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ABSTRACT: A European Respiratory Society research seminar on ‘‘Metabolic alterations in

obstructive sleep apnoea (OSA)’’ was jointly organised in October 2009 together with two EU

COST actions (Cardiovascular risk in the obstructive sleep apnoea syndrome, action B26, and

Adipose tissue and the metabolic syndrome, action BM0602) in order to discuss the interactions

between obesity and OSA.

Such interactions can be particularly significant in the pathogenesis of metabolic abnormalities and

in increased cardiovascular risk in OSA patients. However, studying the respective role of OSA and

obesity is difficult in patients, making it necessary to refer to animal models or in vitro systems. Since

most OSA patients are obese, their management requires a multidisciplinary approach.

This review summarises some aspects of the pathophysiology and treatment of obesity, and the

possible effects of sleep loss on metabolism. OSA-associated metabolic dysfunction (insulin

resistance, liver dysfunction and atherogenic dyslipidaemia) is discussed from the perspective of

both obesity and OSA in adults and children.

Finally, the effects of treatment for obesity or OSA, or both, on cardio-metabolic variables are

summarised. Further interdisciplinary research is needed in order to develop new comprehensive

treatment approaches aimed at reducing sleep disordered breathing, obesity and cardiovascular

risk.
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T
he worldwide obesity epidemic has fos-
tered investigation on adipose tissue, in
order to prevent obesity-linked morbidity

and develop effective treatment. Obesity is a risk
factor for diabetes and cardiovascular events [1,
2] and increases mortality, especially in middle-
aged adults [3]. Obesity rates are also increasing
in children [4, 5]. Since obese children tend to
become obese adults [6], the cardio-metabolic
disease associated with obesity could begin in
childhood [7].

Adipose tissue is a central player in metabolic
regulation through the production and release of
multiple adipokines [8]. Moreover, adipocytes and
inflammatory cells, such as macrophages, show a
high degree of interaction in obesity [9, 10]. The
resulting picture is complex and, at present,
incomplete. Recent research has explored new
directions, such as the pathophysiology of different
fat depots in the body [11], the role of hypoxia [12],
and the interactions between adipose tissue and the
central nervous system in response to nutrient
excess [13]. Obesity has also been related to chronic

sleep loss, typical of the current lifestyle in both
adults and children [14, 15].

Obesity is a common finding and a major
pathogenetic factor in obstructive sleep apnoea
(OSA) in adults [16, 17] and children [18–20]. OSA
is characterised by recurring episodes of upper
airway obstruction during sleep [21], intermittent
hypoxia [22], sleep fragmentation [23], excessive
daytime sleepiness [21] and increased cardiovas-
cular risk [24]. Upper airway collapse during sleep
can be prevented by the application of nasal
continuous positive airway pressure (CPAP),
which is the treatment of choice for moderate-
to-severe OSA in adults. In children, OSA is
traditionally considered as a ‘‘local’’ disease due
to high prevalence of adenotonsillar hypertrophy,
and adenotosillectomy is usually performed; how-
ever, partial resolution of OSA is often observed,
which probably reflects the additional impact of
obesity [25, 26].

Changes in body weight are known to affect OSA
severity [27–29]. Most adult patients with OSA
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have central obesity and increased visceral fat [30], the latter
being associated with neck adiposity, increased upper airway
fat [31] and metabolic abnormalities [32], even in normal
weight subjects. Sex-related differences in the amount of
visceral fat could contribute to the higher prevalence of OSA
in males [33]. In children, besides the classic OSA phenotype
associated with adenotonsillar hypertrophy [34] and growth
failure [35], it is possible to identify an obese OSA phenotype,
similar to adult OSA [34].

It is conceivable that OSA and obesity may interact and potentiate
their detrimental consequences. OSA-associated metabolic
abnormalities have been reproduced in animal models exposed
to a pattern of intermittent hypoxia similar to that found in
humans with sleep disordered breathing [36, 37]. However,
hypoxia of adipocytes could play an important role in the
metabolic disturbances associated with obesity [8, 38]. In
addition, OSA and obesity share common mechanisms such as
inflammatory activation [39], oxidative stress [39] and increased
sympathetic activity [40].

In order to discuss the complex relationship between OSA and
obesity, a second research seminar on the ‘‘Metabolic effects of
OSA’’ was organised in October 2009 by the European
Respiratory Society and two EU-funded actions of the COST
programme (Cooperation in Scientific and Technological
Research), namely COST actions B26 (Cardiovascular risk in the
obstructive sleep apnoea syndrome) and BM0602 (Adipose tissue
and the metabolic syndrome). The first research seminar took
place in 2007, and its focus was primarily on the pathogenesis of
insulin resistance (IR) in OSA [36].

The purpose of this review is to provide an overview on the
pathophysiology of obesity, including an essential description of
the main aspects of adipose tissue biology, the pathogenesis and
the implications of IR in tissues such as skeletal muscle and liver,
the possible role of sleep loss in obesity, and current treatment for
obesity. With this background, the role played by OSA in the
pathogenesis of metabolic abnormalities in adults and children
will be briefly reviewed, together with the effects of OSA
treatment. As for genetic interactions between OSA and obesity,
which were also discussed during the seminar, the interested
reader is referred to several recently published reviews [41–43].

ADIPOSE TISSUE PATHOPHYSIOLOGY, IR AND
METABOLIC SYNDROME
The aim of this section is to discuss some features of obesity that
are important in the context of OSA, namely the types and
distribution of adipose tissue in obesity, and the mechanisms of
adipocyte dysfunction.

Types and distribution of adipose tissue in obesity
Adipose tissue exerts important endocrine functions involving
multiple crosstalk with other organs and tissues [44]. Adipocytes
produce hormones, cytokines and many other proteins and
peptides, collectively called ‘‘adipokines’’, leading to fine tuning
of fuel utilisation, energy homeostasis and cardiovascular
function [8, 45–47]. In addition, pre-adipocytes, lymphocytes,
macrophages and endothelial cells contribute to the secretory
output of adipose tissue and play a key role for the endocrine
activity of the different fat depots.

Obesity is characterised by the expansion of white adipose tissue,
as a result of increased size (hypertrophy), and, additionally, by
an increased number of adipocytes (hyperplasia) [48]. The
number and size of adipocytes vary according to localisation of
fat [48], diet [49], genetic factors [50], sympathetic innervation [51]
and sex [52]. Visceral adiposity is generally associated with
hypertrophy of adipocytes [53]. A modest amount of brown
adipose tissue (BAT) is also present in humans, its main function
being heat production rather than energy storage. The peculiar
anatomical and functional characteristics of BAT have been
recently summarised [54–56].

The localisation of excess white adipose tissue in the body carries
relevant metabolic consequences. Increased visceral fat mass is
associated with more severe health effects compared to peripheral
obesity, which is characterised by predominant accumulation of
subcutaneous fat [57]. The expansion of visceral fat increases the
risk of developing IR, type-II diabetes, atherosclerosis, OSA,
steatohepatitis, and cardio- and cerebrovascular disease [3, 58, 59].
Many clinical and biochemical factors associated with increased
cardiovascular risk (i.e. dyslipidaemia, arterial hypertension,
hyperglycaemia, hyperuricaemia and microalbuminuria) are
often present in visceral (or central) obesity. The term ‘‘adiposo-
pathy’’ has been proposed to indicate the strong link between
visceral fat and obesity-associated metabolic abnormalities [60].

Recent data highlight the role of fat localisation in modulating
adipocyte function. Besides the classic distinction between visceral
and subcutaneous fat, the latter can be subdivided into superficial
and deep, with the deep fraction sharing many features with
visceral fat [61]. Ectopic fat depots can be found in the epicardial,
periadvential and perirenal regions, and in the pancreas, skeletal
muscle and bone marrow [47]. The physiology of adipose tissue in
these localisations, and the cellular source of adipokines and
inflammatory mediators, are incompletely understood but could
contribute to the pathogenesis of obesity-associated abnormalities
[47]. Specifically, epicardial fat is a true visceral fat depot, and a
tight association of epicardial fat mass with risk of cardiovascular
disease has been recently reported [62].

Clinically, increased abdominal circumference is the best marker
of visceral obesity and predicts overall mortality [3]. To improve
the clinical recognition of central obesity, the metabolic syndrome
(MetS) has been defined as the association of some risk factors (i.e.
increased waist circumference, high blood pressure and dyslipi-
daemia) [59]. The widely used National Health and Nutrition
Examination Survey/Adult Treatment Panel III definition is
based on simple criteria [63], but its clinical or epidemiological
usefulness is not entirely clear [64].

Identification of specific metabolic phenotypes may help to focus
on high-risk patients. For example, ,20% of the obese population
are metabolically healthy (MHO) [65]. The MHO phenotype is
associated with early onset of obesity, predominance of
subcutaneous over visceral fat, and a more favourable cardio-
vascular profile compared to patients with central obesity [66].
Adipose tissue in the gluteofemoral region may play an
important protective role against metabolic abnormalities and
the associated cardiovascular risk, by acting as a metabolic sink
for excess fat storage [67, 68]. The MHO phenotype might be
more common in obese pre-menopausal females, who appear
relatively protected from cardio-metabolic risk [33] but show
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increased mortality associated with the MetS in the post-
menopausal period [69]. Conversely, normal-weight metaboli-
cally obese subjects show an apparently lean phenotype, but their
amount of visceral fat is larger than normal and associated with
IR [32, 65]. There are some uncertainties about definitions [70],
and longitudinal studies on cardio-metabolic risk in obesity
subtypes are still lacking.

The functional attitudes of visceral and subcutaneous adipocytes
are programmed quite early during development and differ-
entiation [71]. Adipocyte precursors are multi-potent cells that
reside in each fat depot and possess depot-specific genetic,
biochemical and metabolic features [72]. Metabolic activity is
higher in visceral than in subcutaneous fat [11], and adipocytes
located in the abdominal region display distinct features
compared to adipocytes from other depots [73, 74] in both
normal-weight and obese subjects. Visceral adipose tissue from
non-obese humans responded faster and more intensely than
subcutaneous adipose tissue to glucose or insulin exposure in
vitro, with larger release of adiponectin, tumour necrosis factor
(TNF)-a and leptin [11]. Visceral adipocytes from obese subjects
released larger amounts of inflammatory cytokines, such as
interleukin (IL)-1b, IL-6 and IL-8, and adipokines such as leptin,
compared to visceral adipocytes from lean subjects [75].
Increased visceral fat and inflammation of adipose tissue were
recently found in morbidly obese insulin-resistant subjects
compared to weight-matched insulin-sensitive subjects, while
the amount of subcutaneous fat was similar in the two groups
[53]. Thus, a specific dysfunction of visceral adipocytes is
considered as the pathophysiological basis for the negative
consequences of abdominal obesity.

A thorough discussion of adipokines is beyond the scope of this
paper, but can be found in several recent articles [8, 45–47, 76].
Leptin and adiponectin will be briefly discussed since they exert
complex and unique actions, and have been studied in patients
with OSA. For both adipokines, higher circulating levels are
found in females than in males [76], indicating that sex-related fat
distribution may affect their expression and release [67].

Leptin is a polypeptide hormone produced by adipocytes in
proportion to their triglyceride content, and is a major player in
appetite regulation in the hypothalamus. Subcutaneous fat is the
main site of production of leptin, and leptin release from samples
of subcutaneous fat cultured in vitro correlates with the
circulating leptin levels found in vivo in the same individuals
[76]. Human obesity is usually associated with high plasma leptin
and attenuated leptin signalling (leptin resistance) [77], while
defects in the leptin or leptin receptor genes are rare in clinical
practice but have been fundamental to the understanding of the
physiology of leptin in animal models [78]. Leptin might be
involved in the pathogenesis of hypoventilation disorders [79]
and its transcription is activated by exposure to continuous
severe hypoxia in vitro [80]. In recent years, the role of leptin in
immune function and inflammation has been increasingly
studied [81], and some data indicate that leptin could contribute
to the pathogenesis of atherosclerotic lesions by promoting
inflammation [82]. All these data make leptin an interesting
adipokine in the context of sleep disordered breathing.

Adiponectin exerts an insulin-sensitising action, and its levels are
decreased in obesity [83–85]. Adiponectin has anti-atherogenic

and anti-inflammatory properties, and its circulating levels are
lower than normal in patients with type-II diabetes, MetS,
hypertension and coronary artery disease [84]. Adiponectin is
produced almost exclusively by mature adipocytes, and its
expression is higher in subcutaneous than in visceral fat [86].
Importantly, adiponectin is found in the circulation in different
oligomeric forms and it is now accepted that the so-called high-
molecular-weight form is of key importance for the biological
effects of this hormone [87]. Inflammatory mediators, such as
TNF-a [88], and both continuous [89] and intermittent [90]
hypoxia were found to inhibit adiponectin production in vitro.
Adiponectin levels increase after weight loss or treatment with
several drugs, such as fibrates, angiotensin-converting enzyme
inhibitors, angiotensin II type I receptor blockers, thiazolidine-
diones, statin and some calcium channel blockers [91]. The
protective role of adiponectin and its modulation by hypoxia
suggest that it may be a useful marker of metabolic dysfunction in
obesity and OSA.

Mechanisms of adipose tissue dysfunction in obesity
Inflammation
The recognition of inflammation as a major player in adipocyte
dysfunction has been an important advance in obesity research.
Inflammation was first reported to contribute to the pathogenesis
of IR in 1993, when TNF-a expression was demonstrated in
adipose tissue of obese rodents and insulin sensitivity was restored
after treatment with anti-TNF-a antibodies [92]. There is a long list
of inflammatory mediators involved in obesity and IR [93], and
obesity is considered as a state of chronic, low-grade inflammation
[9]. As obesity develops, adipose tissue becomes infiltrated with
macrophages [94]. Adipocyte–macrophage interactions contribute
to the development of IR, but other immune cells, such as mast
cells or lymphocytes, probably play a role [10, 95].

The adipocyte can secrete inflammatory cytokines and attract
monocytes by producing monocyte chemoattractant protein
(MCP)-1 [94]. In vitro, adipocytes and macrophages show
considerable similarities in their gene expression and functional
aspects [10]. Both hypoxia [96] and decreased adiponectin [97]
may play a role in macrophage activation in obesity. In obese
animals, macrophages are found in close relationship with dead
adipocytes (crown-like structures) [98], suggesting that their
recruitment is linked to phagocytosis of cellular debris. In
addition, a shift from an anti- to a pro-inflammatory phenotype
in adipose tissue macrophages has been demonstrated in both
murine [99] and human [100] obesity. In obese subjects, adipose
tissue macrophages show increased expression of TNF-a and
inducible nitric oxide synthase, according to the classic pro-
inflammatory activation pattern (M1). Conversely, in lean
subjects, adipose tissue macrophages predominantly show the
alternative pattern of activation (M2) characterised by over-
expression, among other molecules, of the anti-inflammatory
cytokine IL-10 [99].

Although inflammation contributes to the development of IR and
MetS [9, 93], the sequence of events leading to the inflammatory
response in the adipose tissue is incompletely defined. An
increased adipocyte size may be an important signal, through
dysregulation of insulin signalling at the level of insulin receptor
substrates (IRS). Phosphorylation of IRS-1, an early event in
insulin signalling [101], is decreased in large adipocytes [102].
Adipocyte size in visceral fat correlated with IR in severely obese
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patients, and a smaller adipocyte size was found in MHO
patients compared to patients with the classic visceral obesity
phenotype [103]. Adipocyte size also correlated with proliferation
of adipose tissue-derived progenitor cells [104].

Activation of the nuclear factor-kB pathway further interferes
with IRS-1 phosphorylation [10]. Nutrient excess causes endo-
plasmic reticulum (ER) stress, characterised by a complex
disturbance in protein synthesis, in the adipocyte [105]. The
pathways of inflammation and ER stress appear to intersect at
some crucial points, involving the protein kinases JNK1 and IKKb

[95]. Finally, mitochondrial dysfunction was also demonstrated
in adipocytes exposed to hyperglycaemia [106]. Therefore,
inflammation impacts on several cellular pathways, deeply
disturbing adipocyte function.

Hypoxia
Expansion of adipose tissue causes oxygen deprivation in large
adipocytes as their distance from the vasculature increases [12,
107]. In vitro exposure of human and murine adipocytes to
prolonged hypoxia decreased phosphorylation of IRS-1 and IRS-2
and caused IR [108, 109]. Hypoxia in adipose tissue has been
documented in obese humans [110–112] and mice [113, 114]. In
adipocytes in culture, continuous hypoxia stimulated the
expression and secretion of several inflammation-related adipo-
kines, including IL-6, leptin, angiopoietin-like protein-4 and
vascular endothelial growth factor [113–115]. Continuous
hypoxia inhibited the production of adiponectin [89], while
intermittent hypoxia (12 cycles per h for 6 h per day) was recently
found to inhibit adiponectin secretion while upregulating its
expression in adipocytes [90].

Many effects of hypoxia are mediated by the hypoxia-inducible
factor (HIF)-1, a transcription factor resulting from the dimerisa-
tion of an a-subunit, which is continuously degraded in the
cytoplasm under normoxic conditions, and a b-subunit constitu-
tively expressed by the cell [116]. When the oxygen level
decreases, degradation of HIF-1a is inhibited and its cytoplasmic
level increases, making dimerisation of HIF, its translocation to
the nucleus and the subsequent activation of transcription of
several hypoxia-responsive genes all possible [116].

Exposure to continuous hypoxia causes multiple adjustments in
cell metabolism, including a switch to anaerobic glycolysis. In
adipocytes, continuous hypoxia increased the expression and
protein level of the glucose transporter GLUT-1 [117], glucose
uptake and release of lactate [118, 119], but decreased the
expression of the insulin-dependent glucose transporter GLUT-4
[119]. Among the genes upregulated by hypoxia, expression of
metallothionein-3 increased 600-fold, suggesting a role possibly
linked to its antioxidant properties [120]. Thus, in vitro data
indicate that HIF-1a activation may directly cause IR in
adipocytes [108]. However, a recent study in mice with defective
expression of HIF-1a in adipose tissue found that these animals
became more obese and insulin resistant when exposed to a high-
fat diet compared to wild-type mice [121]. Decreased energy
expenditure associated with dysfunction of BAT appeared more
important than IR in this in vivo model [121]. Therefore, further
studies are needed to assess the role of hypoxia on brown and
white adipose tissue in animal models and humans.

Recent measurements of tissue partial pressure of oxygen (PO2) in
lean rats during intermittent hypoxia or obstructive apnoea

cycles of comparable duration, showed that tissue PO2 oscillations
were blunted in visceral adipose tissue [122], suggesting the
possibility that changes in blood flow to adipose tissue might also
occur in this model. More data are needed to better understand
the effects of intermittent hypoxia on adipose tissue in order to
assess whether specific alterations are responsible for the
metabolic consequences of OSA.

The lipoxygenase pathway and oxidative stress
Besides hypoxia, other pathways may contribute to adipocyte
dysfunction in obesity. Adipose tissue from high calorie-fed
obese mice showed increased expression of lipoxygenases [123],
whose products could promote recruitment and activation of
macrophages to and within adipose tissue [124]. Knock-out mice
for the 12-lipoxygenase gene on a high-calorie diet showed
normal TNF-a, IL-6 and adiponectin release; in addition, MCP-1
concentration and the number of macrophages in adipose tissue
were normal [123].

Oxidative stress could also play a role. 12-Hydroxyeicosate-
traenoic acid (12-HETE) directly controls the increased expres-
sion of MCP-1 in macrophages [125], and peroxidation products
of HETEs may act as signalling molecules in adipocytes. For
instance, 4-hydroxynonenal (4-HNE) exerts pro-inflammatory
effects [126], but is normally neutralised by the enzyme
glutathione-S-transferase (GST). Mice with a disrupted GST gene
gained more weight and accumulated more visceral fat in
comparison with control mice, and showed high levels of 4-
HNE in tissues [127].

To summarise this section, adipocyte dysfunction in obesity
shows both metabolic and pro-inflammatory effects, probably
reflecting disturbance of different cellular pathways. Even
though knowledge of adipocyte biology has expanded greatly,
the many facets of human obesity deserve further investiga-
tion. The emerging role of hypoxia and oxidative stress in the
pathophysiology of obesity suggest possible interactions with
OSA, in particular the activation of mechanisms common to
both diseases.

IR AND METS IN OSA
Increasing severity of OSA in adults is associated with IR and the
MetS [36, 37, 128], suggesting a link between OSA, metabolic
abnormalities and cardiovascular morbidity and mortality [24,
129–133]. However, the independent role of OSA is still unclear,
due to the difficulty in separating the effects of obesity and sleep
disordered breathing in human studies.

Characterisation of non-obese adult OSA patients is extremely
poor as far as metabolic abnormalities are concerned. No MetS
component was found in ,10% of OSA patients referred for a
sleep study; these patients were younger and showed mild-to-
moderate OSA compared to all other patients [134]. Absence of
metabolic abnormalities might characterise an early stage in the
natural history of OSA; alternatively, non-obese OSA patients
could represent a distinct phenotype, as proposed for paediatric
OSA [34].

However, increased visceral fat may also be a critical factor in
non-obese OSA patients, who show increased fat deposition in
the abdomen and neck compared to controls [135]. In a Japanese
study, neck circumference normalised for height correlated with
severity of OSA independent of visceral obesity, especially in
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non-obese subjects [136]. Finally, two studies in the general
population recently reported that neck circumference is an
independent predictor of cardio-metabolic risk [137] and of both
MetS and OSA [138], but sleep studies were not performed in
either study.

Clearly, the role of neck fat deposition, which has been
extensively studied in the past for its relationship to upper
airway dimensions and function, deserves further attention with
regard to metabolic problems in OSA. Non-obese OSA patients
appear strikingly similar to the phenotype of metabolically obese
normal weight subjects [65]. However, to date, no study has
assessed cardiovascular risk or outcomes specifically in non-
obese OSA patients.

While the association of OSA with increased visceral fat has been
known for a long time, the impact of increased subcutaneous fat
on OSA and metabolic variables is much less clear. A recent
epidemiological study reported that visceral and subcutaneous
fat are associated with IR with different strength [139], indicating
that more work is needed in this field as clinical cardiovascular
outcomes are concerned.

This section briefly discusses some results of human and animal
studies on the effects of intermittent hypoxia and OSA on IR and
the MetS.

Clinical studies on metabolic abnormalities in OSA
Clinical and epidemiological studies have shown a progressive
worsening of IR or MetS with OSA severity [140–143], even in
severe obesity [144], suggesting a causal role of OSA in metabolic
derangements. In addition, there is evidence that IR develops
during acute exposure to intermittent hypoxia in healthy humans
[145]. For further information, the reader is referred to recent
reviews on the complex relationship between OSA, glucose
metabolism, IR and diabetes [37, 128, 146–151].

The main finding against a role of OSA in altered glucose
metabolism is that IR did not improve after CPAP treatment in
many studies (see later section). At least part of the variability in
results may be accounted for by the sensitivity of methods to
detect IR, especially if one considers the peculiar condition of
OSA patients who develop respiratory events only at night. For
example, acute CPAP application in diabetic patients was found
to decrease glucose level variability, as assessed by continuous
glucose monitoring [152, 153]. Similarly, glycosylated haemoglo-
bin (HbA1c) could be a sensitive marker of altered glucose
metabolism in OSA in patients with [154] or without diabetes
[155], or with the MetS [156].

Both leptin and adiponectin have been studied in clinical OSA.
Several studies have reported that OSA patients show increased
leptin levels compared to body mass index (BMI)-matched
controls [157–159]. Some studies found that apnoea/hypopnoea
index (AHI) or severity of nocturnal hypoxaemia were indepen-
dent predictors of plasma leptin concentration [160, 161], while
others only confirmed the known association of leptin with
obesity but no independent effect of OSA [162–165]. Most studies
examined male OSA patients, and sex-related differences are still
unknown.

Adiponectin, a metabolically protective adipokine, was found to
be decreased in OSA patients compared to controls in proportion
to the severity of nocturnal hypoxaemia [166–168], suggesting a

possible pathophysiological role of oxidative stress in decreased
adiponectin levels in OSA. Other studies, however, reported a
closer relationship of low adiponectin levels with obesity than
with OSA [165, 169]. A recent study found that, while daytime
adiponectin levels correlated with several measures of obesity,
the nocturnal fall in circulating adiponectin in OSA patients
correlated only with the waist-to-hip ratio, suggesting that
adipose tissue distribution may modulate nocturnal adiponectin
levels [170].

Case–control studies conducted in MetS patients have provided
other pieces of evidence on the effects of OSA on cardio-
metabolic variables. Compared to patients with MetS but no
OSA, patients with MetS and OSA showed: 1) more severe
vascular dysfunction [171]; 2) independent associations of OSA
with triglyceride and glucose levels, C-reactive protein, uric acid
and increased total/high-density lipoprotein (HDL) cholesterol
ratio [143]; and 3) higher blood pressure and more severe
autonomic dysfunction [172]. Similarly, in hypertensive patients,
metabolic abnormalities were the strongest predictors of OSA
[173]. It has been proposed that OSA should be considered an
additional component of MetS [147, 174]. Recent findings in
patients with MetS suggest that OSA may contribute to worse
metabolic abnormalities or could represent a marker of MetS
severity [143, 171, 172].

Excessive daytime sleepiness (EDS) is a major symptom of OSA,
and could be a marker of OSA severity. Two case–control studies
reported that EDS predicts IR in OSA patients [175, 176]; only
sleepy patients showed improved insulin sensitivity after CPAP
treatment for 3 months [175]. EDS in OSA patients was also
found to be associated with type-II diabetes [177]. Other studies,
however, did not confirm the association of subjective EDS and a
worse metabolic profile in MetS patients [143], in morbidly obese
patients [142] or in unselected consecutive OSA patients [134].
Therefore, the significance of EDS as a marker of metabolic
abnormalities remains to be ascertained and is the focus of
current clinical research.

The intermittent hypoxia mouse model
To better dissect the mechanisms by which OSA may affect
metabolism, a mouse model of intermittent hypoxia has been
developed which reproduces some of the effects of human OSA
[178]. The main advantage is the possibility to study the response
to intermittent hypoxia in lean and fat animals in several tissues
by mimicking the intermittent hypoxia pattern that occurs during
sleep in humans with OSA. The model also has some
disadvantages, such as absence of intermittent hypercapnia
[122] and occurrence of sleep disruption, characterised by a
deficit in rapid eye movement sleep and decreased delta power
during non-rapid eye movement sleep [179]. To overcome these
limitations, a model of OSA in rats was recently developed [180]
but, to date, has been used only in short-term studies.

In lean mice, acute intermittent hypoxia caused IR [181], but
intermittent hypoxia for several days did not [182], possibly
because prolonged exposure to intermittent hypoxia was asso-
ciated with failure to gain weight, which exerted positive effects
on insulin sensitivity. In contrast, in mice with genetic or diet-
induced obesity, chronic intermittent hypoxia worsened IR [182].

There is no evidence that intermittent hypoxia impairs pancreatic
b-cell function, although b-cell proliferation and apoptosis
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occurred in mice exposed to intermittent hypoxia [183, 184]. IR
during intermittent hypoxia can be mediated via multiple
pathways [178]. Among them, activity of the sympathetic
nervous system did not appear to play a major role in the effects
of acute intermittent hypoxia in lean mice [181]. Acute
intermittent hypoxia increased corticosterone release, which
could have contributed to IR [181]. The metabolic effects of
intermittent hypoxia were larger in obese compared to lean
animals, suggesting that isolated intermittent hypoxia may be
insufficient to cause significant damage. The results of such
experimental studies suggest the hypothesis that OSA could
worsen metabolism in obese subjects, while its effects might be
limited in non-obese subjects, as recently found in a randomised
controlled trial on the effects of CPAP on IR [185]. However, a
previous study had reported different results, i.e. insulin
sensitivity improved more in non-obese than in obese OSA
subjects after CPAP treatment [186]. Therefore, the clinical impact
of OSA and its treatment on IR requires further evaluation,
especially in lean patients.

To summarise, studies in both OSA patients and animal models
indicate that OSA probably contributes to IR, even though its
effect may be relatively minor compared to the effect of obesity.
However, it should be underlined that human OSA is a multiple
component disease, including intermittent hypoxia and sleep
fragmentation. The respective contribution of respiratory and
polysomnographic parameters to metabolic variables in OSA

patients is also a clinically important issue, but could not be
addressed in this review.

ECTOPIC FAT AND DYSLIPIDAEMIA
The metabolic abnormalities of adipocytes in obesity are further
amplified by ectopic fat deposition [44]. As storage capacity of
adipose tissue is overwhelmed, decreased insulin action in
adipose tissue increases lipolysis and release of free fatty acids
(FFA) into the circulation, and IR develops in peripheral tissues
(the ‘‘lipotoxicity’’ picture) [187–191]. The main targets of FFA in
this ‘‘overflow hypothesis’’ [44] are skeletal muscle and the liver
(fig. 1).

Obesity increases the amount of perivascular adipose tissue.
Previously considered to mainly exert a mechanical support
function, perivascular fat has recently been shown to normally
exert a vasorelaxant action [192]. Obesity and the associated IR
appear to blunt the physiological effect of perivascular fat,
causing vascular dysfunction in obese animals [193] and humans
[194], with obvious implications for the pathogenesis of
cardiovascular disease associated with obesity.

The possibility that ectopic fat deposition may affect pancreatic
exocrine function has been recently explored. Pancreatic fat
deposition was found in mice fed a high-fat diet and in pathology
specimens from patients with type-II diabetes, in the form of
adipocyte infiltration and modified lipid content of pancreatic
exocrine tissue [195]. In obese subjects, pancreatic fat deposition
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FIGURE 1. Schematic diagram summarising the functional consequences of visceral obesity in adipocytes, skeletal muscle, the liver and the vessel wall. The effects of

obstructive sleep apnoea (OSA) or intermittent hypoxia (IH) on the same variables are also summarised. TG: triglyceride; FFA: free fatty acid; Apo-B100: apolioprotein B100;
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increased with increasing visceral fat in males [196] but, besides
its association with IR, no clear effect of b-cell function could be
demonstrated [197]. Therefore, the pancreas might also be a
target in visceral obesity, but more studies are needed to verify
the clinical importance of pancreatic fat accumulation on exocrine
and endocrine function.

Information on the effects of obesity, OSA and experimental
intermittent hypoxia on muscle and liver metabolism is
summarised in the following sections.

Skeletal muscle adipose tissue in obesity and OSA
Obese subjects show increased intra- and intercellular fat
deposition in skeletal muscle [190, 198]. By releasing endocrine
and metabolic mediators (including TNF-a, IL-6, leptin and
adiponectin), adipose tissue crosstalks with skeletal muscle, a
process that precedes and underlies the development of muscle
IR [190]. IR in skeletal muscle is strongly linked to elevated
adipose tissue mass [189, 190].

IR in skeletal muscle was initially hypothesised to be secondary
to the increased availability of FFA, with subsequent activation of
fat oxidation and inhibition of glucose utilisation. This hypothesis
predicted intracellular accumulation of glucose-6-phosphate
(G6P), due to inhibition of the early steps of glycolysis.
However, exposure to FFA was shown to decrease, not increase,
intracellular G6P concentration. Therefore, similar to what
happens in adipose tissue, impaired insulin-dependent glucose
transport plays a major role in skeletal muscle IR [199].
Macrophage infiltration of adipose tissue interspersed between
myofibres occurs in obesity [190], and inflammation also exerts
negative effects in skeletal muscle [200]. A thorough description
of muscle IR is beyond the purpose of this review, but has been
given elsewhere [190, 199].

There are no studies on IR in skeletal muscle in OSA patients, but
one study in mice subjected to intermittent hypoxia for 9 h found
that glucose utilisation decreased and IR increased in oxidative
(soleus) but not in glycolytic (vastus) muscles [181]. Some studies
have reported a low exercise capacity in OSA patients, suggesting
that OSA may impact on muscle metabolism [201].

Hepatic steatosis and non-alcoholic fatty liver disease
Obesity
Obesity causes intracellular accumulation of lipids in the liver
[188, 202], leading to hepatic steatosis which is pathologically
defined as presence of fat in .5% of hepatocytes. Activation of
macrophage-like Kupffer cells in the liver is also common in
obesity [203].

Hepatic steatosis is the first step of non-alcoholic fatty liver
disease (NAFLD), which includes a spectrum of pathological
conditions: steatosis without inflammation; non-alcoholic steato-
hepatitis (NASH) and liver fibrosis [204–207]. NAFLD increases
the risk of developing cryptogenic cirrhosis and hepatocarcinoma
[208]. NAFLD is common in obese adults [202, 205, 209–212] and
children [213], and is considered as the hepatic manifestation of
MetS. NAFLD could develop in steps, with IR and obesity acting
as the ‘‘first hit’’ and causing hepatic steatosis [206, 207], and
oxidative stress, lipid peroxidation and inflammation probably
implicated in the ‘‘second hit’’ [206–208]. Although skeletal
muscle is of major importance for insulin-regulated glucose
disposal, liver IR will lead to enhanced hepatic glucose

production, which may significantly contribute to impaired
glucose tolerance and/or hyperglycaemia.

Different mechanisms have been proposed to explain the
pathogenesis of NAFDL in obesity [214]. The main view
considers hepatic accumulation of fat as a consequence of obesity
and IR [199]. Conversely, other studies suggested that fat
accumulation in the liver may cause IR independent of visceral
fat [215, 216]. Finally, accumulation of triglycerides in the liver
may not be detrimental per se, and could actually exert a
protective role by limiting the accumulation of FFA [217].

According to the main view, the liver in obesity is loaded with
excess FFA from dietary sources, adipose tissue and de novo
synthesis of lipids [202, 218]. Release of FFA from the adipose
tissue accounts for a large proportion of liver fat [218], and is
favoured by IR at the adipocyte level, as insulin normally
promotes lipid storage and inhibits lipolysis and FFA release by
adipocytes [219]. While FFA uptake in the liver is increased [215],
their b-oxidation is impaired [202, 220]. Moreover, hyperglycae-
mia and hyperinsulinaemia enhance de novo lipogenesis in the
liver [214]. Therefore, in very simplified terms, liver steatosis in
obesity results from disturbance in several steps of FFA/lipid
handling.

The cause of the transition from steatosis to steatohepatitis is not
completely defined. Inflammation is a major culprit [188, 214],
since liver Kupffer cells could play a role similar to that of
macrophages in adipose tissue [100]. Indeed, depletion of
Kupffer cells in an animal model prevented the development of
IR and lipid accumulation in the liver [203].

Obstructive sleep apnoea

The link between altered metabolism and inflammation in
obesity may be amplified in OSA [221]. Increased circulating
FFA have been recently reported in patients with OSA without
MetS compared to sex-, age- and BMI-matched controls [222] and
in patients with chronic heart failure and OSA during sleep [223],
suggesting an effect of OSA on lipid metabolism independent of
concurrent obesity.

The association of OSA and fatty liver has been recently reviewed
[224]. Approximately 50% of patients with NAFLD refer
symptoms of OSA [225], and some case reports suggest that
severe OSA may lead to liver injury [226–228]. Noninvasive
imaging techniques, such as ultrasound or computed tomogra-
phy scans, do not currently help to distinguish between simple
steatosis and NASH [229–231]. Since liver enzymes are neither
sensitive nor specific predictors of NAFLD-related liver damage
[208, 209], data on NAFLD have mostly been obtained by liver
biopsy in obese patients undergoing bariatric surgery [208, 232].

In morbidly obese subjects, the degree of pathological liver
abnormalities and/or enzymes increased with OSA severity in
some [233–236] but not all studies [237, 238]. Table 1 summarises
the main studies on liver function in OSA patients. In subjects
with OSA and elevated liver enzymes in the absence of any
known liver disease, an AHI .50 was associated with more
severe hepatic steatosis, necrosis and fibrosis compared to
patients with an AHI f50, despite similar degree of obesity
[239]. Other studies reported an association of intermittent
hypoxia during sleep with NASH and liver fibrosis [233, 235,
240] or high serum aminotransferase levels [241]. Severity of
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nocturnal hypoxaemia also correlated with markers of liver
dysfunction in non-obese OSA patients [240]. In children, OSA
was associated with elevated liver enzyme levels [244, 245],
which normalised after adenotonsillectomy [244]. Therefore,
some clinical data support the possibility that OSA may worsen
liver function.

Intermittent hypoxia in animal models

In mice fed a high-calorie diet, intermittent hypoxia converted
hepatic steatosis to steatohepatitis and liver fibrosis, and caused
oxidative stress in the liver by upregulating an important enzyme
of oxidative stress, NADPH oxidase [246]. Similarly, exposure of

rats to chemically induced hypoxaemia enhanced the develop-
ment of NASH induced by high-fat diet [247]. In lean mice on
regular chow diet, exposure to intermittent hypoxia for 12 weeks
caused only minor liver injury [248]. These data suggest that
intermittent hypoxia alone is insufficient to cause steatohepatitis
but could amplify the damage caused by obesity.

Dyslipidaemia in obesity and OSA
Obesity, MetS and type-II diabetes are characterised by a specific
pattern of plasma lipids, called atherogenic dyslipidaemia [249],
which is a powerful cardiovascular risk factor [250–252].
Atherogenic dyslipidaemia is also common in OSA, and a role

TABLE 1 Studies on liver dysfunction, obesity and obstructive sleep apnoea (OSA)

First author [ref.] Patients Methods OSA Results

SINGH [225] 190 NAFLD patients AST/ALT, liver biopsy, modi-

fied Berlin Questionnaire

46% of the sample reported

symptoms of OSA

No difference in liver damage between

patients with and without OSA

JOUËT [237] 62 morbidly obese

(54 females)

AST/ALT, liver biopsy OSA in 84.7% of the sample Male sex and OSA increased the risk

for increased AST/ALT

NASH and fibrosis not different between

OSA and non-OSA

KALLWITZ [234] 85 morbidly obese

(61 females)

AST/ALT, liver biopsy AHI o15 in 51% of the sample Increased ALT in OSA patients; OSA tended to be

associated with progressive liver disease

MISHRA [235] 101 morbidly obese AST/ALT, liver biopsy OSA in 83.5% of NASH positive

and 72.7% of NASH negative

patients (NS)

Higher liver enzymes and OSA severity in NASH

positive compared to NASH negative patients

CAMPOS [236] 200 morbidly obese

(168 females)

Liver biopsy OSA diagnosed in 13.5%

of the sample

OSA increased the risk of NASH

(OR 4.0, 95% CI 1.3–12.2)

POLOTSKY [233] 90 morbidly obese

(75 females)

AST/ALT, liver biopsy RDI .5 in 81.1% of the sample;

RDI 15¡29

NASH in patients with severe O2

desaturation during sleep

DALTRO [238] 40 morbidly obese

(26 females)

AST/ALT, liver biopsy AHI .5 in 80% of the sample;

median AHI 11 (6–30)

No significant association between OSA

and liver enzymes or NASH

TANNÉ [239] 163 suspected OSA AST/ALT, liver biopsy Moderate to severe OSA in

79% of the sample

Liver enzymes associated with BMI and OSA

(OR 5.9, 95% CI 1.2–29.2)

NASH more severe in patients with AHI .50, but

insulin resistance was a stronger factor

TATSUMI [240] 83 OSA, 41 controls Serum type III pro-collagen

(latent NASH), CT liver/spleen

ratio

Mean AHI 32.5 Non-obese patients (mean BMI 25.6 kg?m-2)

Correlation between serum type III pro-collagen

(marker of fibrosis) and O2 desaturation during sleep

Hepatic steatosis unaffected by OSA

NORMAN [241] 109 OSA AST/ALT Mean AHI 53 AST/ALT correlated with nocturnal hypoxaemia

CHIN [242] 40 obese OSA AST/ALT Mean AHI 57 Increase in AST/ALT from evening to morning in

untreated patients, blunted by acute and

prolonged CPAP treatment

KOHLER [243] 94 OSA AST/ALT Mean ODI 42.4 Randomised controlled trial

Decrease in AST after both therapeutic and

subtherapeutic CPAP

KHEIRANDISH-GOZAL

[244]

518 snoring children,

142 overweight/obese

AST/ALT OSA in 66.2% of the sample Increased liver enzymes (.40 U?L-1) in obese

OSA children, associated with insulin resistance

and hyperlipidaemia

Improvement after treatment

VERHULST [245] 75 children and

adolescents

AST/ALT OSA in 44% of the sample Increased liver enzymes associated with RDI

and hypoxaemia during sleep

NAFLD: non-alcoholic fatty liver disease; AST: aspartate aminotransferase; ALT: alanine aminotransferase; NASH: non-alcoholic statohepatitis; NS: nonsignificant; RDI:

respiratory disturbance index; AHI: apnoea/hypopnoea index; BMI: body mass index; CT: computed tomography; CPAP: continuous positive airway pressure; ODI:

oxygen desaturation index.
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for OSA in worsening dyslipidaemia is suggested by several
experimental and clinical studies.

Obesity
The hallmarks of atherogenic dyslipidaemia associated with
obesity and type-II diabetes are: high fasting levels of triglycer-
ides, total cholesterol, and cholesterol associated with very low-
and low-density lipoproteins (VLDL and LDL, respectively), and
low HDL cholesterol [250]. The liver plays a central role in
lipoprotein metabolism [253–255]. Briefly, synthesis, modification
and clearance of lipoproteins are complex processes, modulated
by insulin at several steps. A major feature of obesity is the
overproduction of VLDL, due to increased release of FFA by
visceral adipose tissue [254].

Apolipoprotein (Apo)-B is an essential constituent of atherogenic
particles, and its plasma level is increasingly used as a clinical
marker of atherogenesis [255, 256]. The size of lipoproteins is a
crucial determinant of their atherogenetic potential, since small
particles remain trapped in the subintimal vascular layer, where
they initiate and sustain plaque formation. While the role played
by small dense LDL in atherogenesis has been known for a long
time [257], recent research has examined the risk linked to
remnant lipoproteins, derived from metabolism of triglyceride-
rich lipoproteins (TRLs) [258].

Obesity is also characterised by low levels of HDL cholesterol,
which is considered to exert protective cardiovascular effects.
Decreased HDL is, in part, secondary to an exchange of cholesterol
triglycerides between HDL and TRL particles, which occurs when
TRL levels increase [254]. Hepatic and endothelial lipases have
also been shown to modulate HDL levels in obesity [254].

Obstructive sleep apnoea
The association between OSA and dyslipidaemia has been
explored in several studies. In a large community-based sample
(the Sleep Heart Health Study), OSA severity correlated with
fasting total cholesterol levels independent of BMI [259]. In
elderly subjects, OSA was associated with low HDL cholesterol
levels independent of age and BMI [260].

In a case–control study, patients with OSA had higher total and
LDL cholesterol levels compared to controls matched for age,
BMI and smoking status [261]. Increased Apo-B levels have been
found in adult [262] and paediatric [263] OSA patients, and
Apo-B decreased after effective OSA treatment [262–264].

OSA patients show decreased levels of lipoprotein lipase [265]
and pro-atherogenic dyslipidaemia [142, 266–268]. Severity of
nocturnal hypoxaemia predicted increased liver levels of stearoyl
coenzyme A desaturase (SCD-1), an enzyme involved in
triglyceride biosynthesis and lipopotein secretion, in obese OSA
patients [233]. In contrast, other studies found similar plasma
lipids in patients with OSA and controls [171, 269–271]. HDL
dysfunction has also been found in OSA [270]. Therefore, OSA
appears to be associated with dyslipidaemia, but data are still
insufficient to confirm a causal relationship.

Intermittent hypoxia in animal models
In lean mice, chronic intermittent hypoxia increased serum total
cholesterol, triglycerides, VLDL cholesterol, LDL cholesterol and
lipid liver content [272–274] proportionally to the severity of the
hypoxic stimulus [274]. In obese ob/ob mice, chronic intermittent

hypoxia exacerbated dyslipidaemia, hepatic steatosis and IR [182,
272]. While isolated chronic intermittent hypoxia was not
sufficient to cause atherosclerosis, it greatly potentiated the pro-
atherogenic effects of a high-cholesterol diet [275].

Studies in mice have identified some steps of hepatic lipid
biosynthesis which are affected by intermittent hypoxia [214, 276].
Intermittent hypoxia increases hepatic levels of the transcription
factor sterol regulatory element binding protein (SREBP)-1 and of
SCD-1 [272, 273, 277]. Dyslipidaemia and hepatic steatosis in mice
exposed to chronic intermittent hypoxia were associated with
upregulation of SCD-1 [271–275, 278], while depletion of SCD-1
reversed hyperlipidaemia [277]. Thus, chronic intermittent hypoxia
may induce metabolic dysfunction via SCD-1.

The mechanisms by which intermittent hypoxia impacts on
hepatic lipid biosynthesis are poorly understood. Hypoxic
activation of HIF-1a may play a role, since mice with partial
deficiency of HIF-1a exposed to intermittent hypoxia showed
attenuated hyperlipidaemia, IR, hepatic steatosis and SCD-1
induction [279]. However, other pathways may also be involved.
First, acute hypoxia induces lipolysis, possibly via sympathetic
activation [280]. Secondly, hypoxia may suppress b-oxidation of
fatty acids [281]. Finally, intermittent hypoxia decreases the
activity of lipoprotein lipase in adipose tissue [282], which plays a
primary role in the hydrolysis of triglycerides in circulating
chilomicrons and VLDL [283, 284].

As a summary of this section, figure 1 schematically reports the
metabolic abnormalities found in visceral obesity and OSA, and
highlights points of possible detrimental synergies of both
conditions.

THE METABOLIC EFFECTS OF SLEEP LOSS
Sleep loss may play a role in the pathogenesis of obesity and
metabolic abnormalities, as suggested by epidemiological and
mechanistic studies [14, 15]. An association of self-reported short
sleep and/or sleep disruption with MetS has been found in the
general population [285–287] and shift workers [288, 289]. Short
sleep duration may increase the risk of incident diabetes [290,
291] and stroke [292]. Some studies suggest that sleep loss may
contribute to the pathogenesis of cardiovascular disease in shift
workers [293–295].

Cross-sectional epidemiological data in adults and children have
shown an association between obesity and self-reported short
sleep duration and/or poor quality of sleep [14, 296–298]. A
negative linear association between baseline habitual sleep
duration and later obesity has been demonstrated by prospective
longitudinal data in children [298] but not in adults [299].
However, there are no experimental data in children or adults
demonstrating that shortened sleep and/or poor sleep quality are
causally related to the increased prevalence of obesity.
Furthermore, in mice, chronic sleep restriction induced a
catabolic state and weight loss despite increased feeding [300].
Reduced sleep duration (at least in the short-term) may increase
the risk of weight gain by altering the regulation of appetite and
by reducing insulin sensitivity [301–303]. Slow wave sleep (SWS)
appears to play a protective role [304], in agreement with cross-
sectional population data showing an inverse association
between the amount of SWS and BMI. In addition, even a
modest sleep restriction is associated with increased release of
inflammatory cytokines in healthy young adults [305]. Finally,

REVIEW: OBESITY AND METABOLISM IN OSA M.R. BONSIGNORE ET AL.

754 VOLUME 39 NUMBER 3 EUROPEAN RESPIRATORY JOURNAL



circadian rhythms are increasingly studied with special attention
to the role of peripheral clock genes in obesity, diabetes and
cardiovascular disease [306–310].

Little is known about the effects of sleep fragmentation, as it
occurs in OSA patients, on metabolic variables. A recent study
showed decreased insulin sensitivity and increased sympathetic
activation in normal subjects after acute sleep fragmentation [311].

In the future, studies will need to closely examine compartment-
specific adipose tissue (especially visceral fat) under conditions of
sleep restriction and/or disruption. Experimental manipulation
of sleep requires intensive sampling during the day and the night
under conditions of constant routine. The role of OSA-associated
sleep disruption in promoting visceral obesity is still an open
question.

EFFECTS OF TREATMENT FOR OBESITY AND OSA
The aim of this section is to briefly discuss some aspects of obesity
and OSA with regard to treatment. In particular, the major
problem of weight loss by pharmacological treatment or bariatric
surgery is addressed in obese and OSA patients, as well as the
changes in metabolic variables observed after CPAP treatment.

Therapeutic strategies in obesity and the metabolic impact
of weight loss
Interventions aiming at correcting visceral adipocyte dysfunction
may positively modulate the clinical phenotype and cardio-
metabolic outcomes of MetS patients [312]. Non-pharmacological
approaches, such as diet to reduce calorie intake and exercise to
increase energy expenditure, are the most effective interventions
to improve metabolism and prevent type-II diabetes in indivi-
duals at risk [313, 314].

Other modalities of weight loss, such as bariatric surgery or
medications, may have more success in the long-term than diet
alone, as summarised in a recent review [315]. Laparoscopic
gastric banding in severe obesity is a safe and effective method to
achieve long-term weight reduction [316–318]. The Swedish
Obesity Study has shown long-term weight loss and decreased
10-yr mortality in severely obese patients randomised to bariatric
surgery compared to those undergoing conventional dietary
treatment [319].

A comprehensive discussion of the treatment of obesity is beyond
the scope of this review. It is worth noting that the development of
new drugs to improve insulin sensitivity and reduce body weight
is a major continuing challenge for the pharmaceutical industry.
For example, drugs that improve insulin action are available (i.e.
specific agonists of the peroxisome proliferator activated
receptor-c nuclear receptor), but their usefulness in obese patients
is limited since they may also promote weight gain [312].
Thiazolidinediones are also a class of medications with severe
side-effects. In addition, the development of drugs for obesity has
been, until now, hampered by significant side-effects, as recently
shown by the experience with rimonabant, a selective antagonist
of endocannabinoid CB1 receptor. Endocannabinoid CB1 recep-
tors initially appeared to be a good target for treatment, since they
are highly expressed in regions of the brain involved in feeding
and energy regulation, but also in adipose tissue, the gastro-
intestinal tract, liver and skeletal muscle [320]. In phase-III clinical
trials, rimonabant caused weight loss and improved the metabolic
profile [312], but had to be withdrawn from the market because of

major psychiatric side-effects [321]. Another recent target for
obesity treatment is represented by the incretin system [322]. The
results are promising for the treatment of obese patients, since
incretin mimetics were found to reduce overall body fat with
prominent effects on visceral adipose tissue [323, 324].

Inflammation in visceral obesity is another potential intervention
target, and salicylate derivatives are currently under intense
investigation [325–328]. However, efficacy of new drugs needs to
be tested not only for reduction of body weight, but also for
prevention of cardiovascular events in the long term. In addition,
new drugs should be specifically studied in patients of different
ages, given the significant prevalence of obesity in young and old
subjects [329].

Metabolic impact of CPAP treatment in OSA
CPAP intervention studies can provide information on whether
specific health effects in obese patients can be modified by
reversal of OSA. In general, analysis of the effects of CPAP is
complicated by the variable compliance and adherence to
treatment by OSA patients. CPAP treatment does not promote
weight loss [330], and did not clearly affect diabetes [331] or other
metabolic disorders [37]. The majority of recent studies, including
randomised controlled trials [332–334], showed no effect of CPAP
treatment on metabolic variables despite improvements in
sleepiness and blood pressure, as recently summarised [37, 128,
150, 151, 335, 336]. However, a recent randomised controlled trial
in Chinese male OSA patients without significant comorbidities
reported improved insulin sensitivity in the effective CPAP
group after 1 week of treatment, which was maintained at
3 months only in overweight/obese patients [185].

Circulating leptin decreased after CPAP treatment [157, 337],
especially in non-obese [157, 337] and CPAP-compliant [339, 340]
patients. CPAP treatment also reversed low serum adiponectin
levels in obese OSA patients [166, 167], even though IR was
unaffected [167]. These data are in agreement with the experi-
mental findings that both continuous and intermittent hypoxia in
vitro inhibit adiponectin production or secretion by adipocytes
[37, 89, 90, 114], but firm evidence is still missing, given the
negative result of a randomised controlled trial [334].

A similar uncertainty exists with regard to the effects of CPAP
treatment on liver dysfunction. In an observational study, CPAP
treatment for OSA for a single night slightly, but significantly,
decreased serum alanine aminotransferase and aspartate amino-
transferase levels [242]. In contrast, a randomised controlled trial
found no difference in liver enzymes after effective or sham
CPAP treatment [243]. Whether CPAP treatment for OSA affects
liver pathology, i.e. the amount of fat deposition and NAFLD
severity, is currently unknown.

Several non-randomised and randomised studies have examined
the effect of OSA treatment on plasma lipids. CHIN and co-
workers [341, 342] first showed that CPAP treatment decreased
LDL cholesterol and increased HDL cholesterol levels. Positive
effects of CPAP on lipids were reported in three non-randomised
studies [262, 264, 337]. A large randomised controlled trial found
decreased plasma cholesterol levels after therapeutic but not after
sub-therapeutic CPAP for 1 month [343]. Three other randomised
studies showed no effect of CPAP, but they included small
numbers of subjects [262, 332, 337]. Therefore, current evidence
suggests that CPAP treatment may decrease total and LDL
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cholesterol levels. Unfortunately, none of the available studies
stratified patients for obesity.

Metabolic impact of weight loss in OSA
Although changes in weight were associated with changes in
OSA severity in both population and clinic-based studies [28–31],
weight loss research for OSA has been hampered with doubts
about the long-term effectiveness of weight loss as the only
treatment in OSA. It is still unknown whether OSA patients could
lose weight in the short or long term, and by what method this
might be best achieved [344]. A recent randomised controlled
trial of diet-induced weight loss for mild OSA reported positive
results [345], but mild OSA may carry limited or no morbidity. In
moderate-to-severe OSA, a therapeutic approach combining
CPAP with diet to reduce weight might be more appropriate,
as suggested by two recent randomised controlled trials in obese
diabetic [346] or non-diabetic [347] OSA patients. Data after 1-yr
of follow-up suggest that long-term maintenance of weight after
initial very low energy diet in obese OSA patients is associated
with persistent improvement of OSA [348]. Other studies
reported less optimistic results after a 2-yr follow-up [349].

Bariatric surgery has also been used in OSA patients. In the
Swedish Obesity Study cohort, prevalence of OSA-related
symptoms at 2 yrs of follow-up decreased proportionally to
weight loss [350]. According to a meta-analysis conducted in
2004, OSA resolved in 85% of the patients after bariatric surgery
[350], as confirmed by studies including polysomnographic
assessment [351–353].

As for use of medications to treat obesity, the effects of
sibutramine have been recently assessed in obese OSA patients.
Sibutramine did not affect sleep [354], and weight loss was
associated with improved AHI and daytime sleepiness over a 6-
month period [355]. The metabolic profile improved in obese
OSA patients treated with sibutramine, low-calorie diet and
exercise for 6 months [356]. Another study compared the effects
of sibutramine to those of CPAP in patients who had been
allowed to choose between the two treatments [357]. Sibutramine
treatment caused a 5-kg weight loss over 1 yr and positively
modified oxygen saturation during sleep, but did not affect AHI
or cardiovascular variables. Conversely, CPAP-treated patients
improved their respiratory variables during sleep and daytime
blood pressure but did not lose weight [357]. Unfortunately, the
results of these studies are not going to impact on the clinical
management of OSA patients as sibutramine was withdrawn in
Europe in early 2010 due to increased cardiovascular events
associated with prolonged administration of the drug [358].

Overall, these studies underline the need for individualised
treatment of obesity in OSA patients. Life-long adherence to
CPAP treatment is a problem in OSA treatment [359], justifying
additional pharmacological approaches. It is likely that OSA
treatment and metabolic risk management, possibly integrated in
the same sleep centre, may be necessary to obtain optimal results,
but evidence-based management strategies are still missing.

OBESITY AND OSA IN CHILDREN
Obesity and MetS in children have been increasingly studied in
the past decade. Genetic defects, sedentary lifestyle and
unhealthy food habits are considered the main culprits of
paediatric obesity [360] and the increasing prevalence of type-II

diabetes in the young population [361]. Clinically, the immediate
and long-term effects of childhood obesity are strikingly similar
to those of adult obesity [360]. There is evidence that cardiovas-
cular lesions develop in obese children [362], raising concerns
about the long-term impact of childhood obesity on health.

Prevalence of OSA in children is expected to increase due to the
rise in obesity [18–20]. Besides its immediate effects (snoring and
daytime symptoms), paediatric OSA may influence the natural
history of sleep disordered breathing in adulthood [363],
including metabolic dysfunction. However, not every child with
OSA will manifest adverse consequences, suggesting modulation
by genetic and environmental factors [364].

OSA and obesity probably interact at the level of upper airways.
Obese children with OSA demonstrated larger tonsils and
adenoids compared to controls [365, 366], and a higher risk of
residual OSA after adenotonsillectomy [365, 367]. However,
upper airway closure may occur in obese children for a smaller
degree of tonsil and adenoid enlargement than in non-obese
children [365]. The relative contribution of (central) obesity and
adenotonsillar hypertrophy remains to be elucidated and may
differ between young children, in whom adenotonsillar hyper-
trophy might play a major role, and adolescents, who show a
predominant role of obesity [368]. Recent studies have tried to
address the impact of fat distribution and neck anatomy in a case–
control study of obese children with and without OSA [369], but
more studies are needed before drawing any conclusion on this
topic. It should be pointed out that hereditable factors influencing
craniofacial structures represent important predisposing condi-
tions to develop upper airway obstruction, together with the
acquired factors of adenotonsillar hypertrophy and obesity [370].

Similar to adults, obese children and adolescents often develop
MetS [371–375], which appears linked to visceral obesity and
ectopic fat deposition [376], secondary to excess calorie intake
and reduced physical activity. While obesity is known to increase
the risk for OSA, it is unclear whether OSA in children is directly
involved in the pathogenesis of MetS. In contrast to adults, the
paediatric population is relatively free from prolonged exposure
to cardio-metabolic risk factors, and childhood OSA causes a
lesser degree of oxygen desaturation than adult OSA, resulting in
milder intermittent hypoxaemia compared to adult patients.
OSA-associated nocturnal hypoxaemia in children indepen-
dently predicted MetS and glucose intolerance [377–379], and
prevalence of MetS increased with increasing severity of OSA
[380–382], together with markers of inflammation [382], arterial
alterations [383], and excessive daytime sleepiness [382, 384]. In
non-obese children, the HDL cholesterol level was recently found
to be inversely correlated with OSA severity [385]. Conversely,
other studies have suggested that IR in children with OSA is
associated with obesity rather than OSA [386–388].

A similar degree of uncertainty surrounds liver dysfunction. Two
studies reported increased elevated serum aminotransferase
levels in obese children with OSA, suggesting that OSA could
act as a ‘‘second hit’’ in the development of NAFLD in children
[244, 245]. Increased leptin levels have been reported in children
with OSA, in the absence of changes in either adiponectin or
resistin [389]. Other studies suggested that adiponectin is a
sensitive marker of OSA in obese pubertal children [387] or found
a predominant effect of obesity on adipokine levels [390]. The
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exact pathogenesis and long-term consequences of early pertur-
bations in metabolism by paediatric OSA warrant urgent research
efforts.

Effects of treatment of paediatric OSA
Therapeutic interventions in children should be aimed at
correcting both sleep apnoea and concomitant obesity if
present. There is no agreement in the criteria to define the
success rate of treatment in paediatric OSA, making it hard to
compare the results of available studies [391].

The results of adenotonsillectomy are conflicting. Adenoton-
sillectomy carries a low success rate [25]. In addition, BMI often
increases post-operatively, due to increased appetite, decreased
nocturnal energy expenditure and decreased total motor activity
[392]. One study using a pre/post-surgery design to assess the
effect of OSA on IR in non-obese and obese children found that
OSA was clearly associated with IR in obese children only.
Plasma lipids markedly decrease in obese patients with resolu-
tion of OSA, while they showed a minor improvement in patients
with residual OSA post-surgery [261]. In another study, lipid
profiles, C-reactive protein and Apo-B significantly improved
after adenotonsillectomy in both obese and non-obese children
[389]. Other studies failed to show any effect of adenotonsillect-
omy on fasting insulin or the HOMA (homeostatic model
assessment) index, or found that the metabolic profile worsened
after surgery due to increased BMI [393], or were insufficiently
powered to detect differences between subsets of obese children
after surgery [394]. As for liver dysfunction, serum aminotrans-
ferase levels decreased in the majority of obese OSA children after
adenotonsillectomy [244], but further study is needed to confirm
a cause–effect relationship between OSA and NAFLD [395].

Experience with CPAP in children is limited, and the problem
of long-term compliance to treatment may be as crucial as in
adults. A single study in children found a slight decrease in
leptin after CPAP treatment, while insulin sensitivity, BMI and
norepinephrine levels were unaffected [396]. Weight loss is a
promising alternative [391], but long-term compliance to
weight loss is also a relevant problem in children.

FUTURE RESEARCH DIRECTIONS
Several important areas can be identified for future research. We
have started to understand some mechanisms by which OSA
may worsen metabolism, and studies in mice have provided a
large amount of data on the effects of chronic intermittent
hypoxia. However, the effects of decreased or disrupted sleep on
metabolism remain incompletely defined in both obesity and
OSA. Interestingly, sleep loss may not only promote weight gain,
but could also diminish fat loss during a low-calorie diet, as
recently found in obese humans [301].

Studies on the effects of hypoxia on adipocyte function face some
methodological problem, since in vitro exposure to room air
actually represents a condition of hyperoxia compared to the value
of tissue PO2 measured in live animals [114, 115] and humans [112].
Testing the effects of intermittent hypoxia in vitro on adipose tissue
is problematic, due to the technical difficulty of controlling the rate
of gas diffusion in cell cultures. This problem can be partly
overcome by reducing the number of intermittent hypoxia cycles
per minute, in order to obtain measurable oscillations in oxygen
levels in the supernatant to which the cells are exposed.

Knowledge on adipose tissue function in OSA patients is still
insufficient, and the biology of adipocytes from different fat
depots (visceral and subcutaneous) in obese and non-obese OSA
patients has not been studied. The pattern of adipokines in OSA
is incompletely defined, as well as their interaction with
inflammation, which plays such an important role in both OSA
and obesity.

The role of OSA and obesity in causing metabolic abnormalities
in children is incompletely understood. Given the partial success
of adenotonsillectomy, sleep studies and metabolic assessment
should be performed in children after surgery in order to
evaluate the need for further treatment. Randomised controlled
studies are needed to identify the best therapeutic strategy in
paediatric OSA according to the specific OSA phenotype. In
addition, longitudinal studies to explore the long-term con-
sequences of OSA in children are warranted.

A comprehensive approach, aimed at abolishing OSA but also at
attaining long-term reduction in body weight, is desirable in both
adults and children with OSA. In patients undergoing bariatric
surgery, resolution or improvement of obesity improved OSA,
especially in males. However, patients undergoing bariatric
surgery may not be representative of the whole OSA population
because of usual predominance of morbidly obese females.
Bariatric surgery has provided important data on liver function in
OSA, and remains a good opportunity for metabolic studies at the
time of the intervention. Moreover, liver biopsies are easily
obtained at the time of bariatric surgery, but collecting them
during follow-up or in patients treated with CPAP is ethically
problematic. Hopefully, improved noninvasive means of diag-
nosis of NAFLD will help to improve liver assessment in OSA
patients.

From a clinical point of view, new models of integrated care,
possibly in the same centre, are needed for treatment of obese
OSA patients. A multidisciplinary approach seems necessary for
both adult and paediatric patients in order to provide effective
treatment and prevent metabolic and cardiovascular conse-
quences of both obesity and OSA.
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37 Lévy P, Bonsignore MR, Eckel J. Sleep, sleep-disordered breath-
ing and metabolic consequences. Eur Respir J 2009; 34: 243–260.

38 Yin J, Gao Z, He Q, et al. Role of hypoxia in obesity-induced
disorders of glucose and lipid metabolism in adipose tissue. Am J
Physiol Endocrinol Metab 2009; 296: E333–E342.

39 Lavie L, Lavie P. Molecular mechanisms of cardiovascular
disease in OSAHS: the oxidative stress link. Eur Respir J 2009;
33: 1467–1484.

40 Wolk R, Somers VK. Obesity-related cardiovascular disease:
implications of obstructive sleep apnea. Diabetes Obes Metab 2006;
8: 250–260.

41 Kent BD, Ryan S, McNicholas WT. The genetics of obstructive
sleep apnoea. Curr Opin Pulm Med 2010; 16: 536–542.

42 Riha RL. Genetic aspects of the obstructive sleep apnoea/
hypopnoea syndrome – is there a common link with obesity?
Respiration 2009; 78: 5–17.

43 Riha RL, Gislasson T, Diefenbach K. The phenotype and
genotype of adult obstructive sleep apnoea/hypopnoea syn-
drome. Eur Respir J 2009; 33: 646–655.

44 Lee D-E, Kehlenbrik S, Lee H, et al. Getting the message across:
mechanisms of physiological cross talk by adipose tissue. Am J

Physiol Endocrinol Metab 2009; 296: 1210–1229.

45 Rosen ED, Spiegelman BM. Adipocytes as regulators of energy
balance and glucose homeostasis. Nature 2006; 444: 847–853.

REVIEW: OBESITY AND METABOLISM IN OSA M.R. BONSIGNORE ET AL.

758 VOLUME 39 NUMBER 3 EUROPEAN RESPIRATORY JOURNAL



46 Trayhurn P, Bing C, Wood IS. Adipose tissue and adipokines:
energy regulation from the human perspective. J Nutr 2006; 136:
Suppl. 7, 1935S–1939S.

47 Ouchi N, Parker JL, Lugus JJ, et al. Adipokines in inflammation
and metabolic disease. Nature Rev Immunol 2011; 11: 85–97.

48 DiGirolamo M, Fine JB, Tagra K, et al. Qualitative regional
differences in adipose tissue growth and cellularity in male
Wistar rats fed ad libitum. Am J Physiol Regul Integr Comp Physiol

1998; 274: R1460–R1467.

49 Garaulet M, Hernandez-Morante JJ, Lujan J, et al. Relationship
between fat cell size and number and fatty acid composition in
adipose tissue from different fat depots in overweight/obese
humans. Int J Obes 2006; 30: 899–905.

50 Jo J, Gavrilova O, Pack S, et al. Hypertrophy and/or hyperplasia:
dynamics of adipose tissue growth. PLoS Comput Biol 2009; 5:
e1000324.

51 Bowers RR, Festuccia WT, Song CK, et al. Sympathetic innerva-
tion of white adipose tissue and its regulation of fat cell number.
Am J Physiol Regul Integr Comp Physiol 2004; 286: R1167–R1175.

52 Guo K, Mogen J, Struzzi S, et al. Preadipocyte transplantation: an
in vivo study of direct leptin signaling on adipocyte morphogen-
esis and cell size. Am J Physiol Regul Integr Comp Physiol 2009;
296: R1339–R1347.

53 Kloting N, Fasshauer M, Dietrich A, et al. Insulin-sensitive
obesity. Am J Physiol Endocrinol Metab 2010; 299: E506–E515.

54 Cinti S. Transdifferentiation properties of adipocytes. Am J

Physiol Endocrinol Metab 2009; 297: E977–E986.

55 Nedergaard J, Bengtsson T, Cannon B. Unexpected evidence for
active brown adipose tissue in adult humans. Am J Physiol

Endocrinol Metab 2007; 293: E444–E452.

56 Stephens M, Ludgate M, Rees A. Brown fat and obesity: the next
big thing? Clin Endocrinol 2011; 74: 661–670.

57 Taksali SE, Caprio S, Dziura J, et al. High visceral and low
abdominal subcutaneous fat stores in the obese adolescent: a
determinant of an adverse metabolic phenotype. Diabetes 2008;
57: 367–371.

58 Sattar N, Gaw A, Scherbakova O, et al. Metabolic syndrome with
and without C-reactive protein as a predictor of coronary heart
disease and diabetes in the West of Scotland Coronary
Prevention Study. Circulation 2003; 108: 414–419.

59 Alberti KG, Zimmet P, Shaw J. The metabolic syndrome – a new
worldwide definition. Lancet 2005; 366: 1059–1062.

60 Bays HE, Gonzales-Campoy JM, Bray GA, et al. Pathogenic
potential of adipose tissue and metabolic consequences of
adipocyte hypertrophy and increased visceral adiposity. Expert

Rev Cardiovasc Ther 2008; 6: 343–368.

61 Walker GE, Verti B, Marzullo P, et al. Deep subcutaneous
adipose tissue: a distinct abdominal adipose depot. Obesity 2007;
15: 1933–1943.

62 Ouwens DM, Sell H, Greulich S, et al. The role of epicardial and
perivascular adipose tissue in the pathophysiology of cardio-
vascular disease. J Cell Mol Med 2010; 14: 2223–2234.

63 Grundy SM, Cleeman JI, Daniels SR, et al. Diagnosis and
management of the metabolic syndrome: an American Heart
Association/National Heart, Lung, and Blood Institute Scientific
Statement. Circulation 2005; 112: 2735–2752.

64 Simmons RK, Alberti KG, Gale EA, et al. The metabolic
syndrome: useful concept or clinical tool? Report of a WHO
Expert Consultation. Diabetologia 2010; 53: 600–605.

65 Karelis AD, St-Pierre DH, Conus F, et al. Metabolic and body
composition factors in subgroups of obesity: what do we know?
J Clin Endocrinol Metab 2004; 89: 2569–2575.

66 Meigs JB, Wilson PWF, Fox CS, et al. Body mass index, metabolic
syndrome, and risk of type 2 diabetes or cardiovascular disease.
J Clin Endocrinol Metab 2006; 91: 2906–2912.

67 Manolopoulos KN, Karpe F, Frayn KN. Gluteofemoral body fat
as a determinant of metabolic health. Int J Obes 2010; 34: 949–959.

68 Jensen MD. Role of body fat distribution and the metabolic

complications of obesity. J Clin Endocrinol Metab 2008; 93: Suppl.
1, S57–S63.

69 Lin J-W, Caffrey JL, Chang M-H, et al. Sex, menopause, metabolic
syndrome, and all-cause and cause-specific mortality – cohort

analysis from the Third National Health and Nutrition
Examination Survey. J Clin Endocrinol Metab 2010; 95: 4258–4267.

70 Velho S, Paccaud F, Waeber G, et al. Metabolically healthy

obesity: different prevalences using different criteria. Eur J Clin

Nutr 2010; 64: 1043–1051.

71 Perrini S, Laviola L, Cignarelli A, et al. Fat depot-related differences
in gene expression, adiponectin secretion, and insulin action and

signalling in human adipocytes differentiated in vitro from
precursor stromal cells. Diabetologia 2008; 51: 155–164.

72 Pittenger MF, Mackay AM, Beck SC, et al. Multilineage potential of

adult human mesenchymal stem cells. Science 1999; 284: 143–147.

73 Giorgino F, Laviola L, Eriksson JW. Regional differences of

insulin action in adipose tissue: insights from in vivo and in vitro

studies. Acta Physiol Scand 2005; 183: 13–30.

74 Ktotkiewski M, Sjostrom L, Bjorntorp P, et al. Regional adipose

tissue cellularity in relation to metabolism in young and middle-
aged women. Metabolism 1975; 24: 703–710.

75 Maury E, Ehala-Aleksejev K, Guiot Y, et al. Adipokines
oversecreted by omental adipose tissue in human obesity. Am J

Physiol Endocrinol Metab 2007; 293: E656–E665.

76 Deng Y, Scherer PE. Adipokines as novel biomarkers and
regulators of the metabolic syndrome. Ann New York Acad Sci

2010; 1212: E1–E19.

77 Myers MGJ, Leibel RL, Seeley RJ, et al. Obesity and leptin

resistance: distinguishing cause from effect. Trends Endocrinol

Met 2010; 21: 643–651.

78 Kanasaki K, Koya D. Biology of obesity: lessons from animal
models of obesity. J Biomed Biotechnol 2011; 2011: 197636.

79 Malli F, Papaioannou AI, Gourgoulianis KI, et al. The role of leptin

in the respiratory system: an overview. Respir Res 2010; 11: 152.

80 Ambrosini G, Nath AK, Sierra-Honigmann MR, et al.

Transcriptional activation of the human leptin gene in response
to hypoxia. J Biol Chem 2002; 277: 34601–34609.

81 Matarese G, Procaccini C, De Rosa V, et al. Regulatory T cells in

obesity: the leptin connection. Trends Mol Med 2010; 16: 247–256.

82 Koh KK, Park SM, Quon MJ. Leptin and cardiovascular disease:

response to therapeutic interventions. Circulation 2008; 117:
3238–3249.

83 Nawrocki AR, Rajala MW, Tomas E, et al. Mice lacking

adiponectin show decreased hepatic insulin sensitivity and
reduced responsiveness to peroxisome proliferator-activated

receptor gamma agonists. J Biol Chem 2006; 281: 2654–2660.

84 Han SH, Sakuma I, Shin EK, et al. Antiatherosclerotic and anti-

insulin resistance effects of adiponectin: basic and clinical
studies. Prog Cardiovasc Dis 2009; 52: 126–140.

85 Esteve E, Ricart W, Fernandez-Real JM. Adipocytokines and

insulin resistance: the possible role of lipocalin-2, retinol binding
protein-4 and adiopnectin. Diabetes Care 2009; 32: Suppl. 2, S362–

S367.

86 Lihn AS, Bruun JM, He G, et al. Lower expression of adiponectin

mRNA in visceral adipose tissue in lean and obese subjects. Mol

Cell Endocrinol 2004; 219: 9–15.

87 Hirose H, Yamamoto Y, Seino-Yoshihara Y, et al. Serum high-

molecular-weight adiponectin as a marker for the evaluation and
care of subjects with metabolic syndrome and related disorders.

J Atheroscler Thromb 2010; 17: 1201–1211.

88 Fasshauer M, Klein J, Neumann S, et al. Hormonal regulation of

adiponectin gene expression in 3T3-L1 adipocytes. Biochem

Biophys Res Commun 2002; 290: 1084–1089.

89 Chen B, Lam KS, Wang Y, et al. Hypoxia dysregulates the

production of adiponectin and plasminogen activator inhibitor-1

M.R. BONSIGNORE ET AL. REVIEW: OBESITY AND METABOLISM IN OSA

c
EUROPEAN RESPIRATORY JOURNAL VOLUME 39 NUMBER 3 759



independent of reactive oxygen species in adipocytes. Biochem

Biophys Res Commun 2006; 341: 549–556.

90 Magalang UJ, Cruff JP, Rajappan R, et al. Intermittent hypoxia
suppresses adiponectin secretion by adipocytes. Exp Clin

Endocrinol Diabetes 2009; 117: 129–134.

91 Han SH, Quon MJ, Kim J. Adiponectin and cardiovascular
disease: response to therapeutic interventions. J Am Coll Cardiol

2007; 49: 531–538.

92 Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expres-
sion of tumor necrosis factor-alpha: direct role in obesity-linked
insulin resistance. Science 1993; 259: 87–91.

93 Shoelson SE, Lee J, Goldfine AB. Inflammation and insulin
resistance. J Clin Invest 2006; 116: 1793–1801.

94 Zeyda M, Stulnig TM. Adipose tissue macrophages. Immunol Lett

2007; 112: 61–67.

95 Solinas G, Karin M. JNK1 and IKK-beta: molecular links between
obesity and metabolic dysfunction. FASEB J 2010; 24: 2596–2611.

96 Anand RJ, Gribar SC, Li J, et al. Hypoxia causes an increase in
phagocytosis by macrophages in a HIF-1alpha-dependent
manner. J Leukoc Biol 2007; 82: 1257–1265.

97 Ohashi K, Parker JL, Ouchi N, et al. Adiponectin promotes
macrophage polarization toward an anti-inflammatory pheno-
type. J Biol Chem 2010; 285: 6153–6160.

98 Barbatelli MC, Pairsani V, Latini C, et al. Dead adipocytes,
detected as crown-like structures, are prevalent in visceral fat
depots of genetically obese mice. J Lipid Res 2008; 49: 1562–1568.

99 Lumeng CN, Bodzin JL, Saltiel AR. Obesity induces a pheno-
typic switch in adipose tissue macrophage polarization. J Clin

Invest 2007; 117: 175–184.

100 Wentworth JM, Naselli G, Brown WA, et al. Pro-inflammatory
CD11c+CD206+ adipose tissue macrophages are associated with
insulin resistance in human obesity. Diabetes 2010; 59: 1648–1656.

101 Boura-Halfon S, Zick Y. Phosphorylation of IRS proteins, insulin
action and insulin resistance. Am J Physiol Endocrinol Metab 2009;
296: E581–E591.

102 Varlamov O, Somwar R, Cornea A, et al. Single-cell analysis of
insulin-regulated fatty acid uptake in adipocytes. Am J Physiol
Endocrinol Metab 2010; 299: E486–E496.

103 O’Connell J, Lynch L, Cawood TJ, et al. The relationship of
omental and subcutaneous adipocyte size to metabolic disease in
severe obesity. PLoS One 2010; 5: e9997.

104 Maumus M, Sengenes C, Decaunes P, et al. Evidence of in situ

proliferation of adult adipose tissue-derived progenitor cells:
influence of fat mass microenvironment and growth. J Clin

Endocrinol Metab 2008; 93: 4098–4106.

105 Hotamisligil GS. Inflammation and endoplasmic reticulum stress in
obesity and diabetes. Int J Obes (Lond) 2008; 32: Suppl. 7, S52–S54.

106 Gao C-L, Zhua C, Zhao Y-P, et al. Mitochondrial dysfunction is
induced by high levels of glucose and free fatty acids in 3T3-L1
adipocytes. Mol Cell Endocrinol 2010; 329: 25–33.

107 Trayhurn P, Wang B, Wood IS. Hypoxia and the endocrine and
signalling role of white adipose tissue. Arch Physiol Biochem 2008;
114: 267–276.
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