not fully understood. Studies have shown links between
increased sympathetic output and obesity in obstructive sleep apnea, hypertension and leptin
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resistance. Additionally, sympathetic activation leads to increased free fatty acids due to the
stimulation of lipolysis by direct sympathetic innervation of the adipose tissue [37].
Regarding its effects on leptin and feeding regulation, catecholamines increase intracellular
cAMP thereby inhibiting leptin mMRNA expression and secretion [38]. Inhibition of leptin
signaling will subsequently lead to an increase in feeding behavior, which will itself
stimulate leptin production and feedback in an inhibitory manner to reduce catecholamine
secretion. If sympathetic activation remains abnormally elevated, the hunger drive would
remain high as well.

To test whether the administration of exogenous catecholamines is associated with changes
in glucose regulation and metabolism in humans, a recent study infused eight healthy normal
subjects with physiological levels of norepinephrine prior to an intravenous glucose
tolerance test (IVGTT) [39]. Norepinephrine infusion resulted in a significant increase in
blood glucose (p<0.05), as well as a 40% increase in circulating free fatty acids (p<0.01).
Following the IVGTT, glucose disposal rates were also impaired after norepinephrine
infusion, resulting in a 35% decrease in insulin sensitivity and overall 70% decrease in
disposition index as compared to saline infusion (p<0.05). Reductions in disposition index
of this magnitude indicate a drastic increase in the risk of T2DM in norepinephrine-infused
subjects [39].

Sympathetic output has also been shown to be negatively affected by sleep disturbances. In a
study comparing 5.5 with 8.5 hours of time in bed in 11 healthy middle-aged volunteers, a
significant increase was observed in 24-hour epinephrine (p=0.04), as well as a nighttime
increase in norepinephrine (p=0.04) during the short-sleep condition [40]. Furthermore,
heart rate variability (HRV), which is considered to be an additional readout of cardiac
sympathetic nervous system activity where a decrease in HRV indicates an increase in
sympathetic drive and/or a decrease in parasympathetic activity, is also decreased during
short sleep [21]. In a study of sleep restriction comparing 6 nights of 4 hours of time in bed
to 6 nights of 12 hours of time in bed, 24-hour HRV tended towards decreased levels in the
4-hour condition as compared to the 12-hour condition [21]. However, daytime HRV
(0900-1400) was significantly reduced in (p<0.02) [27], indicating an increase in
sympathetic drive under the sleep restricted condition. If this increased sympathetic drive at
the level of the heart is also present at the level of other organs, including insulin-sensitive
organs, it would represent a potential mechanism for decreased insulin sensitivity.

Reductions in sleep quality without changes in duration also have demonstrable effects on
sympathetic output. In a study involving 2 nights of non-specific fragmentation of sleep
across all stages a shift in sympathovagal balance toward an increase in sympathetic nervous
system activity was observed. Sympathetic modulation of heart rate variability was also
increased by 17% (p<0.001) as determined by an increase in low frequency spectral power
of the electrocardiogram. Additionally, there was a corresponding elevation in heart rate
[41]. Thus, increased sympathetic activation resulted in reduced insulin sensitivity and
impaired glucose tolerance. In this manner, dysfunction of the sympathetic nervous system
associated with sleep deprivation or reduced sleep quality is a likely mediator of several of
the effects of sleep loss and sleep disorders, including the reduction in leptin production and
signaling and the reduction in global insulin sensitivity, all of which predispose an
individual to obesity.

Cortisol & Sleep

The hypothalamic-pituitary-adrenal axis (HPA) is activated downstream of the sympathetic
nervous system and regulates the body’s response to various physiological and
psychological stressors. Activation of the HPA axis leads to the secretion of cortisol and
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other glucocorticoids from the adrenal cortex, as well as elevations in blood glucose levels
and increases in gluconeogenesis by the liver.

Cortisol levels fluctuate with a 24 hour circadian rhythm. The nadir usually occurs in the
late evening shortly after midnight, followed by a steady rise as the night progresses,
reaching its peak in the morning hours to fall again during the course of the day. Sleep onset,
whenever it occurs, is associated with an initial inhibition of cortisol secretion while
morning awakening further increases the already high morning cortisol levels.

Glucocorticoids facilitate visceral fat accumulation (reviewed in [42]), and also induce
insulin resistance and increased lipolysis in adipocytes (reviewed in [43]). Cushing’s
Syndrome is characterized by chronically elevated cortisol levels, which result in abdominal
obesity, as well as very large increase in the risk of insulin resistance and T2DM. Chronic
stress and increased glucocorticoids levels are thus associated with weight gain, decreased
insulin sensitivity and leptin resistance both markers of the metabolic syndrome.

In a study examining the effects of cortisol on insulin sensitivity in vivo, eight normal
weight and eight obese women received an infusion of saline and hydrocortisone in a cross-
over design. Hydrocortisone was able to significantly induce insulin resistance in obese but
not in control women, suggesting that moderately elevated levels of cortisol, within the
range achieved by a mild stressor, has more deleterious consequences on insulin sensitivity
in obese women than in controls [44]. This has important implications for human health, as
moderate sleep loss is considered a stressor and could accelerate the development or
aggravate the severity of insulin resistance in the already vulnerable population of
overweight or obese individuals.

Increased cortisol levels have been implicated in the link between short sleep and increased
obesity risk. Because chronic stress has been related to the development of the metabolic
syndrome, the hypothesis that sleep loss is a form of chronic stress, the effects of which may
accumulate over time, has been proposed. Additionally, in a study of nearly 3,000
participants, short sleep duration and sleep disturbances were associated with increased
evening cortisol secretion [45]. To further explore the connection between short sleep and
increased cortisol, a controlled laboratory study compared cortisol levels in of young healthy
volunteers during baseline sleep (n=9), partial (n=7) and total sleep deprivation (n=17) over
the course of 32 hours. Both partial sleep restriction and total sleep deprivation resulted in
significant increases in cortisol during the evening and early part of the second night in the
study, as compared to the first [46]. A similar finding was obtained in a study of 12 healthy
volunteers restricted to 4 hours of time in bed per night for 6 nights, followed by 12 hours of
time in bed per night for 6 nights. Both a shorter quiescent cortisol period (p=0.03), as well
as an increase in afternoon and early evening cortisol was observed in the short sleep
condition, as compared to the long sleep condition (p=0.0001) [27]. Increased cortisol has
also been observed in a recent study of 2 nights of sleep fragmentation with no change in
sleep duration. In this study, morning cortisol levels were increased by 13% following
fragmentation (p<0.015) [41]. These increases in cortisol imply that sleep loss and sleep
disturbances may, in fact, constitute a chronic stressor with effects persisting during the
waking period. Thus, increased glucocorticoids signaling, specifically in the adipocyte, may
constitute a mechanistic link between the chronic impairment of sleep duration and/or
quality and induction of insulin resistance in adipose tissue.

The Chicken vs. The Egg: Impact of dysregulation of adipocyte function on sleep and
circadian rhythms

Increased stress responses via the coordinated activation of the sympathetic nervous system
and the Hypothalamic-Pituitary-Adrenal axis are both possible contributors to the observed
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increase in risk of T2DM and obesity in the face of acute and chronic reductions in sleep
duration and/or sleep quality. The mechanisms by which these processes may affect obesity
and T2DM risk may be linked to a dysregulation at the cellular level of the adipocyte. We
can also ask if the reverse is true: whether alterations in adipocyte function could lead to
alterations and/or disruptions in sleep. If sleep and the functional integrity of the adipocyte
are related, even indirectly, perhaps changes in the cellular function of the adipocyte could
manifest as changes in sleep physiology.

To determine whether sleep is affected by changes in leptin secretion, sleep parameters were
recorded and quantified in normal rats undergoing exogenous leptin administration over a 9-
h period. In normally fed rats, leptin administration was associated with a 30% decrease in
the duration of rapid eye movement sleep (p<0.005) and a 13% increase in the duration of
slow wave sleep (SWS) (p<0.03), suggesting that not only can sleep duration affect leptin
levels, but the converse is also true in that leptin levels can affect sleep parameters [47]. This
hypothesis that decreased leptin signaling could lead to impairments in sleep-wake
regulation has been further examined in a study of mice lacking the leptin peptide. In this
study, male ob/ob mice that lack endogenous leptin were shown to have severely disrupted
sleep architecture, exhibiting a significant increase in arousal over wild-type mice
(p<0.001), as well as frequent shorter bouts of sleep, indicating an inability to successfully
consolidate sleep cycles [48]. When leptin is given back to these mice by exogenous leptin
administration, total sleep time is increased and arousals are decreased [49], suggesting that
not only can sleep affect leptin levels, but leptin can also play a role in the regulation and
maintenance of normal sleep. Another model of impaired leptin signaling is the db/db
mouse, in which a mutation exists in the leptin receptor, though the peptide itself is present
in circulation. Sleep patterns were recorded in this model and sleep fragmentation was
increased as compared to wild-type mice [50]. These results indicate that impaired leptin
signaling has deleterious effects on sleep regulation and that deficient leptin signaling,
however it may arise, disrupts the regulation of sleep architecture and circadian organization
of sleep-wake states.

An additional circulating factor secreted by adipocytes that has been implicated in
disruptions of circadian rhythm is free fatty acids. In the canine model of obesity, high fat
feeding leads to an increase in nocturnal free fatty acids and insulin resistance [51]. In a
mouse model using a similar high fat diet, behavioral and molecular circadian rhythms were
disrupted. In this study, mice were fed a regular chow diet or high fat diet and maintained in
constant darkness for 2 weeks showed a normal free-running rhythm of activity throughout
the study period. Mice being fed a high-fat diet showed an increase in the free-running
period, as well as altered locomotion and feeding rhythm, suggesting a dysregulation of
circadian rhythm in the face of 45% dietary fat as compared to the 16% fat diet received in
the regular chow [52]. Perhaps the most interesting result from this study was the finding
that high fat feeding can robustly affect molecular circadian clock components in peripheral
organs. Transcripts of the proteins encoding CLOCK, BMAL1 and PER2 were measured in
hypothalamus, liver and fat tissues. No difference in diurnal rhythmicity of these genes were
observed in the hypothalamus between the two diets, however, the diurnal rhythms of Clock
and Per2 expression were severely attenuated in fat tissue following high fat feeding, and to
a lesser extent in liver, suggesting that high fat feeding generates both tissue-specific and
gene-specific changes in expression levels of circadian clock genes [52,53].

In light of the findings that diet can affect circadian gene rhythmicity, it is important to
understand what effects circadian misalignment can have on physiological outcomes, aside
from the effects a misalignment may have on sleep quality and quantity. For example, the
clock mutant mouse has a homozygous mutation in the CLOCK transcription factor, a key
component of the molecular circadian clock. These mutants have a reduced diurnal rhythm,
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are hyperphagic and obese, and develop a metabolic syndrome of hyperleptinemia,
hyperlipidemia, hyperglycemia, and hypoinsulinemia [54]. Interestingly, it is well
established that shift workers are at an increased risk of the development of metabolic
syndrome, cardiovascular disease and obesity, suggesting that misalignment of both sleep
and feeding may be detrimental to overall health, in conjunction with the negative effects of
short sleep duration [55-60]. Thus, there exists a complex interplay between central and
peripheral circadian rhythms, sleep cycles and energy metabolism and insulin sensitivity that
is only beginning to be appreciated.

Though sleep has historically been considered only necessary for the brain, recent work has
established a link between disruptions in sleep quality and/or duration and a corresponding
reduction in systemic insulin sensitivity. A molecular basis for the alterations in insulin
signaling in peripheral tissue has not been elucidated but clearly must occur to account for
the impact of sleep disturbances on energy metabolism, diabetes and obesity risk. Sleep may
also play an essential role in preserving the function of potentially all cell types, in addition
to insulin sensitive tissues. From these studies, it is clear that an intense examination of the
adipocyte (and other peripheral tissues) in response to sleep alterations should be
undertaken. Additionally, research investigating potential signals arising from the periphery
that signal in the brain to impact sleep quality and duration is warranted. The adipocyte
plays a critical role in a growing number of metabolic and endocrine pathways, and as
suggested in this review, may also serve as a direct cellular target of sleep. Clearly more
work is required to understand the molecular and metabolic mechanisms by which
alterations in sleep can impact adipocyte physiology. These links may also have important
clinical implications and perturbation of the sleep-adipocyte axis potentially may be a
central contributor to the growing obesity epidemic.

Research Agenda

e The connections between alterations in sleep duration or quality on insulin
sensitivity in adipose tissue requires further research.

e The interplay between induction of insulin resistance in adipocytes, reduced
leptin secretion and increased hunger following sleep curtailment should be
investigated.

e ldentification of the potential molecular and metabolic alterations in adipose
tissue that in turn could negatively impact sleep is a priority.

¢ More research is needed to understand the association between chronic
disruption of sleep quality and/or duration and the increased risk of developing
obesity and diabetes in humans.
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Figure 1. 24 hour profiling of human sera glucose, insulin and free fatty acids (FFA)

For 3 consecutive nights, subject spent 8.5 hours in bed (shaded area). Starting at 9:30 pm,
blood samples were frequently drawn and circulating glucose, insulin and FFA levels were
determined. Gray lines indicate consumption of meals.

Best Pract Res Clin Endocrinol Metab. Author manuscript; available in PMC 2011 October 1.



