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ABSTRACT: Insulin resistance is often associated with obstructive sleep apnoea syndrome

(OSAS) and could contribute to cardiovascular risk in OSAS. Sleep loss and intermittent hypoxia

could contribute to the pathogenesis of the metabolic alterations associated with obesity, a

common feature of OSAS. The biology of the adipocyte is being increasingly studied, and it has

been found that hypoxia negatively affects adipocyte function.

In November 2007, the European Respiratory Society and two EU COST Actions

(Cardiovascular risk in OSAS (B26) and Adipose tissue and the metabolic syndrome

(BM0602)), held a Research Seminar in Düsseldorf, Germany, to discuss the following: 1) the

effects of hypoxia on glucose metabolism and adipocyte function; 2) the role of inflammatory

activation in OSAS and obesity; 3) the alarming rates of obesity and OSAS in children; 4) the

harmful effects of the metabolic syndrome in OSAS; 5) the effects of OSAS treatment on metabolic

variables; and 6) the relationship between daytime sleepiness and hormonal and inflammatory

responses. Insulin resistance in skeletal muscle, the role of the endocannabinoid system and

novel pharmacological approaches to treat insulin resistance were also discussed.

As obesity and hypoxia could be the basic links between OSAS and adipocyte dysfunction,

further research is needed to translate these new data into clinical practice.
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T
he Research Seminar ‘‘Metabolic aspects of
obstructive sleep apnoea syndrome’’ was
organised by the European Respiratory

Society (ERS) in close collaboration with two EU-
funded COST (Cooperation in Scientific and
Technological research) Networks: Cardio-
vascular risk in obstructive sleep apnoea syn-
drome (OSAS) (B26) and Adipose Tissue and the
Metabolic Syndrome (BM0602). The COST pro-
gramme aims at building pre-competitive
research networks in Europe [1] and has been
included in the 7th Framework Programme in
recognition of its high scientific impact and cost-
effectiveness. This Seminar was the first to be
organised under the joint sponsorship of the ERS
and COST, and the involvement of two COST
Actions reflects the multidisciplinary and open
exchange of ideas promoted by the COST program-
me among European scientists.

The topic of the Seminar was chosen based on the
strong need felt by clinicians and basic scientists
interested in OSAS to discuss adipose tissue
biology with experts, in order to improve the
approach to metabolic derangements in OSAS.

OSAS is often associated with obesity in adults [2].
Clinicians dealing with OSAS patients need to gain
a deeper insight into the pathophysiology of
adipose tissue because prevalence of obesity is
growing worldwide at an alarming rate [3].
Prevalence of obesity is also rising in children,
and paediatric OSAS shows a phenotype shift,
from a ‘‘local’’ to a ‘‘systemic’’ disease, with
increasing similarities to adult OSAS [4].
Therefore, metabolic problems can be expected to
become a major issue in the clinical management of
OSAS at all ages.

The association of OSAS and metabolic dysfunc-
tion represents a harmful background, which
may have profound cardiovascular consequences
but is still incompletely understood. OSAS
patients are at an increased risk for fatal and
nonfatal cardiovascular events, and treatment
with nasal continuous positive airway pressure
(CPAP) is effective in decreasing such risk [5, 6],
thus suggesting a causal relationship between
OSAS and atherosclerosis [7, 8]. However, the
complexity of OSAS pathophysiology makes it
very difficult to assess the independent role of
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intermittent hypoxia (the main culprit), obesity and sleep
disruption in the accelerated progression of atherosclerosis
seen in OSAS patients. The precise mechanism(s) are still
unclear, but an increasing number of studies suggest that
OSAS, inflammatory activation and metabolic disturbances are
closely linked [9].

During the past 10 yrs, the view that adipose tissue is mainly a
depot organ has profoundly evolved. The adipocyte is now
considered as a major actor in metabolic and inflammatory
regulation [10]. Current research efforts from several labora-
tories throughout the world aim to define the molecular
mechanisms underlying the metabolic alterations of obesity in
order to develop more effective treatment strategies. Since the
adipose tissue is a complex endocrine organ involved in the
regulation of food intake, an inadequate amount of sleep or
poor sleep quality may affect brain physiology and contribute
to the pathogenesis of obesity, as recently suggested [11].

According to clinical and epidemiologic studies, the cluster of
risk factors known as the metabolic syndrome (MetS) is
associated with an increased risk for diabetes, cardiovascular
events and mortality in the general population [12]. Although
the definition of the MetS is still under debate [13, 14], insulin
resistance (IR) is considered, by most studies, as the major
metabolic abnormality and is usually associated with an
increased amount of visceral (dysfunctional) fat [15]. The
definition of the MetS by the World Health Organization is
based on the direct measurement of IR [16]. The definition by
the National Cholesterol Education Program-Adult Treatment
Panel III is based on simple clinical findings (abdominal
obesity, dyslipidaemia, hypertension and increased plasma
glucose), and is easily applicable as it does not require tests to
be performed in a specialist environment [17]. Finally, the
definition proposed by the International Diabetes Federation
shares many features with the Adult Treatment Panel III
definition, but defines the cut-offs for waist circumference
according to ethnicity [18], thus accounting for differences in
body habitus between Caucasian and Asian populations. All
these definitions should be considered as ‘‘in progress’’ and
subject to change based on the evidence provided by current
and future studies.

Irrespective of the definition chosen, the MetS is often found in
OSAS patients from different locations worldwide [19–22].
However, the relative role played by OSAS and obesity in the
pathogenesis of MetS remains uncertain. It is possible that
OSAS and MetS exert a synergistic negative effect on
metabolism, but little evidence is available at present. Most
studies on IR in sleep-disordered breathing (SDB) were cross-
sectional, and severe OSAS was usually associated with the
highest level of obesity. However, IR was found in nonobese
OSAS patients [23] and improved after OSAS treatment in
some studies [24, 25].

Based on these findings, the purpose of the Seminar was to
gather together experts on both OSAS and adipose tissue
biology in order to discuss the current knowledge in both
areas, identify potential areas of common interest for future
research and possibly establish collaborative projects accord-
ing to specific expertise and research interests in both areas.
Due to this, care was taken to ensure the faculty and

participants attending the seminar were balanced in terms of
experience and knowledge, in order to foster multidisciplinary
discussion among experts in both fields. The Seminar was
organised into three sessions, each of which lasted for half a
day with three to four lectures by faculty members. A
summary of the meeting and conclusions are reported in the
following sections.

SESSION 1. SLEEP APNOEA, OBESITY AND SLEEP
DISRUPTION: MULTIPLE MECHANISMS AFFECTING
METABOLISM
During this session, J. Montserrat (Barcelona, Spain) and F.
Giorgino (Bari, Italy) introduced the topic of metabolic
alterations in OSAS by analysing different aspects of sleep
apnoea and their potential link with metabolic derangements.

M.R. Bonsignore (Palermo, Italy) provided an overview of the
topic by briefly illustrating: 1) the most relevant clinical and
pathophysiological features of OSAS; 2) the evidence for
increased cardiovascular risk associated with OSAS; and 3)
the effectiveness of long-term treatment with nasal CPAP in
reducing the incidence of fatal and nonfatal cardiovascular
events [5, 6]. Following this, the available data on metabolic
disturbances in OSAS were reviewed.

Several studies have reported the association of OSAS with
glucose intolerance and IR [19–24], but not all of them found an
independent relationship between SDB and metabolic disturb-
ances after correction for obesity [25–27]. A longitudinal study
found an increased incidence of diabetes in patients with
OSAS, but the significance of OSAS disappeared after
accounting for obesity [28]. Moreover, OSAS treatment with
CPAP did not affect insulin sensitivity or glycaemic control in
randomised controlled studies in diabetic [29] and nondiabetic
patients [30]. However, other data support the possibility that
OSAS may favour the development of IR in the absence of
obesity, since acute exposure to hypoxia caused IR in normal
subjects [31], and lean mice exposed to intermittent hypoxia
developed IR [32].

Although the effects of hypoxia on the adipose tissue are still
incompletely defined, adipose tissue hypoxia was shown to
occur in obesity [33, 34]. Adipocytes exposed to hypoxia in
vitro produced less adiponectin (i.e. an important adipokine
with protective effects against IR) compared with cells exposed
to normoxia [35]. In adipocytes and macrophages exposed to
hypoxia, the following findings have been reported: 1)
inflammatory activation within 2 h [33]; 2) transcription of
genes regulated by the hypoxia inducible factor (HIF)-1 after 4–
8 h [33]; and 3) evidence of endoplasmic reticulum stress [34].
Therefore, hypoxia may be a pathophysiologically important
link between OSAS and obesity but, to date, no study has
assessed the response of adipocytes to intermittent hypoxia,
which represents the main feature of OSAS.

Prevalence of the MetS is higher in OSAS patients than in the
general population or in obese non-OSAS subjects [36].
Markers of OSAS severity, such as the apnoea/hypopnoea
index or the degree of oxygen desaturation, correlated with the
amount of visceral fat [37] and, according to one study, visceral
fat decreased after CPAP treatment [38]. Other studies,
however, found that prevalence of the MetS was unaffected
by CPAP treatment for a few weeks [29, 30], suggesting that
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long-term data on large samples of subjects are needed before
any conclusion on this point can be made.

IR is the main pathophysiological feature of the MetS, and
abnormalities in insulin–glucose metabolism have been
repeatedly shown in OSAS patients [19], especially when
OSAS is severe. OSAS may increase the risk of developing type
2 diabetes but data on this topic are controversial, similar to the
effects of CPAP treatment on IR. These uncertainties are not
surprising. Severe OSAS is usually associated with severe
obesity, which is a major cause of IR and an important
confounder for the independent effects of OSAS on metabolic
variables. Another point of discussion is whether OSAS
patients show the same components of the MetS as subjects
without OSAS. This is an area under intense clinical
investigation, together with OSAS-associated changes in
adipokines, blood lipids and liver enzymes [9].

Sleep loss is an additional, potentially important mechanism
by which OSAS may affect metabolism [39]. In healthy
subjects, sleep restriction was associated with IR, increased
appetite and craving for carbohydrates [40]. Short sleep
duration was shown to be associated with altered levels of
leptin and ghrelin, and increased body mass index (BMI) [41].
Finally, a prospective study reported that short sleep duration
was a significant risk factor for the development of obesity in
young adults [42], leading to speculation that the progressive
fall in the time spent asleep over the past decades in the
general population may have played some role in the
increasing prevalence of obesity. A growing body of evidence
indicates that not only total sleep deprivation, but also modest
sleep loss may cause profound endocrinological changes. In
young healthy subjects, glucose tolerance decreased after
selective slow-wave sleep deprivation [43]. Partial sleep
deprivation in otherwise healthy subjects induced a pro-
inflammatory state, with increased release of interleukin (IL)-6
[44, 45] and production of IL-6 and tumour necrosis factor
(TNF)-a by circulating monocytes [46]. The pro-inflammatory
effects of sleep restriction may be, at least partly, mediated by
the activation of the sympathetic nervous system [47, 48].
Therefore, although sympathetic hyperactivity in OSAS
patients is generally considered a major consequence of
intermittent hypoxia, it could be potentiated by sleep disrup-
tion and contribute to inflammatory activation.

R. Tkacova (Kosice, Slovakia) presented clinical data which
indicated that most subjects with OSAS showed a 10-yr
moderate-to-high cardiovascular risk (.10%) [49]. The MetS
was found in 66% of OSAS patients, and preliminary results
suggest that metabolic variables can improve after CPAP
treatment for 2 months. While these data indicate that OSAS
might play some role in the pathogenesis of metabolic
abnormalities, more data and long-term follow-up studies are
needed to confirm the positive effect of OSAS treatment on
metabolic variables.

Alternatively, OSAS could also be considered as a feature of
the MetS phenotype, as was proposed by A. Vgontzas
(Hershey, PA, USA) in the second lecture of the session.
Sleep apnoea has been considered to be a ‘‘local abnormality’’
of the upper airway rather than part of a ‘‘systemic illness’’,
despite the early recognition of the association between

obstructive sleep apnoea (OSA), obesity and cardiovascular
problems [50]. In 1997, VGONTZAS et al. [51] first reported
elevated IL-6 and TNF-a levels in patients with excessive
daytime sleepiness (EDS), which positively correlated with
BMI. In subsequent studies, elevated IL-6, TNF-a and insulin
levels were found in patients with OSAS independent of
obesity, and the amount of visceral fat was the primary factor
linked to sleep apnoea [52]. Females with polycystic ovary
syndrome (PCOS), a condition associated with IR, also showed
a high prevalence of OSAS and daytime sleepiness [53]. Other
findings supporting the view that sleep apnoea and sleepiness
in obese patients may be manifestations of the MetS include:
1) the association of obesity and EDS in obese patients without
sleep apnoea [54]; 2) the independent association of PCOS and
type 2 diabetes with EDS after controlling for OSA, obesity and
age [53, 54]; 3) the increased prevalence of sleep apnoea in
post-menopausal females, and the reduced risk for OSA in
females treated with hormone replacement therapy [55]; and 4)
the lack of effect of CPAP treatment on hypercytokinaemia and
IR indices in obese OSAS patients (A.N. Vgontzas, Dept of
Psychiatry, Penn State College of Medicine, Hershey, PA, USA;
personal communication). Finally, in the US population (Third
National Health and Nutrition Examination Survey), preva-
lence of abdominal obesity [56] and symptomatic sleep apnoea
[2] appears to increase in parallel. Therefore, a bi-directional,
feed forward, pernicious association may exist among OSAS,
EDS, inflammation and IR in promoting atherosclerosis and
cardiovascular disease.

The alarming worldwide increase in obesity in children and
adolescents, associated with changes in food consumption and
low level of exercise, was discussed by W. Kiess (Leipzig,
Germany). An increasing rate of type 2 diabetes mellitus has
been recorded in the USA in children and adolescents, and
more recently in many countries around the world. There is a
high hidden prevalence and exact data on the epidemiology of
type 2 diabetes in European children are lacking [57]. In
Germany only 70 patients aged ,15 yrs have been identified in
the systematic, nationwide ‘‘DPV’’ Diabetes Survey, while
calculations suggest that .5,000 youths would currently meet
the diagnostic criteria of type 2 diabetes in Germany. In
Australasia, the prevalence of type 2 diabetes is reportedly
high in some ethnic groups and tightly linked to the obesity
epidemic. No uniform or evidence-based treatment strategy is
available. Many groups use metformin, exercise and nutri-
tional programmes as a comprehensive approach to treat type
2 diabetes in childhood and adolescence. The lack of
epidemiological data and the strong need for effective
treatment strategies point to the key role of preventive
programmes against obesity, focusing on exercise training
and reduction of sedentary behaviour, encouraging healthy
nutrition and supporting general education programmes [58].
Insufficient sleep is also a potentially modifiable factor
involved in the pathogenesis of childhood obesity, as
suggested by several studies [59–61], similar to the relationship
found between short-sleep duration and obesity in adults [39].

There is substantial comorbidity of type 2 diabetes and obesity
in childhood and adolescence [58], with hypertension, dys-
lipidaemia and psychosocial problems being the most common
sequelae of primary childhood obesity. OSA represents an
additional clinically threatening comorbidity in obese children.
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S. Verhulst (Antwerp, Belgium) discussed the high prevalence
of SDB in overweight and obese children [62]; however, severe
obesity is often associated with central rather than obstructive
apnoeas [62]. Metabolic disturbances associated with paedia-
tric OSAS and obesity were significantly correlated with the
severity of SDB but the effect was rather small [63], suggesting
a predominant role of obesity over that played by OSAS in
obese children. Nevertheless, in overweight and obese chil-
dren, OSAS was associated with increased uric acid, a marker
of hypoxia, independent of body weight [64]. Moreover, a high
prevalence of fatty liver disease and IR has been recently
reported in obese/overweight children with OSA, with
significant improvement in the metabolic profile following
OSA treatment [65]. Both these reports suggest that OSAS
worsens metabolism in children. Finally, short-sleep duration
has been shown to be associated with IR in obese children with
or without OSAS [66].

In summary, the first session of the Seminar provided a
comprehensive overview of clinical and epidemiological data
on metabolic disturbances in OSAS and obesity in both adults
and children. The data are still limited and some controversy
exists among experts as to the independent role of OSAS in IR
and the MetS. However, it is clear that many pathophysio-
logical features of OSAS (such as intermittent hypoxaemia,
poor sleep quality or sympathetic hyperactivity) may con-
tribute to metabolic disruption and the associated increase in
cardiovascular risk.

SESSION 2. ADIPOSE TISSUE IS METABOLICALLY
ACTIVE
During this session, S. Sasson (Jerusalem, Israel) and J. Kopecky
(Prague, Czech Republic) analysed the metabolic aspects of
adipose tissue, paying special attention to inflammation, IR,
cardiovascular consequences and new therapeutic targets.

P. Trayhurn (Liverpool, UK) presented an introduction to this
topic by discussing: 1) the role of white adipose tissue as a
major secretory organ; 2) the role of hypoxia in adipose tissue
and hypoxia-related signalling pathways; 3) the identification
of hypoxia-sensitive genes in adipocytes; and 4) the implica-
tions of hypoxia for obesity-associated disorders. These topics
have been addressed in recent reviews [67, 68].

It is now generally accepted that white adipose tissue is a key
endocrine and secretory organ which releases a large number
of adipokines with a major link to inflammation and
immunity. The paradigm shift in adipose tissue biology was
initiated in 1994 by the discovery of leptin [69]. Subsequently, a
continually increasing range of proteins, peptides and other
factors, collectively termed adipokines, has been described to
be released from white adipocytes [70]. The majority of these
adipokines are linked to inflammation and their production is
increased in obesity. To date, the only known exception is
adiponectin, which exerts anti-inflammatory and anti-diabetic
activity and is reduced in obesity and type 2 diabetes. Adipose
tissue inflammation, which is believed to be related to the
enlargement of adipose tissue and the concomitant infiltration of
macrophages, is thought to play a key role in the development of
the MetS, type 2 diabetes and cardiovascular disease [71].

In 2004, TRAYHURN and WOOD [72] suggested that the initiation
of adipose tissue inflammation may represent a specific

response to relative hypoxia in clusters of adipocytes that
become distant from the vasculature as cell size increases. Two
very recent studies have demonstrated that hypoxia occurs in
adipose tissue of obese mouse models [33, 34]. HIF-1 is
considered the master regulator of oxygen homeostasis and
plays a key role in the response to hypoxia in most tissues.
Transcription factors, such as nuclear factor (NF)-kB and
cAMP response element binding (CREB), are considered to be
downstream targets of HIF-1. The number of known hypoxia-
sensitive genes is continuously growing and, to date, .70
genes have been described as targets of HIF-1. These genes
include proteins involved in angiogenesis, cell proliferation,
apoptosis and energy metabolism [73]. Cell culture experi-
ments have shown that hypoxia may increase both expression
and secretion of a variety of inflammation-related adipokines,
such as IL-6, macrophage migration inhibitory factor and
vascular endothelial growth factor (VEGF). It can be concluded
that hypoxia affects the function of adipocytes and promotes
adipose tissue inflammation. This may play a critical role in
obesity-related disorders and may trigger the development of
peripheral IR and thus promote the development of type 2
diabetes and the MetS.

The impact of the adipocyte–myocyte axis for the induction of
skeletal muscle IR in the context of the MetS was discussed by
J. Eckel (Duesseldorf, Germany). In recent years, evidence has
been presented that adipose tissue communicates with skeletal
muscle and other organs not only via free fatty acids but also
through various secretory products collectively designated as
adipokines [74]. The direct crosstalk between human adipo-
cytes and myocytes was first demonstrated in a co-culture
model where both cell types were kept in the same medium [75].
Co-culture with adipocytes clearly leads to IR in skeletal muscle
cells, as the latter display decreased insulin receptor substrate
(IRS)-1 and Akt phosphorylation with subsequent inhibition
of glucose transporter-4 translocation and glucose uptake. This
experimental model has been extremely helpful in studying
critical features of IR observed in skeletal muscle from obese and
diabetic patients. Analysis of the secretion from primary human
adipocytes revealed that these cells release classical adipokines,
such as TNF-a, IL-6, leptin and adiponectin, and newly discovered
adipokines, such as tissue inhibitor of metalloproteinases-1 and
monocyte chemotactic protein (MCP)-1 [76]. Among the novel
adipokines, MCP-1 was first described as a secretory product of
monocytes and endothelial cells with a prominent role in
arteriosclerosis but it is also associated with the obese state.
MCP-1 exhibits IR-inducing capability in adipocytes and
myocytes [67].

Increased expression and secretion of adipokines in obesity
may be a marker of low-grade chronic inflammation in adipose
tissue. Protein kinase C and inhibitory kB kinase (IKK) are two
kinases known to be involved in inflammatory processes
underlying IR. IKK influences insulin sensitivity, especially in
skeletal muscle, through two different mechanisms. First, it can
directly inhibit insulin signalling by phosphorylating IRS-1 on
serine residues and, secondly, IKK activates NF-kB. In turn,
NF-kB regulates production of pro-inflammatory cytokines
such as TNF-a and IL-6 [77]. Accordingly, inhibition of IKK
reduces the secretion of pro-inflammatory adipokines and
prevents IR in vitro and in vivo.
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The endocannabinoid system plays an important role in the
regulation of appetite and is involved in the pathophysiology
of weight gain [78]. A novel, still not well described, pathway
may involve the cannabinoid receptor type 1 (CB1) in skeletal
muscle. Adipocytes produce endogenous ligands for the CB1
receptor and human skeletal muscle cells express CB1
receptors at a high level. Furthermore, CB1 receptor blockers,
such as rimonabant, are able to prevent the negative crosstalk
between fat and muscle. More work will be required to define
the precise role of CB1 signalling in the induction of IR in
human skeletal muscle.

During this session, B. Staels (Lille, France) analysed the
relationship between inflammation and vascular dysfunction,
with special attention to circadian rhythms and the role of
nuclear receptors. It is known that myocardial infarction, stroke
and sudden cardiac death mostly occur in the morning, possibly
in relation to sympathetic activation at awakening [79], while
sleep appears as a generally protective state. Clock genes in
the suprachiasmatic nucleus are the major determinant of
circadian rhythm in humans, but circadian modulation has
been recently described in peripheral tissues as well,
including the vascular compartment [80]. These data suggest
the intriguing possibility that sleep disorders may affect the
cardiovascular system by several mechanisms, including
disruption of cardiovascular circadian modulation. More-
over, metabolism and hormone release also show circadian
rhythm [81], indicating a complex regulation by direct,
indirect and behavioural influences over 24 h. Finally, mice
carrying mutations in the Clock gene develop obesity and the
metabolic syndrome [82], whereas mice lacking nocturnin,
another component of the circadian pathway, are resistant to
diet-induced obesity [83]. These observations suggest a major
role of circadian modulation in energy balance. Testing the
independent role of sleep and circadian variations on
metabolism and cardiovascular function will require specific-
ally designed studies.

Peroxisome proliferator-activated receptors (PPAR) are
nuclear receptors involved in several metabolic and vascular
abnormalities found in obesity, type 2 diabetes and athero-
sclerosis [84–87]. Three PPAR types have been described (a, c
and b/d) with different expression and function in several
tissues [84–87], including the vascular compartment. In
general, PPAR activation results in anti-inflammatory, insulin-
sensitising and anti-dyslipidemic effects, and PPAR agonists
are currently used in prevention and treatment of type 2
diabetes and atherosclerosis.

The macrophage is a potential target of treatment with PPAR-a
and PPAR-c agonists. PPAR-a activation positively affects
cholesterol traffic in macrophages [88]. In mice fed on a high-
fat diet, macrophages in the adipose tissue were found to be
activated (M1 phenotype) compared to the predominant anti-
inflammatory M2 phenotype found in lean mice [89].
Conversely, monocytes treated with PPAR-c agonists were
primed to become anti-inflammatory M2 macrophages [90].
Therefore, pharmacological modulation by PPAR agonists may
positively affect several pathogenetic steps of obesity, type 2
diabetes and atherosclerosis. The role of sleep apnoea in such
context is still unexplored, and deserves further study.

In the final lecture, on the biological specificity of visceral
adipose tissue and therapeutic intervention, F. Giorgino (Bari,
Italy) described the specific role of visceral adipose tissue in the
metabolic abnormalities associated with obesity, and explained
the molecular basis of the different reactivity of various adipose
tissue depots. Furthermore, novel anti-obesity drugs that could
potentially target visceral obesity were discussed.

Subcutaneous fat represents about two-thirds of total body fat;
however, it is now evident that the distribution of body fat is
more important than its total amount [91]. Visceral adiposity is
strongly connected to IR and the MetS, and this has been
attributed to a distinct biological property of adipocytes in this
depot. Insulin signalling is more rapid in visceral fat, and
visceral adipose tissue in general is much more active
compared to subcutaneous fat [92]. Thus, visceral adipocytes
exhibit intrinsic properties that are more harmful for target
tissues compared to other fat depots.

In addition to diet and exercise, pharmacological agents may
be required to facilitate weight loss and maintain a reduced
body weight. CB1 receptor blockers, such as rimonabant, are
known to induce weight loss and improve a variety of cardio-
metabolic parameters [78]. Furthermore, CB1 receptors have
been found in peripheral organs including muscle and liver,
suggesting that the clinical use of CB1 receptor blockers may
improve the metabolic profile beyond the effects secondary to
reduction in food intake and decreased body weight [78].
Results of the Rimonabant in Obesity (RiO) studies strongly
suggested that CB1 receptor blockade may be a useful novel
treatment for multiple cardio-metabolic risk factors in over-
weight and obese patients with a great potential to target
visceral obesity [93–96]. Unfortunately, major side-effects of
rimonabant have recently been reported.

In summary, the second session of the Seminar provided an
overview on current basic and clinical research on adipose
tissue and obesity. The complex picture of obesity may show
peculiar aspects in patients with OSAS, due to occurrence of
intermittent nocturnal hypoxia and profound sleep disturb-
ances. More basic and clinical research is needed to understand
the potential synergy of obesity and OSAS in increasing
cardiovascular risk, and the pathways involved at different
steps of atherogenesis. Similarly, very few data are available on
the effects of new drugs for the treatment of obesity on the
amount and quality of sleep. These aspects are important if
these drugs are to be used in clinical practice.

SESSION 3. EXPERIMENTAL MODELS AND HUMAN
STUDIES
The purpose of this session, chaired by J. Hedner (Goteborg,
Sweden) and M. Simionescu (Bucharest, Romania), was to
discuss some relevant data obtained in human and animal
studies on the interactions between intermittent hypoxia,
inflammation, daytime somnolence and metabolic alterations
in OSAS.

W. McNicholas (Dublin, Ireland) discussed the role of
intermittent hypoxia in sleep apnoea as a major cause of
inflammatory activation. Inflammation is a critical step in the
pathogenesis of atherosclerosis, and contributes to different
stages of atheroma formation [97]. Increased levels of circulat-
ing inflammatory markers, such as TNF-a, IL-6, IL-8 and
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C-reactive protein could be useful biomarkers to predict
cardiovascular risk [98]. The same mediators [99–102] were
found to be increased in untreated OSAS patients and signifi-
cantly fell after effective CPAP therapy [102, 103], strongly
supporting a pivotal role of inflammation in the accelerated
progression of atherosclerosis seen in OSAS patients.

Cell culture and animal studies have improved our under-
standing of the underlying mechanisms of this association.
Intermittent hypoxia, the hallmark of OSAS, was found to
preferentially activate pro-inflammatory transcription factors,
such as NF-kB and activator protein-1 [100, 104]. These factors
activate various inflammatory cells, particularly lymphocytes
and monocytes [105, 106], with the downstream consequence
of expression of pro-inflammatory mediators that may lead to
endothelial dysfunction [107]. Conversely, exposure to con-
tinuous hypoxia preferentially activated the transcription of
genes dependent on the HIF-1 pathway, thus generating an
‘‘adaptive’’ response to hypoxia [100, 108]. HIF-1 dependent
gene products (VEGF and erythropoietin) are little or not
increased in OSAS patients, supporting a limited role of HIF-1
activation in the pathogenesis of OSAS-associated derange-
ments [100, 101]. However, as the complexity of the HIF
pathway is better understood, it is possible that HIF could play
a role in mediating some of the effects of intermittent hypoxia,
specifically acting at the level of the carotid body [109]. For
example, HIF-1a-deficient mice did not develop systemic
hypertension after chronic exposure to intermittent hypoxia
[110], and a feed forward mechanism involving reactive
oxygen species generation and HIF-1a during chronic inter-
mittent hypoxia has been postulated [109]. Recent experimen-
tal data indicate that HIF-1 activation can be stimulated by NF-
kB through reactive oxygen species production [111].

Besides the effects of OSAS on oxygenation, sleep deprivation
may also contribute to systemic inflammatory activation [112].
Finally, inflammatory activation is a major feature of obesity
[113], indicating that multiple causes are likely to be
responsible for inflammation in OSAS patients. Nevertheless,
the reported effects of CPAP treatment on inflammatory
mediators seem to support an independent role of OSAS in
causing systemic inflammation.

L. Lavie (Haifa, Israel) presented her recent studies on the
biology of inflammatory cells in peripheral blood in OSAS
patients. In particular, she discussed the response of circul-
ating monocytes and neutrophils to intermittent hypoxia in
OSAS patients, since both these cell types contribute to
atherogenesis [97]. Intermittent hypoxia affects the production
of radical oxygen species (ROS) and expression of adhesion
molecules by monocytes and neutrophils [114]. OSAS patients
showed increased ROS production and expression of selectins,
CD15 by both neutrophils and monocytes, whereas expression
of integrins CD11b and CD11c was only increased in
monocytes. Moreover, monocytes adhered more avidly to
endothelial cells in culture, while polymorphonuclear cells
(PMNs) did not.

Neutrophils and monocytes may participate in different stages
of atherogenesis by different mechanisms. In addition to
activation, increased formation of ROS [115] and selectin-
CD15 adhesion molecules, neutrophils obtained from OSAS

patients showed decreased programmed cell death (apoptosis)
[116], this in agreement with data indicating that hypoxia
selectively inhibits constitutive neutrophil apoptosis [117].
Decreased apoptosis results in functional longevity of PMNs,
therefore allowing for a higher potential for production of
ROS, proteolytic enzymes and cytokines which facilitate
endothelial cell damage. Monocytes also undergo activation,
with increased formation of ROS, selectin CD15, integrins
CD11b and CD11c, and adhesion molecules [114], but their
pattern of activation indicates a predominant effect of
increased adhesion to endothelial cells and transmigration
into the vessel wall. Activation of lymphocytes cd also occurs
in OSAS [118], suggesting their possible intervention in the late
stages of plaque formation [97]. Collectively, these data
indicate that intermittent hypoxia plays an important role in
OSAS-associated inflammatory cell activation.

A. Vgontzas (Hershey, PA, USA) challenged the belief that
sleep apnoea and sleep disruption per se are the primary
determinants of obesity-related daytime sleepiness and fati-
gue. Obesity is associated with objective and subjective EDS
regardless of sleep apnoea and sleep loss in humans [119–121]
and animals [122]. Indeed, within the morbidly obese, those
who have high sleep efficiency at night are sleepier than those
who have low sleep efficiency [123]. In addition, in large
random samples of the general population, the primary
determinants of subjective EDS were depression and metabolic
disturbances, i.e. obesity/diabetes, and not sleep apnoea or
objective sleep loss [54]. Sleepiness and fatigue are often found
in conditions associated with IR, for instance PCOS, indepen-
dently of sleep apnoea or obesity [124], or in conditions of
insufficient physical activity [125]. Therefore, objective sleepi-
ness may be primarily related to metabolic factors, whereas
fatigue appears to be related to psychological distress [125].

The level of sleep/arousal within the 24-h cycle might be
determined by the interaction of the hypothalamic-pituitary-
adrenal (HPA) axis and pro-inflammatory cytokines, i.e. ‘‘hyper-
cortisolaemia’’ plus hypercytokinaemia is often associated with
low-sleep efficiency and fatigue, for example in subjects with
insomnia [126], whereas ‘‘eucortisolaemia’’ or ‘‘hypocortisol-
aemia’’ plus hypercytokinaemia appears to be associated with
high-sleep efficiency and objective sleepiness [127].

C. O’Donnell (Pittsburgh, PA, USA) discussed the develop-
ment of IR after chronic exposure to intermittent hypoxia in a
murine model [32]. This animal model allows the study of the
effects of intermittent hypoxia on IR independent of any
confounding effect of obesity. Indeed, clinical data are often
equivocal, in part, because of the overwhelming confounding
effects of obesity in both sleep apnoea and IR [19].

IR occurred during periods of intermittent hypoxic exposure in
lean mice [32]. The increases in whole-body IR in the murine
model were accompanied by a specific impairment of glucose
uptake by oxidative muscle fibres. Periods of IR during
exposure to intermittent hypoxia were associated with large
increases in glucocorticoids. Furthermore, many of the
‘‘lipotoxic’’ mechanisms known to cause IR were also activated
by exposure to intermittent hypoxia [32]. These data from a
rodent model may provide insights to guide the focus of
future clinical studies. Clearly, more translational studies are
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necessary to reconcile the data between animal models of
exposure to intermittent hypoxia and the inconsistent ther-
apeutic benefits of CPAP on IR in patient populations [29, 30].

There are several ‘‘classic’’ modulators of IR, such as elevated
sympathetic nerve activity (SNA), the HPA and counter
regulatory hormones that are potentially activated in patients
with sleep apnoea. Although SNA is known to be elevated
during both the daytime and night-time in sleep apnoea
patients [128], the studies in mice indicated that an intact
autonomic nervous system was not required for the develop-
ment of IR. However, exposure to intermittent hypoxia caused
significant increases in corticosterone levels, the predominant
glucocorticoid in rodents. The role of cortisol in sleep apnoea
as a potential mediator of IR has not been comprehensively
examined.

More recently, the underlying mechanisms of obesity-related
IR have focused on a stress/pro-inflammatory state character-
ised by hyperlipidaemia [10, 129], excess fat deposition [130],
increased inflammatory cytokines [131], generation of reactive
oxygen species, and activation of IKK/IkB/NF-kB and other
pro-inflammatory pathways [113, 131]. There is also evidence
in rodent models that intermittent hypoxia can worsen IR in
obese mice [132], produce hyperlipidaemia, cause triglyceride
accumulation and lipid peroxidation in the liver [133, 134], and
activate the NF-kB pathway [105].

M. Dematteis (Grenoble, France) further discussed the role of
acute sleep fragmentation and intermittent hypoxia in mod-
ulating glucose homeostasis in mice. Despite the existence of
multiple plausible pathways for the hypoxic stress and sleep
disruption of sleep apnoea to induce IR, the human data
remains equivocal regarding the presence of causality. The
overwhelming impact of obesity on both IR and sleep apnoea

in the clinical setting have obscured clear insights in this
emerging area of research.

In summary, the last session of the Seminar provided an
insight into the molecular mechanisms involved in the
pathogenesis of metabolic and inflammatory changes after
exposure to intermittent hypoxia. The data are still limited, but
point to a physiologically important interaction between
hypoxia and metabolism, possibly involving the autonomic
nervous system, oxygen radical production, and multiple
pathways (NF-kB, HIF and apoptosis) and cell types (inflam-
matory cells, vascular endothelium and adipocytes).

CONCLUSIONS
Figure 1 schematically depicts the main theories on the
relationship between OSAS and metabolic derangements, as
discussed in the previous sections. Although it is premature to
draw conclusions, all three possibilities are supported by
clinical and experimental observations, and can be considered
as starting points for further research.

A number of questions were raised during the Seminar which
deserve to be addressed in future studies. The most important
one is the need to consider the frequent occurrence of OSAS
and its potential contribution to clinical disease in obese
subjects. While pulmonary physicians have been dealing for
years with the multidisciplinary problems associated with
SDB, the importance of OSAS is still relatively underestimated
by clinicians looking after obese patients. A change in such
attitudes would provide better studies on clinical series of
overweight/obese patients.

From the biological point of view, there is a need to further
characterise the adipocyte response to hypoxia, in particular
the dose–response relationship. We do not know whether a
critical level or duration of hypoxic stimulation is necessary to
evoke a response by the adipocyte, whether subcutaneous and
visceral adipocytes differ in their response to hypoxic
exposure, and the possible differences in response to intermittent
versus continuous hypoxia. The macrophage plays an important
role in atherosclerosis and in obesity, suggesting potential
benefits of pharmacological modulation of the M1 and M2
phenotypes in cardiovascular prevention in patients with either
condition. Again, the effects of intermittent hypoxia on these
functional features of the macrophage are largely unknown.

The available evidence suggests that CPAP quickly improves
OSAS-associated pro-inflammatory changes, while exerting a
slow or no effect on metabolic changes. The reasons for such
difference are not understood at present, but may be revealed
by future long-term studies exploring both metabolism and
inflammation in OSAS patients.

The data on the relationship between hypoxia and adipocyte
metabolism raise questions on the effects of hypoxia on
metabolism in respiratory failure in general. Nutritional
alterations in chronic obstructive pulmonary disease (COPD)
are a major research topic, but the contribution of hypoxia and
inflammation to adipose tissue dysfunction in COPD is
unknown. The effect of hypoxia on in vitro adipocytes opens
an entirely new field of investigation that extends well beyond
the boundaries of SDB.

OSAS may
favour development

of the MetS...

...or be a manifestation
of the MetS

...or hypoxia
might be the link
between OSAS 

and the MetS

OSA MetS

OSA MetS

OSA
MetS

FIGURE 1. Schematic diagram of the current theories linking obstructive sleep

apnoea syndrome (OSAS) and the metabolic syndrome (MetS). For more details

refer to the text. OSA: obstructive sleep apnoea.
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The possibility that poor-quality sleep affects IR opens the way
for studies on the role of the central nervous system and
hormonal changes in energy metabolism. The recent experi-
mental data suggesting profound interactions between circa-
dian regulation and energy homeostasis open a new point of
view in the already complex field of sleep and metabolism.
Many adipokines have central and peripheral effects, but the
role of sleep deprivation or poor sleep quality in their
modulation is still largely unknown.

The ultimate goal of the Seminar was the clinical translation of
basic research to improve care of OSAS patients, help them
lose weight and decrease their cardiovascular risk. This task
can now begin to be addressed, similar to the efforts of the
cardiologists who have been successful in identifying several
drugs for primary and secondary prevention of ischaemic
heart disease. Clinical research tailored to the specific issues
raised by OSAS and obesity is urgently needed, especially as
their prevalence in the population is constantly rising.

ACKNOWLEDGEMENTS
The faculty members of the Research Seminar were as follows.
M.R Bonsignore (Chair; Palermo, Italy), J. Eckel (Co-Chair and
Chair of COST Action BM0602; Düsseldorf, Germany), W.
Kiess (Leipzig, Germany), F. Giorgino (Bari, Italy), L. Lavie
(Haifa, Israel), W. McNicholas (Chair of COST Action B26;
Dublin, Ireland), C. O’Donnell (Pittsburg, PA, USA), B. Staels
(Lille, France), P. Trayhurn (Liverpool, UK), A. Vgontzas
(Hershey, PA, USA)

The participants of the Research Seminar were as follows.
Iceland: E. Arnardottir and T. Gislason. Finland: M. Atalay and
T. Saaresranta. Romania: R. Bercea, E. Ciomu, C. Guja, A.
Herescu, D. Muntean, M. Simionescu and D. Todea. India: B.
Bhushan. Spain: A. Campo Ezquibela, J. Duran, A. Martinez
Valverde, C. Monasterio, J. Montserrat, and N. Salord.
Switzerland: J-L. Carpentier and M. Niessen. Belgium: W. De
Backer, J. Verbraecken and S. Verhulst. France: M. Dematteis.
Poland: A. Dembinska-Kiec and J. Zielinski. Slovakia: V. Donic,
D. Gasperikova, I. Klimes, M. Pallayova and R. Tkacova.
Germany: J.K. Eckardt, S. Famulla, S. Grether-Beck, D. Lamers,
K. Nehrenheim, R. Schulz, H. Sell, J. Swifka, A. Taube and D.
Tews. Sweden: J. Hedner and M. Ryden. Norway: J. Jensen.
UK: A. Jones, R. Riha and J. Steier. Israel: N. Kaiser and S.
Sasson. Czech Republic: J. Kopecky and M. Pretl. Serbia: I.
Kopitovic. Greece: I. Koutsourelakis and P. Steiropoulos.
Slovenia: M. Kreftand and R. Zorec. Italy: C. Lombardi, O.
Marrone, G. Parati, O. Resta and A. Zito. Turkey: F. Ozcan. The
Netherlands: E. Rutten. Austria: A. Valipour. Lithuania: G.
Varoneckas. Latvia: A. Vitols.

The authors would like to thank N. Vogel (European
Respiratory Society), and K. Kostelidou and A. Van Der
Snickt (COST) for excellent and dedicated assistance in the
organisation of the Seminar. The authors also thank and A.
Zito and O. Marrone for help in writing and revising the
manuscript.

REFERENCES
1 COST. European Cooperation in Science and Technology

www.cost.esf.org

2 Young T, Peppard PE, Taheri S. Excess weight and sleep-
disordered breathing. J Appl Physiol 2005; 99: 1592–1599.

3 World Health Organization. Obesity: preventing and
managing the global epidemic. Report of a WHO
Consultation. WHO Technical Report Series 894.
Geneva, World Health Organization, 2000.

4 Kelly A, Marcus CL. Childhood obesity, inflammation,
and apnea. What is the future for our children? Am J
Respir Crit Care Med 2005; 171: 202–203.

5 Marin JM, Carrizo SJ, Vicente E, et al. Long-term
cardiovascular outcomes in men with obstructive sleep
apnoea-hypopnoea with or without treatment with
continuous positive airway pressure: an observational
study. Lancet 2005; 365: 1046–1053.

6 Buchner NJ, Sanner BM, Borgel J, et al. Continuous
positive airway pressure treatment of mild to moderate
obstructive sleep apnea reduces cardiovascular risk. Am J
Respir Crit Care Med 2007; 176: 1274–1280.

7 Drager LF, Bortolotto LA, Lorenzi MC, et al. Early signs of
atherosclerosis in obstructive sleep apnea. Am J Respir
Crit Care Med 2005; 172: 613–618.

8 Peker Y, Carlson J, Hedner J. Increased incidence of
coronary artery disease in sleep apnoea: a long-term
follow-up. Eur Respir J 2006; 28: 596–602.

9 McNicholas WT, Bonsignore MR, Management
Committee of the EU COST ACTION B26. Sleep apnoea
as an independent risk factor for cardiovascular disease:
current evidence, basic mechanisms and research prio-
rities. Eur Respir J 2007; 29: 156–178.

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

11 Spiegel K, Knutson K, Leproult K, et al. Sleep loss: a novel
risk factor for insulin resistance and type 2 diabetes. J
Appl Physiol 2005; 99: 2008–2019.

12 Ford ES. Risk for all-cause mortality, cardiovascular
disease, and diabetes associated with the metabolic
syndrome. Diab Care 2005; 28: 1769–1778.

13 Kahn R. Metabolic syndrome: is it a syndrome? Does it
matter? Circulation 2007; 115: 1806–1811.

14 Beaser RS, Levy P. A work in progress, but a useful
construct. Circulation 2007; 115: 1812–1818.

15 Després JP, Lemieux I. Abdominal obesity and metabolic
syndrome. Nature 2006; 444: 881–887.

16 World Health Organization. Definition, diagnosis, and
classification of diabetes mellitus and its complications.
Report of a WHO Consultation. Geneva, World Health
Organization, 1999.

17 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.

18 Alberti KG, Zimmer P, Shaw J, et al. The metabolic
syndrome: a new worldwide definition. Lancet 2005; 366:
1059–1062.

19 Punjabi NM, Ahmed MM, Polotsky VY, et al. Sleep-
disordered breathing, glucose intolerance, and insulin
resistance. Respir Physiol Neurobiol 2003; 136: 167–178.

20 Lam JCM, Lam B, Lam C-L, et al. Obstructive sleep apnea
and the metabolic syndrome in community-based

MEETING REPORT: OSAS AND METABOLISM M.R. BONSIGNORE AND J. ECKEL

120 VOLUME 18 NUMBER 112 EUROPEAN RESPIRATORY REVIEW



Chinese adults in Hong Kong. Respir Med 2006; 100: 980–
987.

21 Sasanabe R, Banno K, Otake K, et al. Metabolic syndrome
in Japanese patients with obstructive sleep apnea
syndrome. Hypertens Res 2006; 29: 315–322.

22 Kono M, Tatsumi K, Saibara T, et al. Obstructive sleep
apnea syndrome is associated with some component of
metabolic syndrome. Chest 2007; 131: 1387–1392.

23 Ip MS, Lam B, Ng MM, et al. Obstructive sleep apnea is
independently associated with insulin resistance. Am J
Respir Crit Care Med 2002; 165: 670–676.

24 Harsch IA, Schahin SP, Radespiel-Troger M, et al.
Continuous positive airway pressure treatment rapidly
improves insulin sensivity in patients with obstructive
sleep apnea syndrome. Am J Respir Crit Care Med 2004;
169: 156–162.

25 Davies RJ, Turner R, Crosby J, et al. Plasma insulin and
lipid levels in untreated obstructive sleep apnea and
snoring; their comparison with matched controls and
response to treatment. J Sleep Res 1994; 3: 180–185.
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75 Dietze D, Koenen M, Röhrig K, et al. Impairment of
insulin signaling in human skeletal muscle cells by co-
culture with human adipocytes. Diabetes 2002; 51:
2369–2376.

76 Sartipy P, Loskutoff DJ. Monocyte chemoattractant
protein 1 in obesity and insulin resistance. Proc Natl
Acad Sci USA 2003; 100: 7265–7270.

77 Shoelson SE, Lee J, Yuan M. Inflammation and the IKK
beta/IKB/NF-kB axis in obesity- and diet-induced
insulin resistance. Int J Obes Relat Metab Disord 2003; 27:
Suppl. 3, S49–S52.

78 Després JP. The endocannabinoid system: a new target
for the regulation of energy balance and metabolism. Crit
Pathw Cardiol 2007; 6: 46–50.

79 Muller JE, Tofler GH. Circadian variation and cardiovas-
cular disease. N Engl J Med 1991; 325: 1038–1039.

80 Reilly DF, Westgate EJ, FitzGerald GA. Peripheral
circadian clocks in the vasculature. Arterioscler Thromb
Vasc Biol 2007; 27: 1694–1705.

81 Hastings M, O’Neill JS, Maywood ES. Circadian clocks:
regulators of endocrine and metabolic rhythms. J
Endocrinol 2007; 195: 187–198.

82 Turek FW, Joshu C, Kohsaka A, et al. Obesity and the
metabolic syndrome in circadian Clock mutant mice.
Science 2005; 308: 1043–1045.

83 Green CB, Douris N, Kojima S, et al. Loss of nocturnin, a
circadian deadenylase, confers resistance to hepatic
steatosis and diet-induced obesity. Proc Natl Acad Sci
USA 2007; 104: 9888–9893.

84 Gilde AJ, Fruchart J-C, Staels B. Peroxisome proliferated-
activated receptors at the crossroads of obesity, diabetes
and cardiovascular disease. J Am Coll Cardiol 2006; 48:
A24–A32.

85 Sharma AM, Staels B. Peroxisome proliferator-activated
receptor-c and adipose tissue. Understanding obesity-
related changes in regulation of lipid and glucose
metabolism. J Clin Endocrinol Metab 2007; 92: 386–395.

86 Barbier O, Pineda Torra I, et al. Pleiotropic actions of
peroxisome proliferator-activated receptors in lipid
metabolism and atherosclerosis. Arterioscl Thromb Vasc
Biol 2002; 22: 717–726.

87 Marx N, Duez H, Fruchart J-C, et al. Peroxisome
proliferated-activated receptors and atherogenesis.
Regulators of gene expression in vascular cells. Circ Res
2004; 94: 1168–1178.

MEETING REPORT: OSAS AND METABOLISM M.R. BONSIGNORE AND J. ECKEL

122 VOLUME 18 NUMBER 112 EUROPEAN RESPIRATORY REVIEW



88 Chinetti G, Fruchart JC, Staels B. Transcriptional regula-
tion of macrophage cholesterol trafficking by PPARa and
LXR. Biochem Soc Trans 2006; 34: 1128–1131.

89 Lumeng CN, Bodzin JL, Saltiel AR. Obesity induces a
phenotypic switch in adipose tissue macrophage polar-
ization. J Clin Invest 2007; 117: 175–184.

90 Bouhlel MA, Derudas B, Rigamonti E, et al. PPAR-gamma
activation primes human monocytes into alternative M2
macrophages with anti-inflammatory properties. Cell
Metab 2007; 6: 137–143.

91 Cases JA, Barzilai N. The regulation of body fat
distribution and the modulation of insulin action. Int J
Obes Relat Metab Disord 2000; 24: Suppl. 4, S63–S66.

92 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.

93 Pi-Sunyer FX, Aronne LJ, Heshmati HM, et al. Effect of
rimonabant, a cannabinoid-1 receptor blocker, on weight
and cardiometabolic risk factors in overweight or obese
patients: RIO-North America: a randomized controlled
trial. JAMA 2006; 295: 761–775.

94 Van Gaal LF, Rissanen AM, Scheen AJ, et al. Effects of the
cannabinoid-1 receptor blocker rimonabant on weight
reduction and cardiovascular risk factors in overweight
patients: 1-year experience from the RIO-Europe study.
Lancet 2005; 365: 1389–1397.
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