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Abstract
Impaired sleep, particularly in the context of sleep-disordered breathing (SDB), is associated with
a vast array of comorbidities, including obesity. It is well known that the etiology of obesity is
both complex and multifactorial. Recent trends have shown that obesity rates have risen at an
alarming rate in children, and this has likely contributed to an increased prevalence of SDB in
children. Like the ‘chicken and the egg’ hypothesis, the temporal relationship of obesity and SDB
is unclear but it is speculated that these two conditions converge to promote a fundamental
disruption to normal lipid homeostasis. In this review, the effect of sleep disruption and SDB on
lipid homeostasis in both murine and human models will be critically examined, with the intent of
demonstrating that disrupted sleep in children is itself a precursor to obesity via disordered lipid
homeostasis.
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Over the past century, obesity and obesity-related complications have emerged as a leading
contributor to mortality and morbidity. Of equally paramount concern, the prevalence of
obesity continues to increase at an alarming rate across all age groups, including childhood.
Obesity during childhood increases the risk for end-organ injury, particularly the hepatic,
metabolic and cardiovascular systems, in common with obesity during adulthood. Central to
the pathophysiology of obesity-related morbidity is disordered lipid homeostasis, which
predisposes to fatty deposition, impacting tissue and organ function. As an example, excess
adipose tissue in the neck, abdominal wall and thorax mass increases the mechanical loads
to the pulmonary system, elevating the work of breathing, and thereby increasing the risk of
sleep-disordered breathing (SDB).

As obesity elevates the risk of SDB, similarly there is emerging evidence suggesting that
SDB, by a mechanism involving associated alterations in respiratory gas exchange and sleep
fragmentation, elevates the risk of disordered lipid homeostasis, leading to obesogenic
behaviors and proinflammatory adipose tissue responses, and thus promoting insulin
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resistance. These interactions between sleep and lipid-related biological pathways suggest
the presence of a circular risk model of obesity, disrupted sleep and SDB, which all
converge to disordered lipid metabolism (Figure 1). This review presents the cumulative
evidence on the existence of this circular association in both children and mice, and then
presents the plausible underlying putative mechanisms that link disordered sleep with
disordered lipid homeostasis.

Sleep restriction, obesity & lipid homeostasis: evidence from children
The impact of sleep duration and/or disrupted sleep has been shown to have profound
influences on neurocognitive function and quality of life in children [1–3]. The influence of
sleep restriction on the risk of childhood obesity has only been described recently. Using a
telephone-based questionnaire of 422 children aged 5–10 years, Chaput et al. [4] revealed
the odds ratio of developing obesity was 1.42 for children who reported 10.5–11.5 h of
sleep, and 3.45 for children who reported 8–10 h sleep compared with children who reported
12–13 h of sleep following adjustment for age, sex and other risk factors. From the FLAME
study, using a cohort of 244 children aged 3–7 years, Carter et al. [5] report that for each
additional hour of sleep at ages 3–5 years there was an associated reduction in BMI of 0.48
and a reduced risk of being overweight (BMI ≥85th centile) of 0.39 at age 7 years. Using
bioelectrical impedance, the differences in BMI were explained by differences in fat mass
index more than by differences in fat-free mass index [5]. Using longitudinal follow-up data
from adolescent girls, short sleep duration during adolescence was found to have lasting
effects of obesity during young adulthood [6]. In a meta-analysis of 30 studies, 12
examining children, Cappucio and colleagues established an association of short sleep
duration with obesity [7]. Of the 12 pediatric studies, the pooled odds ratio for short sleep
duration and obesity was 1.89, which was statistically highly significant (p < 0.0001). A
meta-analysis by Chen et al. [8] found that children with shorter sleep duration had a 58%
elevated risk for overweight or obesity, and children with the shortest sleep duration had an
even higher risk (92%) when compared with children having longer sleep duration.
Furthermore, for each hour increase in sleep, the risk of overweight or obesity was reduced
on average by 9% [8]. Recent evidence has also suggested that children who have weekend
or holiday ‘catch-up’ sleep have a reduced risk of being overweight [9]. Thus, although a
causative link has not been definitively established between sleep and obesity, the
plausibility of such an association has incrementally gained credibility in the last decade.

In a study of children aged 4–10 years using actigraphy, a measurement tool providing
objective measurements of total sleep duration over a 7-day period, Spruyt et al.
demonstrated that, while total sleep duration over a week of measurements did not vary
significantly between obese children and nonobese children, it was evident that obese
children had significantly increased night-to-night variability in their sleep duration as well
as decreased amounts of weekend catch-up sleep, compared with nonobese children [10]. In
a subset of 156 children from whom blood samples were drawn, these investigators
uncovered significant associations between sleep duration and cardiovascular and metabolic
biomarkers. Indeed, restricted sleep duration was associated with elevated fasting serum C-
reactive protein and insulin levels, as well as with increased LDL levels. Although further
studies are needed to critically examine the relationship between sleep restriction and lipid
homeostasis in children, this study does imply that reduced sleep duration may adversely
impact lipid homeostasis in children and lead to increased LDL-C concentrations. Putative
mechanisms that could be involved in sleep restriction-associated lipid changes may include
changes in the levels of specific neuro-peptides that regulate satiety or appetite, such as
increased levels of ghrelin and reduced levels of leptin, which in turn lead to increased food
intake (with preferences for high-fat-containing food items) and promotion of obesity risk
[11]. Of note, a recent study from Hong Kong has corroborated the presence of an
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association between restricted sleep duration and the risk for increased lipid levels in
secondary school children; however, this association was not apparent in primary school
children [12].

SDB & obesity: evidence from children
The spectrum of SDB in children ranges from primary snoring during the night to overt
obstructive sleep apnea syndrome (OSAS). The incidence of OSAS in children is estimated
to be 2–3% of all children, with a peak prevalence found in children aged between 2 and 8
years [13–20].

The pathophysiology of OSAS is characterized by repetitive short or prolonged periods of
increased upper airway resistance that leads to either partial or complete obstruction of the
upper airway during sleep, leading to loud intermittent snoring, frequent arousals from sleep
and secondary sleep fragmentation. Episodic upper airway collapse in children can
subsequently disturb respiratory gas exchange, for example, repetitive decreases in oxygen
saturation followed by rapid reoxygenation as well as episodic hypercapnia. Finally,
occlusion of the upper airway leads to large intrathoracic pressure fluxes, which, coupled
with the gas exchange disturbances and frequent brain arousals, induce sustained activation
of sympathetic nervous system activity, even during daytime.

The interaction between the various patho-physiological disturbances associated with OSAS
is linked to a plethora of serious end-organ morbidities in children; including neurocognitive
and behavioral disturbances [21–27], somatic growth failure [28], enuresis [29,30], systemic
inflammation [31–33], cardiovascular morbidity [34–36] and finally, of special interest in
this review, impaired lipid homeostasis.

Before examining the interactions between OSAS, obesity and lipid homeostasis in children,
it is essential to review the etiology of OSAS in childhood. The principal abnormality
associated with the increased likelihood of OSAS in children is hypertrophy of
adenotonsillar tissues. Enlargement of these tissues in the upper airway reduces the
anatomical patency of the airway and thus leads to exponential increases in pharyngeal
resistance, which will ultimately result in episodic airway collapse during sleep,
characteristic of OSAS [37,38]. While the presence of enlarged tonsils and adenoids does
not reliably predict the likelihood of OSAS in children [39], the concurrent presence of
habitual snoring and adenotonsillar enlargement should prompt timely diagnostic efforts to
confirm or rule out the presence of OSAS.

Notwithstanding the major contribution of adenotonsillar hypertrophy, the presence of
obesity in children significantly increases the risk of developing OSAS [40–43]. With
prevalence rates as high as 7–22% of children in various western countries [44,45], studies
examining the prevalence of OSAS in children have shown substantial increases with
obesity [46], such that for each increase of 1 kg/m2 of BMI above the mean in children, the
risk of OSAS appears to increase by 12% [47]. Furthermore, when the standard initial
treatment of OSAS is implemented (i.e., adeno-tonsillectomy [AT]), the risk for residual
OSAS is markedly greater in obese children, as recently shown in a large multicenter
retrospective study [48]. Moreover, follow-up data from the large longitudinal cohort
TuCASA study reveals that children with residual OSAS are at an elevated risk of
developing obesity after 5 years [49]. Evidence has suggested that, at any level of OSAS
severity, the degree of adenotonsillar hypertrophy required to develop OSAS of such
magnitude is reduced in obese children [50]. Recent evidence in children has also suggested
that OSAS is related to specific areas of fat deposition; more specifically, OSAS severity
was shown to be strongly predicted by visceral fat deposition as defined by MRI [51].
Finally, the phenotype of obesity-induced childhood OSAS is markedly different from the
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OSAS phenotype that is exclusively induced by adenotonsillar hypertrophy [52]. In contrast
to OSAS induced by adenotonsillar hypertrophy, which is typically associated with
symptoms of poor attention and/or hyperactivity, OSAS induced by obesity in children
strikingly resembles that of adult patients with OSAS, the vast majority of whom are obese,
presenting with symptoms of excessive daytime sleepiness as well as metabolic and
cardiovascular disease [53], suggesting that similar mechanisms in adults and obese children
may lead to the morbid consequences of OSAS in these patients.

SDB & lipid homeostasis: evidence from children
Childhood obesity is a well-defined risk factor for insulin resistance and dyslipidemia [54–
59]. As OSAS has been identified as a concomitant comorbidity of obesity, it is not
surprising that OSAS has also been identified as a risk factor for dyslipidemia and insulin
resistance in many adult-based studies [60–64]. However, when obesity and OSAS coexist,
it is difficult to ascertain whether the effect of OSAS on lipid metabolism is indeed
independent of the dyslipidemia induced by obesity in adults.

Studies linking OSAS in children to metabolic disturbances are relatively sparse and
divergent. In a study of 135 children, Tauman et al. did not reveal any association between
most major polysomnographic indices used in quantifying OSAS severity and fasting serum
insulin, glucose, homeostatic model assessment or serum lipid levels [54]. This association
study did not, however, examine whether OSAS alone or in combination with obesity
contributes to lipid abnormalities. Similarly, in a study of 110 children who did not satisfy
obesity criteria, Kaditis et al. found no correlations between the severity of OSAS and
fasting insulin or homeostatic model assessment levels, with serum lipids not being reported
[65].

In contrast to such studies, Verhulst et al. performed a cross-sectional study of 104 relatively
older obese children (42% postpubertal), and showed significant associations between the
degree of oxyhemoglobin desaturation and serum lipid and cholesterol levels even after
controlling for gender, puberty and BMI [66]. Of note, however, this study did not show a
significant association between these metabolic markers and the respiratory disturbance
index, an index that reflects the severity of OSAS. In a retrospective study of obese and
nonobese children undergoing polysomnography, Alexopoulos et al. reported that the risk of
low HDL-C was threefold higher in nonobese children with moderate- to-severe OSAS
compared with children with mild OSAS or primary snoring, following adjustment for age
and gender; however, the same association was not found in obese children [67]. In a
prospective cohort study of adolescents recruited from the general community, Redline et al.
reported an odds ratio of 6.49 for development of the metabolic syndrome in subjects with
OSAS when compared with subjects without OSAS [68]. The metabolic syndrome was
defined by abnormalities in acceptable threshold levels in three of the following five
measures: waist circumference, blood pressure, triglyceride level, HDL-C level and glucose
level. Furthermore, the study did report a significant association between the presence of
OSAS in adolescents and serum LDL concentrations. However, similar to the previously
cited studies, the apnea–hypopnea index was not significantly correlated with serum
triglyceride or cholesterol concentrations.

In a study of 62 consecutive prepubertal children (40% of whom were nonobese), the
authors’ group examined the metabolic parameters of all children undergoing AT as the
primary treatment of OSAS [33]. AT led to improvement of OSAS in all children; however,
effective resolution of OSAS was more likely in the nonobese group, with a substantial
proportion of obese children manifesting residual OSAS after surgery. In nonobese children,
AT resulted in significant improvements in LDL, HDL and LDL:HDL levels (Table 1). In

Bhattacharjee et al. Page 4

Clin Lipidol. Author manuscript; available in PMC 2013 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



obese children, improvements emerged in total cholesterol, total triglyceride, LDL, HDL
and LDL:HDL levels as well as in fasting insulin and insulin:glucose ratios following AT.
Of note, AT did not result in any significant change in BMI in obese children, suggesting the
improvements in lipid homeostasis following AT occurred independently from any changes
in BMI or adiposity. Moreover, the severity of OSAS (apnea–hypopnea index) and the
degree of oxyhemoglobin desaturation correlated significantly with LDL, HDL and
LDL:HDL levels following adjustment for BMI and age. ApoB serum levels were improved
in both nonobese and obese groups following AT. Finally, C-reactive protein levels were
reduced following AT suggesting marked improvements in systemic inflammation [33].
Taken together, these findings strongly support the hypothesis that disrupted sleep and
episodic hypoxia in the context of OSAS impose substantial changes in lipid regulatory
mechanisms in children.

However, based on the aforementioned studies examining the effect of OSAS in childhood
on lipid homeostasis, it is apparent that the findings somewhat diverge. The precise putative
mechanisms linking the pathophysiological manifestations of OSAS with lipid metabolism
in children remain to be elucidated and have been more precisely addressed in murine
models (see below). It is noteworthy in this context to mention a recent study of 309
consecutive children by Bhushan and colleagues, which attempted to resolve the discrepant
findings in pediatric OSAS and dyslipidemia by examining gene variants in FABP4 and
assaying FABP4 protein levels [69]. FABP4 is an important protein involved in the
interaction of inflammation and metabolism and one of its main functions is to regulate the
intracellular processing of lipids in critical tissues such as adipose tissue and macrophages.
Children with OSAS were found to have elevated concentrations of FABP4 in plasma, and
the expression of the rs1054135 polymorphism in the FABP4 gene was found to result in
significantly elevated levels of FABP4 after adjustment for BMI, suggesting that genetic
predisposition may serve as a plausible mechanism accounting for the presence of impaired
lipid homeostasis in some children with OSAS but not in others.

Lipid metabolism in rodent models of OSAS
As alluded to in previous paragraphs, the manifestations of OSAS reflect the interactions of
intermittent hypoxia (IH), intermittent hypercapnia, increased intrathoracic pressure swings
and sleep fragmentation, all of which result from repetitive upper airway obstruction during
sleep. Although an animal model that collectively mimics OSAS is unavailable, over the last
decade or so researchers have tried to elucidate the contribution of each of the OSAS
components and more specifically have attempted to identify some of the mechanisms
leading to alterations in lipid metabolism in the context of OSAS.

Lipid metabolism associated with IH
The most commonly used model of OSAS in rodents has relied on the imposition of IH as
the surrogate paradigm. Extensive data using this model indicate that IH alters lipid
metabolism by upregulating lipid biosynthesis in the liver leading to dyslipidemia, and that
IH also modulates increases in adipose tissue lipolysis and inhibits lipoprotein clearance
[70].

In the past decade, a substantial amount of evidence has emerged in the effort to identify the
mechanism(s) of IH-induced hyperlipidemia. Development of hypercholesterolemia during
IH may be a consequence of accelerated lipid biosynthesis, which occurs in the liver and is
regulated by a family of transcription factors, SREBPs, which include SREBP-1a,
SREBP-1c, and SREBP-2. These SREBPs regulate enzymes such as stearoyl-CoA
desaturase 1 (SCD-1), which underlie the synthesis of fatty acids and cholesterol. Li and
colleagues studied lean mice exposed to 5 days of IH and reported an increase in fasting
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serum levels of total cholesterol, HDL-C, phospholipids and triglycerides, as well as liver
triglyceride content [71]. These changes were not observed in obese mice exposed to IH,
despite the fact that they already had hyperlipidemia and fatty liver at baseline. In lean mice
IH also increased SREBP-1 levels in the liver; increased mRNA and protein levels of SCD-1
increased monounsaturated fatty acid content in serum, indicating augmented SCD-1
activity [71]. The same research group also studied genetically obese mice exposed to IH
and again found 30% increases in liver triglyceride and phospholipid content with a higher
gene expression of cholesterol and fatty acid biosynthesis regulatory enzymes [72]. This
response to IH is therefore obesity independent, can be specifically attributed to IH during
sleep and has been documented in nonobese children [32]. However, it should be noted that
the magnitude of metabolic dysregulation seems to be dependent on the level of the hypoxia
stimulus and may also be amplified by existing obesity [73]. In fact, exposure to IH in
combination with a high-fat dietary intake will lead to a synergistic effect on the
dyslipidemic response [74].

The reported upregulation of key hepatic transcription factors of lipid biosynthesis induced
by IH [72] is an important pathway by which SCD-1 converts saturated fatty acids into
monounsaturated fatty acids. Abundance of monounsaturated fatty acids increases the
biosynthesis of cholesterol esters and triglycerides, which are incorporated into secreted
VLDL particles [75,76]. Indeed, an important observation from the Polotsky laboratory
came to support this hypothesis when they studied knockout mice of SCAP in the liver and
compared them with wild-type controls exposed to 5 days of IH [77]. As anticipated, wild-
type mice exposed to IH had increased fasting levels of serum total cholesterol and HDL-C,
serum triglycerides, serum and liver phospholipids, mRNA levels of SREBP-1 and
mtGPAT, and protein levels of SCAP, nSREBP-1, and mtGPAT in the liver. By contrast, IH
did not have any effect on serum and liver lipids, or on expression of lipid metabolic genes
in L-Scap-null mice [77]. Savransky and coworkers depleted SCD-1 in C57BL/6J mice
using antisense oligonucleotide approaches and showed that they could prevent
hyperlipidemia in these mice during 10 weeks of IH exposure [78]. In their recent review,
Drager et al. proposed that the increase in SCD-1 under IH conditions may be mediated
through HIF-1, which is a master regulator of metabolic responses to hypoxia [70]. Mice
with reduced functional HIF-1 are partially protected against hypertriglyceridemia and
hepatic lipid accumulation during IH and also show attenuated increases in the active
nuclear isoforms of SREBP-1c and SCD-1 [79].

Another important mechanism that has been advanced in IH-induced hyperlipidemia is the
activation of lipolytic pathways. Indeed, while IH increased hepatic triglycerides and hepatic
VLDL secretion, there was no evidence of an increase in de novo fatty acid synthesis [71].
This observation suggests that peripheral lipolysis, especially in adipose tissue, may operate
as the supplier of hepatic fatty acids for the synthesis of triglycerides and VLDL. If this
lipolysis exceeds normal needs, a large flux of free fatty acid (FFA) to the liver will lead to
steatohepatitis. Furthermore, under most physiological conditions, adipose tissue lipolysis is
a catabolic process that leads to the breakdown of triglycerides stored in fat cells and the
release of fatty acids, followed by further degradation into acetyl units by β-oxidation. This
pathway involves regulatory mechanisms recruited in the CNS, endocrine system, liver and
pancreas [80]. Jun and colleagues used ApoE-deficient mice as an atherogenesis-prone
murine model and reported that 12 weeks of IH exposure led to significant increases in
serum FFA levels suggesting increased adipose tissue lipolysis during IH [81]. One of the
mechanisms underlying lipolysis may reside in the increased sympathetic nerve activity
associated with IH [82], which also functions as an important regulator of lipolysis [83].
However, hypoxic conditions also attenuate β-oxidation of FFAs, which then leads to FFA
accumulation and higher influx of FFAs to the liver.
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Another putative mechanism that was recently explored by Drager and colleagues involved
the hypothesis that IH can lead to hyperlipidemia not only by inducing lipid biosynthesis
and lipolysis, but also by inhibiting the clearance of triglyceride-rich lipoproteins (TRLPs)
[84], a known leading pathway in the pathogenesis of atherosclerosis [85]. TRLPs include
liver-synthesized VLDL and dietary chylomicrons, which are cleared from the circulation
via a multistep process beginning with lipoprotein lipase (LpL), a key enzyme in lipoprotein
metabolism that is preferentially expressed in the adipose tissue, skeletal muscle and heart
[86,87]. Drager and coworkers exposed mice fed on a high-fat diet to 4 weeks of IH and
found that, as anticipated, IH induced significant increases in levels of total cholesterol and
triglycerides, which occurred in TRLP and LDL fractions. These investigators further
documented an inhibition of TRLP clearance during IH and a fivefold decrease in LpL
activity, as well as an 80% increase in mRNA and protein levels of ANGPTL4, a potent
inhibitor of LpL activity in the epididymal fat. These findings indicate that IH decreases
TRLP clearance and inhibits LpL activity in adipose tissues, which may contribute to the
increased atherogenesis observed in OSAS [84].

Effects of IH in adipose tissue
Since adipose tissue is the major production site of critical regulators of metabolism such as
leptin and adipokines [88], it is highly likely that the systemic and adipose tissue-specific
perturbations of OSAS may be due to the effects of IH on adipocytes. To further investigate
this issue, Polotsky et al. examined the effects of chronic IH on obesity and insulin
resistance and also performed microarray experiments in subcutaneous adipose tissue
samples from mice exposed to 5 days of IH [89]. Significant changes in the expression of a
restricted number of metabolic genes that are involved in lipid and glucose metabolism
emerged, indicating the potential involvement of fat tissue in IH-induced metabolic
perturbations [89]. However, this study was limited to subcutaneous fat. It is now apparent
that visceral adipose tissue mass is more strongly associated with abnormal metabolic
parameters compared with abdominal subcutaneous fat [90], and that removal of visceral fat
by omentectomy results in decreased glucose and insulin levels in humans [91]. By contrast,
removal of subcutaneous fat by liposuction does not always result in improvements in
glucose metabolism or lipid levels [92]. Therefore, the authors have systematically
interrogated the transcriptional programs activated in visceral fat tissue of lean mice in
response to 13 days of IH during sleep (Figure 2) [93]. Functional pathway enrichment
analytical procedures and network analyses on differentially expressed genes revealed that
over 3000 genes exhibit significant alterations in their expression patterns during the time
course of IH exposures. Among these genes, the most enriched pathways mapped to
metabolic processes, mitochondria and oxidative stress responses. The pathophysiological
relevance of these findings was also confirmed by demonstrating that mice exposed to
chronic IH develop dyslipidemia and undergo significant lipid and protein oxidation within
their visceral adipose depots [90]. Gene–gene interaction network analysis led to the
identification of critical controllers of IH-induced transcriptional programs in adipocytes,
whereby network hubs represent putative targets that may enable us in the future to alter the
effects of IH on adipose tissue. Furthermore, a subnetwork mapping to lipid metabolic
pathways was particularly prominent, and was topographically characterized by several
densely connected hubs that are well-known master regulators of metabolism, including
leptin, and of lipid biosynthesis, including SREBF1 and SREBF2.

Of added interest, another member of the lipid metabolism interactome – CIDEA – was the
most differentially upregulated gene in response to IH. Cidea−/− mice have enhanced
metabolic rates and lipolysis, and are resistant to diet-induced obesity and diabetes [94].
These findings suggest that activation of CIDEA in visceral adipocytes may represent a
mechanism whereby chronic IH induces metabolic dysregulation and dyslipidemia.
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Interestingly, another important network hub was PPARGC1A (also known as PGC-1α), a
transcriptional coactivator of many genes that are involved in metabolism, which exhibited
progressive timedependent increases in expression during IH. This study also explored
mitochondrial function in adipocytes exposed to IH and confirmed that IH imposed
significant oxidative burden on visceral adipocytes by demonstrating a dramatic increase in
metabolite levels, as an indicator of lipid peroxidation in the adipose tissues, with genes
such as NADH dehydrogenase, ATP synthase, cytochrome reductase and mitochondrial
translocase being markedly regulated. These findings demonstrate that chronic exposure to
IH activates transcriptional programs encompassing distinct functional units within
adipocyte mitochondria [93].

In summary, similar to the human studies, rodent models of OSAS, such as IH during sleep,
manifest time-dependent perturbations in adipocyte gene expression and these changes map
to distinct functional pathways and networks, most significantly those involved in
metabolism, mitochondrial function and oxidative stress.

Conclusion
Taken together, the cumulative evidence in children and in murine models suggests an inter-
relationship between disrupted sleep and disrupted lipid homeostasis mediated via either
total sleep restriction or sleep fragmentation, SDB and obesity. The translational models
presented in this review support a putative paradigm whereby disrupted lipid homeostasis is
central to this circular model (Figure 1). Delineation of a cause-and-effect explanation
linking sleep with obesity will require future longitudinal studies addressing treatment of
OSAS, and interventions aimed at increasing total sleep duration in order to demonstrate
reversibility, further providing compelling mechanistic evidence in support of our proposed
model. Nonetheless, translational studies of lipid homeostasis aiming to identify tissue-
specific mechanisms governing the dyslipidemia of SDB and sleep restriction are not only
important, but may provide for development of therapeutic interventions.
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Executive summary

Sleep restriction, obesity & lipid metabolism

▪ Short sleep and sleep restriction are risk factors of childhood obesity, and
compelling evidence is emerging favoring longer sleep to lower the risk of
metabolic consequences and obesity.

▪ Recent evidence has suggested that children who have weekends or holiday
‘catch-up’ sleep have a reduced risk of being overweight or of manifesting
altered serum lipids. This phenomenon is less evident in obese versus
nonobese children.

▪ Restricted sleep is associated with elevated fasting C-reactive protein and
insulin levels as well with increased LDL levels.

Obstructive sleep apnea syndrome & obesity & lipid homeostasis

▪ The presence of obesity in children dramatically increases the risk of
developing obstructive sleep apnea syndrome (OSAS).

▪ In contrast to OSAS induced by adenotonsillar hypertrophy, which is
typically associated with symptoms of poor attention or hyperactivity, OSAS
induced by obesity in children resembles the adult phenotype of OSAS,
mainly presenting with symptoms of excessive day sleepiness as well as
cognitive, metabolic and cardiovascular morbidities.

▪ A correlation between the degree of the oxyhemoglobin desaturation and
increases in serum cholesterol levels has emerged in children, and these
alterations will be abrogated after effective surgical treatment of OSAS.

Lipid metabolism in the rodent model of OSAS

▪ Intermittent hypoxia during sleep activates multiple metabolic pathways and
is a major contributing mechanism to development of dyslipidemia and
insulin resistance.

▪ Intermittent hypoxia-induced dyslipidemia appears to be due to excessive
adipose tissue lipolysis and increased free fatty acids flux to the liver, as well
as by upregulation of hepatic triglyceride biosynthesis and lipoprotein
secretion.

▪ The effect of intermittent hypoxia on lipid metabolism may also be due to
inhibition of the clearance of triglyceride-rich lipoproteins.

Effect of intermittent hypoxia on adipose tissue

▪ Adipose tissue is an important regulator of metabolism and is affected by the
alterations associated with OSAS, particularly intermittent hypoxia during
sleep.

▪ Time-dependent perturbations in adipocyte transcriptome occur during
intermittent hypoxia during sleep, and map to distinct functional pathways
and networks linked to metabolism, especially mitochondrial function and
oxidative stress.
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Figure 1. The circular model of sleep restriction, obstructive sleep apnea syndrome and obesity,
emphasizing the central role of disrupted lipid metabolism
CRP: C-reactive protein; OSAS: Obstructive sleep apnea syndrome.
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Figure 2. Lipid metabolism interactome in visceral adipose tissue of mouse, comprised of
differentially expressed genes in response to intermittent hypoxia during sleep, as a model for
obstructive sleep apnea syndrome
Colored in red are selected high-density network nodes, such as leptin, PPARGC1A,
SREBF1 and SREBF2, which may represent regulators of adipocyte metabolic responses
during intermittent hypoxia.
Reproduced with permission from [93].
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