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ABSTRACT Obstructive sleep apnoea (OSA) is increasingly associated with insulin resistance. The
underlying pathophysiology remains unclear but intermittent hypoxia (IH)-mediated inflammation and
subsequent dysfunction of the adipose tissue has been hypothesised to play a key role.

We tested this hypothesis employing a comprehensive translational approach using a murine IH model
of lean and diet-induced obese mice, an innovative IH system for cell cultures and a tightly controlled
patient cohort.

IH led to the development of insulin resistance in mice, corrected for the degree of obesity, and reduced
insulin-mediated glucose uptake in 3T3-L1 adipocytes, associated with inhibition of the insulin-signalling
pathway and downregulation of insulin-receptor substrate-1 mRNA. Providing mechanistic insight, IH
induced a pro-inflammatory phenotype of visceral adipose tissue in mice with pro-inflammatory M1
macrophage polarisation correlating with the severity of insulin resistance. Complimentary in vitro analysis
demonstrated that IH led to M1 polarisation of THP1-derived macrophages. In subjects without
comorbidities (n=186), OSA was independently associated with insulin resistance. Furthermore, we found
an independent correlation of OSA severity with the M1 macrophage inflammatory marker sCD163.

This study provides evidence that IH induces a pro-inflammatory phenotype of the adipose tissue,
which may be a crucial link between OSA and the development of insulin resistance.
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Introduction
Obstructive sleep apnoea (OSA) represents a major public health burden because of its high prevalence [1]
and substantial association with cardiovascular morbidity and mortality [2, 3]. Furthermore, there is
emerging evidence of a relationship between OSA and metabolic perturbations, and in particular with
alterations in glucose metabolism leading to insulin resistance (IR) and type 2 diabetes (T2D) [4–8].

Intermittent hypoxia (IH) is likely to play a key role in the pathophysiology of cardiometabolic processes in
OSA [9]. We have previously shown that IH preferentially activates pro-inflammatory, nuclear factor
(NF)-κB-mediated pathways leading to systemic inflammation in OSA patients [10, 11] and mice [12].
However, the tissues responsible for generating pro-inflammatory mediators in response to IH remain
unknown. White adipose tissue (WAT) has emerged as an attractive possibility, given the strong link
between OSA and obesity. A hallmark feature of metabolically dysfunctional obese WAT is the infiltration
of immune cells, particularly macrophages with polarisation towards a pro-inflammatory M1 phenotype
and formation of crown-like structures (CLS), which generate a constant low-grade secretion of
pro-inflammatory mediators, thereby driving cardiovascular and metabolic disease processes [13].
Emerging evidence suggests that local WAT hypoxia is a key factor in triggering inflammatory adipokine
expression in obesity [14, 15]; in OSA, IH may potentiate this action. In support of this hypothesis we have
demonstrated that primary human adipocytes develop a significantly greater inflammatory response to IH
exposure than primary non-adipocyte cells [16]. Furthermore, IH leads to increased secretion of
pro-inflammatory adipokines from adipose tissue in apolipoprotein E-deficient mice, associated with the
development of more severe atherosclerotic lesions than seen in control mice [17].

However, the detailed mechanisms of the interaction between OSA and obesity and the specific role of
WAT in the development of metabolic conditions such as IR in OSA remain poorly understood. Thus, we
hypothesised that IH contributes to the pathogenesis by inducing morphological and functional changes of
the adipose tissue promoting an inflammatory response. We tested the hypothesis using a comprehensive
translational approach employing a murine model of IH, a state-of-the-art IH system for cell cultures and
a large human study including well-phenotyped subjects free of comorbidities.

Methods
Detailed methods are described in the supplementary material.

Mice
Male C57Bl/6 mice (5 weeks old) were either fed a high-fat diet or matched low-fat diet for 14 weeks before
randomisation to IH (21–5% inspiratory oxygen fraction, 60-s cycle, 8 h per day) as previously described
[17] or control for 6 weeks. Upon completion of the protocol, the intraperitoneal insulin tolerance test
(ITT) was performed [17]. Epididymal adipose tissue (EAT) was harvested, processed immediately for
isolation of the stromal vascular fraction, culture or ex vivo insulin stimulation or stored for further analysis.
Flow cytometry of the stromal vascular fraction was performed to quantify the M1 and M2 fraction of the
adipose macrophage population, and F4/80 immunohistochemistry was performed to determine the CLS
density. The study was approved by the Institutional Animal Care and Use Committee (#02256.02) and
mice were maintained in accordance with the European Convention for the Protection of Vertebrate
Animals used for Experimental and other Scientific Purposes.

Human studies
A total of 186 male subjects without significant comorbidities were recruited from St Vincent’s University
Hospital, Dublin, Ireland, and University Hospital, Grenoble, France. The study was approved by the local
ethics committees and all participants gave written informed consent. Polysomnography (PSG) was performed
as previously described [10]. Fasting glucose, insulin and lipid profile were determined and circulating levels of
sCD163 were measured by ELISA (R&D, Abingdon, UK). The homeostasis model assessment resistance index
(HOMA-IR) was calculated by the equation: insulin (mU·L−1)×glucose (mmol·L−1)/22.5.

In vitro model of IH
Previous cell culture models of IH have been limited by requiring prolonged soak times, reduced cycle
numbers and inadequate control treatment. Here, we have developed a state-of the art model using a
custom-built system (Coy Laboratories, Grass Lake, MI, USA) overcoming these limitations. Cells were
grown on a semi-permeable membrane (Lumox®; Sarstedt, Nuermbrecht, Germany) to allow rapid gas
exchange. IH and control treatment were achieved in two separate closed cabinets with gas flow
simultaneously regulated by an automated external controller (Coy Laboratories). The IH protocol
consisted of alternating cycles of 40 s of 16% O2/5% CO2/balance N2 and 40 s of 3% O2/5% CO2/balance
N2. The protocol was applied for 8 h per day for 3 consecutive days. The actual partial pressure of oxygen
values in the cell monolayer were continuously monitored by fluorescence quenching oxymetry (Oxylite
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2000; Oxford Optronix, Abingdon, UK). The control chamber was simultaneously cyclically gassed with
16% O2/5% CO2/balance N2. Both chambers were kept in a closed glove box, maintaining the temperature
at 37°C with separate heat exchangers to ensure a constant temperature in the IH and control cabinets.

Cell culture
3T3-L1 cells were differentiated into mature adipocytes according to the manufacturer’s instructions. NIH-3T3
cells (Panomics, Cambridge, UK) stably transfected with a NF-κB-luciferase reporter construct were maintained
in complete DMEM supplemented with hygromycin (100 μg·mL−1) (Roche, Clare, Ireland). Human monocytic
THP1 cells (ATCC) were differentiated into macrophages using 5 ng·mL−1 phorbol 12-myristate 13-acetate
(PMA, Sigma) for 48 h before resting in medium for 72 h. Then, cells were either left unstimulated or incubated
with interferon (IFN)-γ (20 ng·mL−1, R&D) or lipopolysaccharide (LPS) (1 ng·mL−1, Sigma) for 24 h.

Statistical analysis
All data are expressed as mean±SD or mean±SEM as indicated. Group comparison was performed using
one-way ANOVA followed by Bonferroni post hoc comparison. To assess the possible confounding effect
of weight on IR in the mice experiment, a general linear model to assess for ANCOVA was employed.
To identify potential independent predictors of HOMA-IR or sCD163, we used a stepwise linear regression
model with HOMA-IR or sCD163 as the dependent variables and baseline demographic, anthropometric,
and PSG variables as covariates. A p-value of <0.05 was considered statistically significant. Statistical
analysis was performed using a commercial software package (SPSS Version 20, Chicago, IL, USA).

Results
IH induces insulin resistance in lean and obese mice and impedes insulin-mediated glucose
uptake in adipocytes
Previous studies have linked IH to IR in mice but limited data are available in the setting of obesity. Here,
using the murine diet-induced obesity model, we exposed lean and obese mice to IH or control conditions.
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FIGURE 1 Intermittent hypoxia (IH) leads to insulin resistance in lean and diet-obese mice and impedes
insulin-mediated glucose uptake in adipocytes. Lean (LF) and diet-induced obese (HF) mice were treated with
IH or control (N) for 6 weeks. Intraperitoneal insulin tolerance test (ITT) was performed following 6 h fasting.
a) ITT represented for the whole, un-matched cohort (n=10–13 per group). b) ITT represented for the cohort with
obese mice matched for body weight (WM) (n=7 per group). c) Area under the curves (AUC). Data are presented
as mean±SD. *: p<0.05; +: p<0.05 versus LF-N; ¶: p<0.05 versus LF-IH. Next, we investigated the impact of IH on
cultured adipocytes. 3T3-L1 adipocytes were exposed to alternating cycles of 40 s of 16% O2/5% CO2/balance N2
and 40 s of 3% O2/5% CO2/balance N2 for 8 h per day for 3 consecutive days (IH) or an identical regimen of 16%
O2/5%CO2/balanceN2 (control). Insulin-stimulated 3H-glucose transport was subsequently monitored. d) Fold
change relative to basal glucose uptake is presented. n=4; data are presented as mean±SD. *: p<0.05.

https://doi.org/10.1183/13993003.01731-2016 3

SLEEP | A.M. MURPHY ET AL.



IH had a clear adverse effect upon IR in lean and weight-matched obese mice as demonstrated by the ITT
(figure 1a–c). In obese mice, as expected, IH-treated animals lost significantly more weight than controls
(table 1). Therefore, all of the IR measures took account of this confounding effect and results are presented
for the whole cohort of obese mice (figure 1a) and separately for weight-matched animals (figure 1b).
Weight matching was performed by excluding mice with the highest and the lowest body weights; matching
was performed prior to statistical analysis by an investigator blinded to any obtained results
(M.M. Tambuwala). Furthermore, using ANCOVA with body weight as the covariate, IH treatment
remained a significant predictor of IR (p<0.001).

Obese mice displayed higher fasting insulin levels and HOMA index and demonstrated impaired glucose
tolerance than lean mice (p<0.05), but this was not further altered by IH treatment.

To gain mechanistic insight into IH-induced IR, we utilised a state-of-the-art in vitro model of IH. This
model results in rapid fluctuations of cellular partial pressure of oxygen closely mimicking the IH pattern
experienced by OSA patients (supplementary figure E1). In cultured 3T3-L1 adipocytes, IH treatment
significantly attenuated insulin-mediated glucose uptake compared with control treatment (figure 1d).

Taken together, these results indicate that IH leads to decreased insulin sensitivity in lean and obese mice
as well as cultured adipocytes.

IH inhibits the insulin signalling pathway and downregulates IRS-1 in mice and cultured
adipocytes
Having established the direct link between IH and IR, we next investigated potential upstream events. In
obesity, downregulation of insulin-receptor substrate (IRS)-1 mRNA with subsequent alteration in IRS-1
tyrosine phosphorylation and diminished phosphorylation of Akt have been recognised as important
components of IR [18], and, here, we examined the impact of IH on these events. In both, murine
epididymal visceral fat and 3T3-L1 adipocytes, IH reduced IRS-1 mRNA, although this did not reach
statistical significance in lean mice (p=0.06) (figure 2a,b). Murine IRS-1 mRNA correlated significantly
with insulin sensitivity as determined by ITT (r=0.436, p=0.021). Furthermore, IH led to decreased
insulin-induced tyrosine-phosphorylation of the insulin receptor (IRβ) and IRS and phosphorylation of
Akt (figure 2c) in adipocytes. In addition, in adipose explants of obese mice, ex vivo insulin stimulation
also resulted in attenuated Akt phosphorylation (figure 2d) (given the limited amount of adipose tissue
this experiment was not performed in lean mice).

Thus, IH leads to decreased functionality of the adipose tissue with inhibition of the insulin signalling
pathway and downregulation of IRS-1 mRNA.

IH induces a pro-inflammatory phenotype in visceral adipose tissue in vivo and polarises THP1
cells into M1 pro-inflammatory macrophages
To further understand the mechanisms responsible for the development of the adipose IR phenotype in
response to IH, we next examined the effect of IH on pro-inflammatory adipose tissue macrophage (ATM)
alteration. Notably, IH was associated with increased M1 (pro-inflammatory) ATM infiltration in lean
and obese mice, and M1 ATM numbers correlated significantly with the level of IR as assessed by ITT
(figure 3a,b). Percentages of M2 (anti-inflammatory) macrophages were significantly reduced with a high-fat
diet, but this was not further altered by IH treatment (figure 3c and supplementary figure E2). Overall, there
were no changes in total ATM infiltration between diets and treatments (lean control mice 141±61 versus lean
IH 102±56 versus diet-induced obese control mice 169±141 versus diet-induced obese IH mice 176±200 mm−2;
ANOVA: p=0.118) as determined by automated analysis of F4/80 immunohistochemistry. Another typical

TABLE 1 Baseline characteristics of lean (LF) and diet-induced obese (HF) mice (whole cohort and weight-matched) treated
with intermittent hypoxia (IH) or control

LF HF (whole cohort) HF (weight-matched)

Control IH Control IH Control IH

Mice n 10 10 13 13 7 7
Body weight g day 0 (non-fasting) 29.7±3.6 30.3±2.3 45.0±5.4¶ 44.5±3.3¶ 43.9±3.8¶ 44.6±2.0¶

Body weight g day 42 (fasting) 25.2±2.9 25.6±1.7 42.0±5.1¶ 35.1±3.3#,¶ 38.2±3.6¶ 37.6±1.8¶

Epididymal fat g 0.446±0.124 0.534±0.139 2.002±0.556¶ 1.689±0.532¶ 2.013±0.464¶ 1.903±0.548¶

#: p<0.05 versus HF control; ¶: p<0.05 versus LF control and LF-IH.
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characteristic feature of obese, metabolically dysfunctional adipose tissue is the formation of CLS, which consist
of macrophages surrounding necrotic adipocytes [13]. Visceral adipose tissue in lean animals treated with IH
demonstrated an increased amount of CLS compared with controls. Furthermore, there was a trend
towards increased CLS in weight-matched obese mice; however, this failed to reach statistical significance
(figure 3d and e). In terms of understanding the impact of IH on the adipose inflammatory phenotype, we
found that conditioned media from adipose tissue explants from obese mice treated with IH induced greater
activation of NF-κB than explants from control mice (figure 3f), and there was also a trend towards greater
NF-κB activation with IH in lean mice (p=0.097). To further understand whether macrophage polarisation is
directly caused by IH, we treated THP1-derived macrophages with IH or control in vitro. The classical protocol
for M1 polarisation involves macrophage incubation in the presence of IFN-γ or LPS and to measure the
expression of several classical M1 characterising genes such as tumour necrosis factor-α, interleukin (IL)-8 or
IL-6 [19, 20]. IH under basal conditions and in the presence of these stimuli increased mRNA expression of all
three of these genes (figure 3g). These data support the findings obtained from mice studies, indicating that the
adipose macrophage polarisation observed in vivo is directly caused by IH.

Thus, these in vivo and in vitro data demonstrate that IH induces a pro-inflammatory phenotype in
adipose tissue that in obesity is known to correlate with metabolic dysfunction.
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FIGURE 2 Intermittent hypoxia (IH) downregulates insulin-receptor substrate (IRS)-1 mRNA in mice and
cultured adipocytes and inhibits the insulin signalling pathway. mRNA of epididymal adipose tissue of lean
(LF; n=6 per group) and obese mice (HF; n=8 per group) (a) and cultured 3T3-L1 adipocytes (n=4) (b) following
treatment with IH or control (N) was harvested and IRS-1 expression was measured by real-time PCR. Data
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without insulin 100 nM for 30 min and whole-cell lysates were blotted for the indicated antibodies (c). n=3,
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mice treated with IH or control were stimulated with or without insulin (100 nM) for 15 min and lysates were
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OSA is independently associated with IR
As a next step, we investigated the potential role of the findings obtained from the murine and in vitro
models of IH for patients with OSA. Several studies have suggested an association of OSA and IR; however,
uncertainty remains if this relationship persists in obese subjects. To gain further insight into this subject,
we employed a cross-sectional cohort of carefully selected subjects with a specific focus on the interaction of
OSA with obesity. A total of 186 male subjects without pre-existing cardiovascular and metabolic disorders
were recruited from the Pulmonary Sleep Disorders Unit of St Vincent’s University Hospital, Dublin,
Ireland, (n=152) and from the Sleep Laboratory at the University of Grenoble, France (n=34). Subjects were
classified into three different weight groups (group 1, lean/overweight (body mass index (BMI)
<30 kg·m−2); group 2, obesity class 1 (BMI ⩾30 and <35); group 3, obesity class ⩾2 (BMI ⩾35)) and within
these groups into subjects without (A) and with (B) OSA (table 2). BMI and the waist/hip ratio were similar
in OSA and controls within all three weight categories, but HOMA-IR values were higher in OSA patients
than controls, although in group 3 this difference failed to reach statistical significance (p=0.07) (figure 4).
Pearson’s correlation analysis showed that HOMA-IR correlated most strongly with BMI (r=0.539,
p<0.001), oxygen desaturation index (ODI) (r=0.406, p<0.001) and apnoea/hypopnoea index (AHI)
(r=0.405, p<0.001). Stepwise multiple linear regression analysis identified BMI (β=0.421, p<0.001) and the
OSA severity markers AHI (β=0.228, p=0.004) and ODI (when this last value was entered instead of AHI,
β=0.239, p=0.004) as independent predictors of HOMA-IR.

Thus, OSA contributes to IR in men without cardiovascular and metabolic comorbidities independently of
the degree of obesity.

The circulating marker of macrophage activation and polarisation sCD163 correlates significantly
and independently with OSA severity
As outlined above, we demonstrated that IH induces ATM polarisation towards an M1 phenotype in lean
and obese mice and also in cultured THP-1-derived macrophages. To investigate the potential role of these
findings for subjects with OSA, we next measured serum levels of CD163, an established marker of
macrophage activation and M1 polarisation, in our patient cohort (n=149). We found a significant
correlation between sCD163 and OSA severity (figure 5), and in linear regression, adjusted for
anthropometric and demographic parameters, the AHI (or ODI when substituted for AHI) remained the
only significant predictor of this response (β=0.369, p<0.001).

Thus, OSA severity correlates significantly with sCD163, suggesting M1 macrophage polarisation in OSA patients.

TABLE 2 Baseline characteristics of human population

Group 1A Group 1B Group 2A Group 2B Group 3A Group 3B

BMI <30, control BMI <30, OSA BMI >30, <35, control BMI >30, <35, OSA BMI >35, control BMI >35, OSA

Subjects n 35 42 23 34 9 43
Age years 44±10 45±9 40±7 43±8 38±8 43±9
BMI kg·m−2 26.7±2.0 27.0±2.3 32.1±1.4* 32.2±1.3* 38.6±3.9*,¶ 40.8±4.6*,¶

WHR 0.94±0.06 0.94±0.06 1.01±0.05* 1.01±0.05* 1.03±0.05* 1.04±0.05*,¶

Smoking
Current 6 (18%) 5 (12%) 4 (17%) 5 (17%) 0 (0%) 6 (14%)
Ex-smoker 5 (15%) 18 (44%) 9 (39%) 10 (34%) 5 (56%) 12 (28%)
Pack-years 4±8 6±10 8±11 8±12 9±9 8±12

ESS 8±6 10±6 10±6 12±5 9±7 12±5#

AHI 4.0±2.8 28.5±17.7+ 4.0±2.8 37.7±21.9+ 3.1±1.3 48.0±25.5+,§

ODI 2.3±2.1 22.3±14.5+ 3.4±2.3 33.0±20.4+ 2.8±1.1 44.9±26.1+,§

Basal SaO2 95±1 94±4 94±2 94±1+ 94±2 93±2
Min SaO2 90±3 83±6+ 88±2 79±8+ 88±4 75±11+,§

TST <90% 0±1 5±10 0±1 8±15 1±2 21±23##

Fasting glucose mmol·L−1 5.0±0.4 5.0±0.5 5.2±0.7 5.8±2.1* 5.3±0.7 5.5±0.9
Fasting insulin mU·L−1 6.8±4.3 10.2±9.2+ 13.1±4.9# 17.3±11.7* 20.2±8.4*,ƒ 24.4±11.8*,¶

Total cholesterol mmol·L−1 4.1±1.6 3.5±1.7 4.9±0.6§ 4.9±0.8§ 5.3±1.0§ 4.8±0.8§

HDL-cholesterol mmol·L−1 1.24±0.31 1.32±0.36 1.03±0.18§ 1.09±0.27§ 1.11±0.13 1.02±0.27*
LDL-cholesterol mmol·L−1 2.44±1.37 1.73±1.51 3.12±0.58§ 3.03±0.71§ 3.41±0.91§ 2.82±0.79§

Triglyceride mmol·L−1 1.63±1.82 1.30±0.64 1.67±0.74 1.79±1.02 1.67±0.45 1.95±1.33

Data are presented as mean±SD, unless otherwise stated. Bold represents significantly different parameters. BMI: body mass index; WHR: waist/
hip ratio; ESS: Epworth Sleepiness Scale; AHI: apnoea/hypopnoea index; ODI: oxygen desaturation index; SaO2: mean nocturnal oxygen saturation;
TST <90%: per cent of total sleep time with oxygen saturation <90%; HDL: high-density lipoprotein; LDL: low-density lipoprotein. *: p<0.05 versus
group 1A+B; ¶: p<0.05 versus group 2A+B; #: p<0.05 versus group 1A; +: p<0.05 versus control; §: p<0.05 versus group 1B; ƒ: p<0.05 versus group
2A; ##: p<0.05 versus all other groups.
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Discussion
In this report we provide evidence from cell culture, murine and human studies that IH in OSA
contributes independently to the development of IR. We also demonstrate for the first time that IH
induces obesity-like morphological pro-inflammatory changes in adipose tissue, which correlate with IR in
lean and obese mice and may contribute to the pathogenesis of IR in patients with OSA.

The results of our study are in keeping with previous reports [4–6, 8, 21] supporting an independent
association of OSA with IR. These findings are strengthened by the exclusion of subjects with significant
confounding comorbidities, and the recruitment of participants across the spectrum of weight categories.
We believe that the lack of statistical significance in HOMA-IR between OSA and controls in group 3 is
due to the low number of controls, subjects which are especially difficult to recruit; overall, our data
indicate that OSA impacts on IR independently of the degree of obesity.

The pivotal role of IH in the underlying pathogenesis is supported by the mouse experiments
demonstrating diminished insulin sensitivity with IH. Previous studies have mainly been performed in lean
mice [17, 22–25]. DRAGER et al. [23] also reported impaired insulin sensitivity in diet-induced obese mice
using the HOMA-IR index as a surrogate marker that remained unaffected by IH in our experiments. This
parameter reflects the balance between hepatic glucose output and insulin secretion, which is maintained by
a feedback loop between the liver and β-cells, unlike the ITT, which also assesses the peripheral insulin
sensitivity of the target tissues, i.e. adipose tissue and skeletal muscle [26]. In rodents, the HOMA-IR index
is less sensitive to changes in insulin sensitivity [27] and whereas DRAGER et al. [23] measured fasting
glucose and insulin directly after cessation of IH, we performed these measurements after overnight
cessation of the stimulus, which may explain the discrepancy between the two studies.

Although the detailed pathophysiological sequences underlying IH-mediated metabolic dysfunction still
need to be defined, our study provides novel insight into the mechanisms by which IH contributes to IR.
We reported previously that IH induces morphological and inflammatory remodelling of visceral adipose
tissue in lean mice [17] and a profound pro-inflammatory response in cultured adipocytes [16], and we
demonstrate here that these events lead to IR associated with downregulation of the insulin signalling
pathway. In obesity, changes in the cellular composition of the stromal–vascular fraction towards a
pro-inflammatory phenotype are a key component of metabolically dysfunctional adipose tissue. The
polarisation of macrophages towards an M1, pro-inflammatory subtype leading to the generation of
multiple pro-inflammatory factors plays a pivotal role in this setting [13]. We demonstrate that even in
lean mice, IH induces typical obesity-like morphological changes of the adipose tissue, with significant
increases in M1 macrophages, confirming data by CARRERAS et al. [22] using a similar protocol. In obese
mice, IH potentiates these pro-inflammatory changes, despite IH leading to significant weight loss in these
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FIGURE 4 Obstructive sleep apnoea (OSA) is independently associated with insulin resistance (IR). HOMA-IR
index in subjects of three different weight categories without (groups 1A, 2A and 3A) and with OSA (groups
1B, 2B and 3B) free of any cardiovascular or metabolic comorbidities were calculated. Data are presented as
mean±SEM. #: p<0.05 versus control; ¶: p<0.05 versus group 1A; *: p<0.05 versus group 1A+B; +: p<0.05 versus
group 2A; ƒ: p<0.05 versus group 2A+B. BMI: body mass index.
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animals. Differences in insulin sensitivity only became significant after adjustment for IH-related weight
loss, perhaps reflecting the effect of obesity on IR in other target organs, such as skeletal muscle. Weight
loss in response to IH is a well-described confounding finding [23, 28] and is due to a combination of
decreased food intake and altered energy expenditure. Pair-feeding would only partly resolve this issue
and, hence, provides limited benefit. Supporting the conclusion that the adipose tissue changes were due
to the direct effects of IH treatment are the changes seen in lean mice, where no difference in body and
adipose tissue weight was observed between mice exposed to IH and controls, and from the cell culture
studies demonstrating M1 macrophage polarisations of THP1 cells in response to IH.

As a novel finding of our study, we established a significant correlation of OSA severity with sCD163 as an
emerging marker of M1 macrophage polarisation in humans. Although a definitive direct connection
between the increased sCD163 levels observed in OSA patients and the adipose tissue as a source cannot
be drawn at this stage, the results from the animal model nonetheless suggest that this may be the case. In
support of this hypothesis, a recent study demonstrated a significant correlation of sCD163 with CD163
expression in adipose tissue [29]. CD163 is expressed on M2 macrophages but to become soluble requires
cleavage by ADAM-17, which is dependent on M1 macrophages [30]. Hence, sCD163 has increasingly
been linked to adipose tissue inflammation in insulin resistance and T2D, and is an emerging
pro-inflammatory biomarker of various cardiovascular diseases [31–34]. This is the first study investigating
sCD163 in OSA and strongly supports evidence of macrophage polarisation in this condition. Its detailed
role in OSA and the link directly to metabolic and cardiovascular disease processes will, however, require
further targeted evaluation including large prospective studies.

Our study has significant strengths including the comprehensive translational nature of the study, which
includes a carefully selected patient cohort, an animal model that includes the evaluation of lean and obese
mice, and a state-of-the art in vitro model of IH. Previous cell culture models of IH have been limited by
requiring prolonged soak times, reduced cycle numbers and inadequate control treatment. Here, the
oxygen desaturation patterns closely resemble those observed in OSA and, thus, this model is far superior
to previous reported models. CAMPILLO et al. [35] have recently described a similar model . However, we
acknowledge that the IH pattern may differ substantially in various tissues. One study using a murine
model suggested that the oxygen fluctuations of IH are attenuated in adipose tissue [36]. However, how
this relates to human adipose tissue is unknown and it is likely that there will be significant local
differences within the tissue depending on the relative distance to the circulatory system. Notably, our
findings obtained in vitro closely resembled the animal data supporting the suitability of this model for
adipocytes; however, further targeted studies are required.

One potential limitation of our study is the sole focus on the adipose tissue, but we acknowledge that other
organs are likely to be involved in the pathogenesis of IR. IH also contributes to steatohepatitis [37, 38] and
may also have a detrimental effect on β-cell function [25]. Further studies will need to define the detailed
contribution of these adverse actions in glucose metabolic dysfunction. Moreover, we did not investigate the
potential contribution of other WAT compartments in mice other than EAT, such as the subcutaneous and
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FIGURE 5 Obstructive sleep apnoea (OSA) severity as determined by the apnoea/hypopnoea index (AHI)
correlates significantly and independently with serum levels of sCD163. To determine the potential role of
adipose tissue macrophages polarisation towards an M1 pro-inflammatory phenotype in patients with OSA, we
measured circulating serum levels of CD163, an established marker of macrophage activation and M1
polarisation, in OSA patients and controls via ELISA (n=149). Correlation of sCD163 with OSA severity as
determined by apnoea/hypopnoea index (AHI) is demonstrated.

https://doi.org/10.1183/13993003.01731-2016 9

SLEEP | A.M. MURPHY ET AL.



mesenteric fraction. In cell culture, human primary subcutaneous and visceral adipocytes have similar
pro-inflammatory potential in response to IH [16], but it remains unknown if other parts of WAT behave
similarly to EAT in vivo. A further potential limitation is the exclusion of female OSA patients. We
designed the study specifically in this way to avoid gender differences that could influence the analysis.
However, as a consequence, our data cannot be extrapolated to women.

In conclusion, this study provides evidence of pro-inflammatory changes of the adipose tissue in response
to IH that may be a crucial link between OSA and the development of IR.
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