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1. General introduction

GenerAl intrODUCtiOn

Asthma and COPD are chronic respiratory diseases, which are a major public health problem 
in many countries. The global prevalence of asthma ranges from 1 to 18% of the population 
in different countries 1 and in a worldwide study the prevalence of COPD stage II or higher 
was 10% 2. 

Asthma is a heterogeneous disease, usually characterized by chronic airway inflammation. 
It is defined by a history of respiratory symptoms such as wheeze, shortness of breath, chest 
tightness and cough that vary over time and in intensity, together with variable expiratory 
airflow limitation 3. In 2013, the World Health Organization (WHO) estimated that every 
year 25 billion disability-adjusted life years are lost because of asthma 4. Asthma is often 
accompanied with allergic airways disease and this increases susceptibility for infections5;6 .
The main risk factors associated with childhood-onset asthma are genetic predisposition,
a family history of allergy and asthma, infections, allergic sensitization, and tobacco exposure 
7. Risk factors for adult onset asthma are irritant exposure in the work place, environmental 
pollutants, upper airway disease, infections, obesity 8 and the metabolic syndrome 9. 

Chronic obstructive pulmonary disease (COPD) is another chronic respiratory disease and 
it is typically associated with tobacco smoking, is usually present in persons older than forty 
years of age, and is characterized by progressive and irreversible airway obstruction 10.
COPD is the sixth leading cause of death since 2000 11.  Although COPD is mainly a smoking-
related disorder there are other risk factors for this disease. External risk factors are second 
hand smoking, occupational exposure, indoor air pollution from the burning of biomass 
fuels and outdoor air pollution; intrinsic risk factors are genetic predisposition, damaged 
airways due to prenatal maternal smoke exposure or childhood infection 12.  In addition, the 
metabolic syndrome and type 2 diabetes have been associated with COPD 13. 

Obesity contributes to the overall burden of disease worldwide 14;15, and its prevalence remains 
increasing due to the abundant availability of energy-dense (fast) food and a sedentary life-
style. Body mass index (BMI) is widely used to classify obesity and is expressed as body weight 
in kilograms divided by height in meters squared. According to the WHO classification over-
weight is defined as a BMI of 25 kg/m2 or higher, obesity as a BMI of 30 kg/m2 or higher and 
a BMI of 40 kg/m2 or higher is considered morbid obesity 16. In the Netherlands, 60 percent 
of adult men and 44 percent of adult women have a BMI ≥ 25 kg/m2 and 13 percent of the 
men and 14 percent of the women have a BMI ≥ 30 kg/m2  17.

It is increasingly recognized that there is a relationship between obesity and asthma, although 
the cause of this association remains largely unknown 9;18;19. In a meta-analysis of prospective
epidemiological studies the risk of incident asthma in obese persons was 2-fold increased, 
compared with persons with a normal weight19. Obesity also appeared to worsen asthma 
control 20;21 and in several studies obesity was associated with the severity of asthma 22, 
whereas weight loss after bariatric surgery in obese asthmatic patients decreased the 
severity of asthma 23;24. Although severe COPD is often accompanied by weight loss, in mild 
to moderate COPD patients obesity is more prevalent than in the normal population 25;26. 
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Historically, the loss of lung function associated with obesity is ascribed to altered mechanics 27, 
however more recently it is recognised that systemic effects of obesity and the metabolic 
syndrome may play a role. It is established that obesity is associated with a modest reduction 
in total lung capacity and a larger reduction in functional residual capacity 28 and that it 
increases the work of breathing 29. Several studies have directly measured the impact of BMI 
on respiratory mechanics and demonstrated a reduced respiratory system compliance 30;31.
This reduction in respiratory compliance may be due to a reduction in chest wall compliance,
a reduction in lung compliance or a combination of both and might vary depending on body 
fat distribution 30;31.

Although most studies use BMI to define obesity, it is not an ideal measure to define obesity,
because it does not distinguish body fat from fat free mass. Moreover, BMI provides no in-
formation on the distribution of body fat, which is an important contributing factor to mor-
bidity and mortality 32;33. Abdominal obesity appeared even more important than overall 
obesity in relation to diabetes and cardiovascular disease 34;35 and is an important component 
of the metabolic syndrome.   

the metabolic syndrome and lung function
The metabolic syndrome is defined as a cluster of symptoms that occur together and increase 
the risk of obesity-related diseases. Several definitions exist, and according to the Interna-
tional Diabetes Federation the metabolic syndrome is defined by abdominal obesity based 
on a high waist circumference plus any two of the following four parameters: hyperglycemia, 
hypertriglyceridemia, low high-density lipoprotein cholesterol concentrations, and hyper-
tension 36. More than one-fifth of the adult population and roughly 60% of obese individuals 
in the United States is affected by the metabolic syndrome 37. 

In a prospective cohort study, the metabolic syndrome and in particular high waist circum-
ference and hyperglycemia or diabetes were associated with an increased risk of asthma 38. 
All features of the metabolic syndrome may influence lung function. In various studies type 
2 diabetes mellitus was related to impaired lung function39-43. In patients with diabetes, 
glycosylation of extracellular matrix proteins in the chest wall and bronchial tree by high 
circulating glucose might explain in part this association. Glycosylation leads to irreversible 
collagen cross-linking, which causes collagen to be stiffer and less susceptible to proteolysis, 
resulting in accumulation of collagen in lung connective tissue 44-46. 
Before patients develop overt diabetes, insulin resistance may already be present. Insulin 
plays a central role in glucose uptake and intracellular glucose metabolism 47, and high insulin 
concentrations - as observed in patients with insulin resistance - may also impair lung 
function. 

Elevations in insulin promote net muscle protein accumulation primarily by inhibiting 
protein breakdown, rather than by stimulating protein synthesis 48 and insulin resistance 
is associated with poor muscle strength 49. This may link insulin resistance to lung function 
impairment, because a decrease in skeletal muscle strength is associated with decreases 
in spirometric pulmonary function 50. Furthermore patients who inhale insulin have more 
dyspnea, cough and a reduced lung function 51. This could be explained by an increased 
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calcium response to insulin by airway smooth muscle cells, and increased insulin-induced 
collagen release in these cells. These mechanisms could explain the increased contractility 
and remodeling of airway smooth muscle cells that was observed in an in vitro study 52. 
Hyperlipidemia is also associated with lung function impairment 53. In patients with the 
metabolic syndrome, often an excess of triglycerides and free fatty acids is observed in the 
circulation. Plasma saturated fatty acids are positively associated with sputum neutrophil 
percentage 54. In addition, sputum neutrophil percentage increased after a high fat meal in 
asthmatics 55. This could be due to the activation of innate immune responses via several 
inflammatory mechanisms by free fatty acids 56. 

Adipose tissue stores energy in the form of lipids, acts as an insulating layer, and it provides 
mechanical protection and support for some major organs. Nowadays it is recognized that 
adipose tissue is also an endocrine organ. It secretes several pro-inflammatory cytokines 
and hormones that may result in a low grade systemic inflammatory state that could con-
tribute to several obesity-related diseases 57;58. Visceral adipose tissue has a high secretion 
rate of pro-inflammatory cytokines 59 and other markers of inflammation 60, and it is hy-
pothesized that the excess cardiometabolic risk associated with abdominal obesity is due 
to increased amounts of visceral adipose tissue 61-63. In large population-based studies the 
positive relationships between features of the metabolic syndrome and lung function were 
predominantly attributed to abdominal obesity as measured by waist circumference 53;64;65. 
Leptin and adiponectin are two of the multiple hormones produced by adipose tissue that 
may exert metabolic effects on the lung. Leptin is not only secreted by adipocytes but also 
by bronchial epithelial cells 66;67. A study in patients with heart failure showed that circulat-
ing leptin was associated with lung function impairment also after adjusting for percentage 
of body fat 68.  This may be due to a leptin-induced pro-inflammatory response 69. In contrast to 
leptin, adiponectin concentrations decrease with increasing BMI and adiponectin has pre-
dominantly anti-inflammatory effects. A lower leptin/adiponectin ratio was associated with 
lung function decline in patients with COPD 70. Furthermore, low adiponectin is associated 
with a future risk of asthma 71. In a study in which obese patients with asthma were com-
pared with an obese control group without asthma, assessment of several inflammation 
parameters in bronchial biopsies revealed no difference between these groups, but a sub-
group analysis showed lower adiponectin concentrations in uncontrolled asthmatics 72. 
After bariatric surgery in this study group, systemic inflammation decreased in all patients 
(asthmatic and non-asthmatics) and mast cells decreased in bronchial biopsies of the 
patients with asthma 23. In the same study group morbidly obese patients with the metabolic 
syndrome had a higher proportion of blood monocytes and eosinophils, and their lung 
function was slightly more obstructed than that of obese patients without the metabolic 
syndrome 73. Therefore, these components of systemic inflammation might contribute to 
the lung function impairment in obese asthmatics. 

Vitamin D, lung function and infections
Several studies have suggested that vitamin D, lung function and (respiratory) infections 
are interconnected. First, obesity is associated with lower vitamin D concentrations 74;75;76. 
The mechanism underlying this inverse association has not yet been fully elucidated. One 
possible explanation for the observed relation is that plasma vitamin D is reduced in obesity 
due to an increased uptake in subcutaneous adipose tissue 77;78 Precursors of vitamin D 
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synthesized in the skin under the influence of sunlight, might not easily reach the circulation 
because of subcutaneous fat 79. Furthermore, there is a positive association between vitamin 
D status and lung function in the general population 80-84. This association may be explained 
in part by the impact of (respiratory) infections or airway inflammation on lung function, 
because of the regulatory role of vitamin D in immunity and infection 85;86. 

Several observational studies showed that serum vitamin D status is inversely associated 
with the number of respiratory tract infections 87-90. Especially in asthmatics and COPD 
patients, respiratory tract infections play an important role as they are associated with 
exacerbations 91-93, which are the main cause of disease progression, decreased lung function 
and mortality in these patients 94-96. Vitamin D treatment in patients with vitamin D deficiency 
reduced exacerbations in those COPD patients with severe vitamin D deficiency 97;98. 
A recent meta-analyses of placebo controlled trials in asthmatic patients showed that vitamin D 
treatment reduces the number of exacerbations 99. If high vitamin D concentrations prevent 
respiratory infections one of the explanations could be that vitamin D increases production 
of antimicrobial peptides in lung tissue 100, and thereby decreasing the number of exacerba-
tions in asthma and COPD patients. In that case vitamin D suppletion may be an attractive 
preventive strategy for progressive lung function impairment in these patient groups. 

Asthma is often characterized by allergic airways disease and this is accompanied by increased 
susceptibility to infections 5;6. Allergic inflammation and especially the T helper 2 (Th2) 
cytokines produced during allergic inflammation could decrease local host defense against 
infections by reducing the expression of antimicrobial peptides and proteins 101;102. 
Furthermore, this Th2 cytokine-mediated inflammation has also been shown to impair 
epithelial anti-viral defenses 103 and epithelial cells from asthmatics have decreased anti-
rhinovirus activity 104. Antimicrobial peptides and proteins form an essential element of 
innate immunity and eliminate a wide range of bacteria, fungi, and viruses 105. Various studies 
revealed deficiencies of selected antimicrobial peptides and proteins in airway 
secretions of patients with allergic rhinitis, sinusitis and asthma 101;106;107. Vitamin D is an 
important regulator of the production of antimicrobial peptides and proteins 108-110, and 
vitamin D administration has been shown to increase antimicrobial peptide expression in 
neonates and patients with atopic dermatitis 111;112. These data suggest that allergic inflam-
mation contributes to impaired host defense against infections, and that vitamin D could 
improve this by stimulating antimicrobial peptide production. Therefore, it is important 
to establish the effect of vitamin D on antimicrobial peptides in allergic asthma patients by 
appropriately designed studies. 

Outline and aims of the thesis
The aim of the research presented in this thesis was to unravel effects of obesity-related risk 
factors on lung function. Historically it is thought that lung function impairment is a conse-
quence of abdominal obesity on lung mechanics. As described above metabolic effects of 
visceral fat on systemic inflammation and insulin resistance could cause airway inflammation 
and therefore also influence lung function. Furthermore obesity and especially subcutaneous 
fat is associated with low serum vitamin D concentration. Low vitamin D may influence lung
function and the susceptibility to airway infections. A possible mechanism explaining a pro-
tective effect of vitamin D against respiratory tract infections is not yet elucidated. 
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If vitamin D increases the production and expression of antimicrobial peptides this could 
influence airway inflammation and protect against respiratory infections. This thesis consists 
of two parts. First, we investigated to what extent components of the metabolic syndrome 
are associated with lung function. This is described in the first part of the thesis. 
In chapter 2 we explored the association of components of the metabolic syndrome and 
measurement of visceral fat with lung function as assessed with forced expiratory volume in 
1 second (FEV1), forced vital capacity (FVC) and exhaled nitric oxide in men with the meta-
bolic syndrome. In chapter 3 we investigated the association between insulin resistance and 
lung function (FEV1, FVC) in a population-based cohort. In chapter 4 the reproducibility of 
exhaled nitric oxide measurements in overweight and obese participants was established, 
and based on these findings we used a single exhaled nitric oxide measurement for the studies 
described in chapter 5 and 6. To examine whether exhaled nitric oxide could be used as a 
marker of adipose tissue-associated pulmonary inflammation, we investigated the association 
between visceral fat and exhaled nitric oxide in a population-based cohort study in chapter 5.  
In the second part of this thesis we aimed to investigate associations between vitamin D, lung 
function, exhaled nitric oxide and symptoms of the common cold. Therefore in chapter 6 we 
examined
the associations of vitamin D status with lung function (FEV1, FVC), exhaled nitric oxide, and 
symptoms of the common cold in a population-based cohort. Furthermore, we hypothesized 
that antimicrobial peptide levels in nasal secretions are lower in allergic asthmatic patients 
and that vitamin D could increase these levels. Therefore, in chapter 7 we first examined the 
expression of antimicrobial peptide levels in nasal secretions from patients with allergic asthma 
and in healthy controls in a case-control design. Secondly, we assessed if vitamin D admini-
stration increased antimicrobial levels in both asthma patients and healthy controls in a 
placebo-controlled cross-over study. And finally, in chapter 8 we summarize the results of this 
thesis and discuss its strengths, limitations and implications.

study designs and data used in this thesis
The Rubens study
For the research question in chapter 2 we used the data from the “Rosiglitazone versUs 
placeBo on the prevENtion of progression of atherosclerosis” (RUBENS) trial 113. This is a 
double-blind placebo controlled randomized trial, testing the hypothesis that Rosiglitazone 
prevents progression of atherosclerosis in 110 participants aged between 50–70 years with 
the metabolic syndrome. All participants had a waist circumference > 94 cm and at least two
other metabolic syndrome criteria: high triglycerides (TG) ≥ 1.7 mmol/L, high density lipo-
protein (HDL) <1.03 mmol/l, blood pressure ≥ 130 / ≥ 85mm Hg. Exclusion criteria were 
presence of type 2 diabetes, overt cardiovascular disease, use of statins or fibrates, and 
BMI>40 kg/m2. In chapter 2 we used the data from the 98 participants who underwent lung 
function testing after the conclusion of this trial.  

The NEO study
To answer the research questions in chapters 3 to 6, we used the baseline measurements of 
the “Netherlands Epidemiology of Obesity” (NEO) study. The NEO study is a population-based 
prospective cohort study in 6,671 individuals aged between 45 and 65 years, with an over-
sampling of persons with a BMI of 27 kg/m2 or higher, who were recruited in the greater 
area of Leiden between September 2008 and October 2012. All participants underwent an 
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extensive physical examination including anthropometric measurements, blood sampling 
and lung function tests. In a random subset of 2,580 participants without contraindications 
for undergoing Magnetic Resonance Imaging (MRI), abdominal subcutaneous and visceral 
adipose tissue was assessed by MRI. Detailed information about the study design and data 
collection has been described previously 114.

The AVID study
To answer the research question in chapter 7 we performed the “Asthma and vitamin D” 
(AVID) study. We designed this study to measure levels of antimicrobial peptides in nasal 
secretions in asthmatics and healthy controls and to establish the effect of vitamin D treat-
ment on these levels. In this trial, all participants were treated with active vitamin D (2 micro-
gram 1,25(OH)2D3 or placebo once daily during seven days115;116) in a double-blind, placebo-
controlled cross-over design that was identical in asthmatics and healthy controls. This study 
included 19 patients with mild-to-moderate asthma and 23 healthy controls aged between 
18 and 45 years recruited by advertisement in the Leiden area of the Netherlands. 
All participants underwent vacuum aided suction for collection of nasal secretions and 
blood sampling at several visits. 
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ABstrACt

Background
Several studies have reported a positive relationship between lung function impairment and 
the metabolic syndrome. This is most usually explained by abdominal adiposity.
We hypothesized that the main determinant of the association between lung function 
impairment and abdominal obesity is the presence of visceral fat. 

methods
The present study is a cross-sectional analysis of 98 non-diabetic men aged between 50–70 
years with the metabolic syndrome. The amount of visceral and subcutaneous adipose tissue 
was determined by an MRI scan. The association between visceral fat and measures of lung 
function (FEV1, FVC, exhaled and NO) was assessed using linear regression.

results
98 participants were included in this analysis. There was a linear inverse association between 
visceral fat and both FEV1 and FVC. None of the other different fat-related measurements 
(subcutaneous fat, waist circumference and BMI) or features of the metabolic syndrome were 
found to be associated with these lung function measurements

Conclusion
In non diabetic subjects with the metabolic syndrome and a lung function that is within the 
normal range, visceral fat is negatively correlated with FEV1 and FVC. 



21     

2. Association of lung function measurements and visceral fat in men with the metabolic syndrome.

intrODUCtiOn
Obesity is increasing and contributes to the overall burden of disease worldwide1. 
The prevention of this chronic disease is one of the priorities of the World Health Organiza-
tion 2

. . In population studies there is an association between reduced FEV1 and cardiovascular 
events 3;4.  In addition, it is established that obesity is associated with reduced lung volumes 5.  

In obese patients the distribution of fat appears to be an important contributing factor to 
morbidity and healthy survival 6;7. Especially an increase in visceral fat is associated with 
diabetes and the metabolic syndrome 8;9. Various studies have found an association between 
type 2 diabetes mellitus and impaired lung function10-14. Furthermore, in large population 
based studies a positive relationship has been found between lung function impairment and 
features of the metabolic syndrome, predominantly abdominal adiposity. 15-17

Since subcutaneous fat and visceral fat differ in composition and function, and both 
contribute to abdominal obesity18, it is relevant to establish the contribution of each to the 
association between abdominal obesity and lung function. Recently, it has become clear that 
adipocytes present in visceral fat produce more pro-inflammatory mediators than adipocytes
present in subcutaneous fat19. In view of the major role of inflammation in lung function 
impairment20, visceral fat could contribute to decreased lung function in central obesity by 
a different mechanism than the mechanical factors that have been suggested to explain the 
association between abdominal obesity and decreased lung volumes. 

We therefore hypothesized that in subjects with abdominal obesity the main determinant 
of lung function impairment is the presence of visceral fat. Therefore, it is important to gain 
insight in the association between visceral fat and lung function impairment. Since measure-
ment of waist circumference does not allow us to estimate the amount of visceral fat, we21;22 

used Magnetic Resonance Imaging (MRI), an imaging technique that allows the direct 
measurement of visceral and subcutaneous fat distribution.  

We selected a male study group with the metabolic syndrome according to the International 
Diabetes Federation23 but without overt diabetes to minimize confounding by diabetes or 
gender (fat distribution and hormonal differences). The aim of the present study was to 
examine the association of visceral fat as measured by MRI and lung function in non-diabetic 
men with the metabolic syndrome. 

mAteriAls AnD methODs
We conducted a cross-sectional analysis of 98 male subjects aged between 50–70 years with 
the metabolic syndrome (defined according to the International Diabetes Federation criteria 
but without diabetes). This study was an addendum to a trial study. The inclusion criteria 
for the participants were: a waist circumference > 94 cm and at least two other metabolic 
syndrome criteria: TG ≥1.7 mmol/L, HDL-chol: < 1.03 mmol/l, blood pressure ≥130 / ≥ 85mm Hg. 
Exclusion criteria were the presence of type 2 diabetes, overt cardiovascular disease, use of 
statins or fibrates, and a BMI >40 kg/m2. For this study we used the measurements taken at 
the end of the trial. 
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This study was an addendum to a double-blind placebo controlled randomized trial, testing 
the hypothesis that rosiglitazone 8 mg (4 mg bd) would prevent progression of atherosclerosis 
more than placebo in visceral obese male subjects with systemic inflammation. This was 
defined by hs-CRP levels higher than 1.8 mg/L and in their control patients with the metabolic 
syndrome and a hs-CRP lower then 1.8 mg/L.
After the placebo-controlled trial was finished 110 patients were invited a visit the lung 
department and 98 patients agreed to a lung function analysis which was performed after 
informed consent. The addendum to the protocol was approved by the local review board 
(LUMC, 14-5-2007 Protocol  P04.232).  

measurements
Clinical assessments
Clinical history, physical examination including blood pressure measurements, and anthro-
pometry, and laboratory assessments were performed at the clinical research unit at the end 
of the trial. Blood pressure was recorded in supine position after 15 minutes rest. Blood 
pressure was defined as the mean value of 3 measurements taken with intervals of at least 
2 minutes. Body weight and body length were measured. Waist circumference was measured 
in a horizontal plane between the lowest costal margin and the upper pelvic rim. Hip circum-
ference is measured at the level of the major trochanters. Circumferences were recorded in 
centimetres. 

Laboratory measurements included fasting glucose, triglyceride, total- and HDL-cholesterol 
and hs-CRP levels, measured at the department of clinical chemistry.  

MRI measurements
Subjects were positioned in the magnet in a supine position. The body coil was used for 
obtaining the images. A sagittal single shot gradient echo sequence survey scan was used 
for the imaging of the vertebral column in the lumbar region. Subsequently, a second single 
shot gradient echo sequence in the transversal plane was used for obtaining three contiguous 
slices of 10 mm without angulations with the following parameters: echo time 3.7 ms (TE), 
repetition time7.5 ms (TR), pulse angle 45°. Two signal averages were performed. 
The slices were centred at the intervertebral disk level between the fourth and fifth lumbar 
vertebra. The images were obtained with three breath holds of 6 s. The field of view was 
500 mm. A voxel size of 1 mm × 1.3 mm × 10 mm was obtained. The measurements were 
taken at the end of the trial and images were assessed using the MASS software package 
allowing a semi-automated detection of subcutaneous and visceral adipose tissue area.

Flow volume curve and reversibility
Flow-volume curves were recorded, after the placebo controlled Rosiglitazone trial ended, 
by pneumotachograph to obtain the vital capacity (VC), expiratory rest volume (ERV), forced 
expiratory volume in 1 second (FEV1) and the forced vital capacity (FVC). To test whether 
the obstruction is reversible to bronchodilators, FEV1 and FVC (absolute values and percen-
tage of predicted values) were measured before and 15 minutes after four single inhalations 
of 100 mcg albuterol administered through a large volume spacer. 
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Exhaled NO
Exhaled NO measurements were measured with a chemiluminescence analyzer (Aerocrine 
AB, Niox, Solna, Sweden) according to a standardized procedure. After inhaling NO-free air, 
the subjects performed a slow expiratory vital capacity maneuver with a constant expiratory 
flow of 50ml/s against a resistance of 10 cm H2O using online visual monitoring. Exhaled 
NO concentrations were determined at a 3 second-plateau and expressed as parts per 
billion (ppb). If the chemiluminescence analyzer was not available exhaled nitric oxide was 
measured using a portable analyzer, the NIOX MINO (Aerocrine AB, Solna, Sweden) following 
the manufacturer’s instructions.
Subjects performed a 10 s slow steady exhalation, which was assisted by visual and audio 
biofeedback systems located on the device. The two methods used give comparable results 24. 
Three successive recordings at 1-minute intervals were made and the mean exhaled NO 
was used. Exhaled NO was considered to be elevated above 25 ppb25  

Statistical analyses
The data are presented as median and 25th and 75th percentile, or percentage. Triglycerides, 
exhaled nitric oxide and hs-CRP values were log transformed for statistical analysis due to 
their non-normal distribution. Linear regression was used to asses the association between 
lung function and the different features of fat and metabolic syndrome. Adjustments were 
made for age, pack years, hs-CRP, rosiglitazone, glucose, cholesterol and blood pressure. 
A restriction analysis that excluded participants with decreased lung function was performed. 
Results were considered significant at p<0.05 and the data were analyzed using the Statistical 
Package of Social Science (SPSS) version 20.0. 
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resUlts
All analyses were conducted on 98 participants. We included 81 men with metabolic syndrome 
and CRP levels higher than 1.8 mg/L (of which 40 participants used Rosiglitazone) and 17 
control patients with the metabolic syndrome and hs-CRP levels lower than 1.8 mg/L
The characteristics of the study population after the trial are presented in Table 2.1. 
Most patients were found to have no significant airway obstruction and no or little airway 
inflammation (as assessed by exhaled nitric oxide measurement), data presented in Table 2.2. 

 
 
 

 

 All participants Participants in 
Rosiglitazone 
arm trial 

Participants in 
Placebo arm  trial 

Participants in control 
arm with lower Hs-CRP 

FEV1 post pred (%) 105 (96-118) 104 (92-114) 106 (97-127) 109 (91-124) 
FVC post pred (%) 108 (95-118) 106 (94-113) 111 (98-121) 109 (93-117) 
FEV1/FVC (%)  79  (73- 84)  78  (73- 83)  82  (73- 85)  79  (73- 83) 
VC (%) 109 (96-118) 108 (96-115) 109 (100-121) 110 (97-123) 
ERV (%)  88 (61-124)   85 (56-115   97 (68-128)  94  (62-129) 
NO (ppb) 16 (11- 24)  15 ( 9- 28)  17 (11- 22)  15  (12- 27) 

Values are means, median (25th, 75th percentiles).  FEV1 is forced expiratory volume in 1 s, FVC is forced vital capacity 
post predicted, VC is vital capacity post predicted, ERV is expiratory reserve volume and NO is exhaled Nitric oxide.

 
 All participants Participants in 

Rosiglitazone 
arm trial 

Participants in 
Placebo arm 
trial  

Participants in 
control arm 
with lower Hs-
CRP 

Age  (years)  62 (57-64) 62 (57-64) 62 (59-65) 61 (57-64) 
PY (years) 15 (0.3-29) 16 (2-30) 15 (1,5-27) 7   (0-21) 
BMI (kg/m²) 28.9 (26.4-30.7) 28.1 (26.5-30.7) 28.1 (26.1-30.8) 27.8 (26.3-30.8) 
BP Systolic  (mmHg) 139 (129 -152) 137 (127-144) 134 (125-149) 149 (137-164) 
BP Diastolic (mmHg) 82 (74 -88) 79 (63-68) 80 (74-84) 92 (84-97) 
Waist circumference (cm)  102 (96-109) 100 (94-112) 100 (96-108) 104 (101-109) 
Glucose (mmol/l) 5.0 (4.6-5.3) 4.9 (4.4-5.3) 4.9 (4.6-5.4) 5.2 (4.7-5.4) 
Triglyceride (mmol/l) 1.7 (0.8-2.1) 1.2 (0.8-1.8) 1.2 (0.8-2.1) 2.6 (1.5-3.5) 
HDL-Cholesterol (mmol/l)   1.4 (1.1-1.6) 1.5 (1.2-1.7) 1.3 (1.1-1.5) 1.1 (1.0-1.2) 
Hs-CRP (mg/l) 1.4 (0.7-2.6) 1 (0.6-2.5) 2.2 (1.4-3.1) 0.9 (0.6-1.3) 
Waist visceral fat (cm²) 343 (288-486) 338 (272-575) 328 (287-436) 386 (300-502) 
Waist subcutaneous fat (cm²) 700  (610-885) 736 (623-911) 739 (596-914) 649 (520-807) 

 
Values are median (25th, 75th percentiles). PY is pack years, BMI is body mass index and BP is blood pressure

table 2.1 Baseline characteristics 

table 2.2 Pulmonary function
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In the linear regression no association was found between any of the features of the metabolic 
syndrome and FEV1, FVC and exhaled nitric oxide. Rosiglitazone use was also not correlated 
with any of these lung function measurements. However, whereas BMI and features of the 
metabolic syndrome, including waist circumference, were not associated with FEV1 and FVC 
there was a significant association between waist visceral fat, and FEV1 (beta -0.023; 95% 
CI -0.041, -0.006); this means that an additional 200 cm2 of visceral fat (the IQR within this 
study) is associated with a 4.6 % decrease in FEV1 predicted. There was also an association 
with FVC (beta -0.024; 95% CI -0.040, -0.008), but not between subcutaneous fat and FEV1 
and FVC (Figure 2.1 and 2.2). 
After adjustment for waist subcutaneous fat, age, height, waist circumference, pack years, 
rosiglitazone use, hs-CRP, glucose, cholesterol, triglyceride and blood pressure the association 
between visceral fat and FEV1 (beta -0.055; 95% CI -0.085, -0.025) and FVC (beta -0.040; 
95% CI -0.067, -0.014) remained. 
There was also a significant association between waist visceral fat and ERV (beta -0.108; 
95% CI -0.157, -0.058) and waist subcutaneous fat and ERV (beta -0.070; 95% CI -0.108, -0.032).
After adjustment for age, pack years, rosiglitazone use, hs-CRP, glucose, cholesterol and blood 
pressure the association between visceral fat and ERV (beta -0.116; 95% CI -0.181, -0.052) 
and subcutaneous fat and ERV (beta -0.059; 95% CI -0.105, -0.014) remained. 
To asses whether the association between visceral fat and FEV1 and FVC is explained by ERV 
we explored the association. ERV was associated with FEV1 (beta 1.1; 95% CI 0.6, 1.6) and 
FVC (beta 1.4; 95% CI 0.8, 1.9). Eight participants had a FEV1 below 80% excluding these 
participants did not alter these results.

Figure 2.1: The correlation be 428 tween visceral fat (cm²), subcutaneous fat (cm²), waist circumference (cm), 
BMI (kg/m²) and FEV1 (%).
The Pearson correlation: visceral fat (cm²) and FEV1 (%) r= -0.180 p= 0.038, subcutaneous fat (cm²) and FEV1 (%) 
r= 0.009 p= 0.463, waist circumference (cm) and FEV1 (%) r= 0.037 p= 0.357, BMI (kg/m²) and FEV1 (%)
r= -0.027 p= 0.401.
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Waist subcutaneous fat had a stronger association (beta 19.6; 95% CI 16.1, 23.2) with waist 
circumference than visceral fat (beta 13.6; 95% CI 11.1, 16.2). Whereas hs-CRP showed a 
weak negative association with FEV1, after correction for waist visceral fat this was no longer 
significant. No association was found between log hs-CRP and FVC and exhaled nitric oxide.   

DisCUssiOn
The results of this study show that in men at an early stage of the metabolic syndrome (with-
out overt diabetes) and a normal lung function there is a significant linear inverse relation 
between visceral, but not subcutaneous fat, and FEV1 and FVC. In contrast, there was no 
correlation between subcutaneous fat (or other fat measurements) and FEV1 and FVC. 
Exhaled nitric oxide was not correlated with the metabolic syndrome and the fat measurements. 
This indicates that in non diabetic subjects with the metabolic syndrome, visceral fat appears
to be a more sensitive parameter to assess the association between obesity and lung function 
impairment than subcutaneous fat or waist circumference.
Our results are in line with those published by Leone et al 16and by Lam et al 15, who reported 
a positive relationship between lung function impairment and metabolic syndrome, which 
was explained mainly by abdominal obesity and was independent of the body mass index. 

Figure. 2.2 The correlation be 428 tween visceral fat (cm²), subcutaneous fat (cm²), waist circumfere The 
correlation between visceral fat (cm²), subcutaneous fat (cm²), waist circumference (cm), BMI (kg/m²) and 
FVC (%).
The Pearson correlation between: visceral fat (cm²) and FVC (%) r= -0.200 p= 0.025, subcutaneous fat (cm²) and 
FVC (%) r= -0.069 p= 0.251, waist circumference (cm) and FVC (%) r= -0.038 p= 0.355, BMI (kg/m²) and FVC (%)
r= -0.031 p= 0.387.
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We did not find such an association with abdominal obesity, which might be because our 
study focused on subjects with a high waist circumference and the other studies were 
population-based studies. We did find a significant association with visceral fat, which may 
be explained by the fact that waist circumference is predominantly an index of abdominal 
subcutaneous fat, and not of visceral fat 21. Indeed, in our study the relation between sub-
cutaneous fat and waist circumference was stronger than the association between visceral 
fat and waist circumference.  

How do we interpret the present findings? Obesity may limit lung expansion due to the 
mechanical pressure of the abdomen and cause restriction. Although we can not formally 
exclude that the association between visceral fat and lung function impairment is also 
explained by mechanical factors, it is important to note that in this small selected group 
no relation with waist circumference or BMI was found. Therefore, visceral fat appears 
to be a more selective marker in the relationship of abdominal obesity and lung function 
impairment. 
This higher selectivity may be explained by the observation that adipocytes present in 
visceral fat are a more important source of pro-inflammatory mediators than adipocytes 
present in subcutaneous fat19.  In some studies, visceral fat was found to be correlated with 
levels of CRP, which is mainly liver derived 26;27. Although this indicates that increased inflam-
mation resulting from an increase in visceral fat may contribute to lung function impairment,
it needs to be noted that we did not find a correlation between markers of inflammation 
(exhaled NO and hs-CRP) and visceral fat. However, we did not measure other (adipocyte-
derived) pro-inflammatory mediators such as leptin that may be related to visceral fact. 

Our study was subject to some limitations. Firstly, the majority of subjects were recruited 
after finishing a randomized controlled trial with Rosiglitazone, and therefore half of the 
subjects received Rosiglitazone 8 mg during a year previous to our lung function measure-
ments. However, it is unlikely that this treatment affected the outcome of the present study, 
since similar results were found after statistical adjustment for use of Rosiglitazone. 
Secondly, whereas the patients that participated in the Rosaglitazone trial all were charac-
terized by a Hs-CRP > 1.8 mg/L, an additional group was studied with metabolic syndrome 
but a Hs-CRP < 1.8 mg/L. Furthermore, we used the measurements taken after the trial which 
were closer to each other. This resulted in a study group with heterogeneous CRP levels. 
This is unlikely to have influenced our results because these were identical after adjustment 
for Hs-CRP. Finally, due to the cross-sectional design of our study no follow-up lung-function 
data or parameters of the metabolic syndrome were available.  

The observed association between visceral fat and lung function measurement impairment 
was found despite the fact that the study subjects all had increased waist circumference (and 
therefore likely increased visceral fat) and a lung function that was within a normal range. 
Further studies are needed to clarify the link between visceral fat, inflammation and lung 
function impairment and should include study groups with a larger range of visceral fat and 
lung function. We hypothesize that in such groups the observed association may even be 
stronger. In addition, measurements of a range of adipocyte-derived pro-inflammatory 
mediators such as leptin would contribute to our understanding. 
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In conclusion, we have shown an association between lung function impairment and visceral 
fat in non diabetic men with the metabolic syndrome and a normal range of lung function. 
The observation that such an association with lung function impairment was not found with 
other parameters of obesity indicates that visceral fat is a more sensitive parameter to assess 
the association between abdominal obesity (a component of the metabolic syndrome) and 
lung function impairment. 
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ABstrACt
Background
It remains unclear whether insulin resistance and impaired lung function are causally related 
or merely common consequences of obesity.

Objective
Our objective was to examine the association between insulin resistance and lung function, 
while adjusting for confounding including confounding by body fat and systemic inflammation. 

Design
This is a cross-sectional analysis of the baseline measurements of the Netherlands Epide-
miology of Obesity (NEO) study, a population-based cohort of 6,671 participants aged 45 to 
65 years. Baseline insulin and glucose concentrations were used to calculate the Homeo-
stastis Model Assessment of Insulin Resistance (HOMA-IR). Forced expiratory volume in one 
second (FEV1) and forced vital capacity (FVC) were assessed by spirometry and expressed 
as percentage predicted (%). We performed linear regression analyses with FEV1 and FVC, 
as dependent variables against 10log HOMA-IR adjusted for age, sex, waist circumference, 
total body fat, body mass index (BMI), smoking, obstructive lung diseases, ethnicity, education, 
use of bronchodilator and C-reactive protein.

results 
After exclusion of participants who used systemic corticosteroids (n=45), inhaled cortico-
steroids (n=444), or glucose lowering therapy (n=316), and those with missing data (n=619), 
in total 5,247 participants (44% men) were analysed, with a mean (SD) age of 56 (6) years, 
and BMI of 26.1 (4.2) kg/m2. In the crude model, insulin resistance was associated with 
lung function (a 10-fold higher HOMA-IR corresponded to a decrease in FEV 1 (change of
-7.5 % [95% CI: -9.6, -5.4] and a decrease in FVC % (change -11.6 % [-13.7, -9.5). 
After adjustment for confounding factors, a small non-clinically relevant association 
remained (FEV1: -2.2 % [-5.1, 0.6]; FVC: -3.3 % [-5.9, -0.8]). In particular adjustment for 
measures of adiposity attenuated the associations.

Conclusion
In this population-based study, the observed association between insulin resistance and 
lung function was mainly explained by adiposity. Our results suggest that insulin resistance 
and impaired lung function are merely a common consequences of obesity.
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intrODUCtiOn
Obesity is a world-wide public health problem and well-established risk factor for major 
chronic diseases such as cardiovascular disease, certain cancers,1-4 insulin resistance5 and 
type 2 diabetes.6 In addition, several studies have reported associations between obesity 
and lung function.7-12 

Traditionally, a lower lung function in persons with obesity has been considered as a purely 
mechanical consequence.13-15 Possible explanations for this decrease in lung function are 
decreased pulmonary muscle strength,13 pressure of abdominal fat on the diaphragm and 
restricted expansion of the thorax cavity due to excessive adipose tissue.14;15 More recent 
hypotheses suggest the involvement of adipose tissue-mediated inflammation through 
release of inflammatory cytokines such as TNF-α and IL-6, and the activity of NF-kappa-B.16 
C-reactive protein (CRP)  is a marker of chronic inflammation produced by the liver in 
response to inflammatory meditators including those secreted by adipose tissue, and CRP 
levels have been associated with a decrease in lung function.17;18 In addition, the production 
of CRP has been linked to decreased insulin sensitivity.19-22 

Several studies indicate that both insulin resistance23;24 and type 2 diabetes25-27 are associated 
with a decreased lung function. It has been hypothesized that such a decrease is the result 
of loss in muscle strength resulting from insulin resistance.28 Insulin plays a role in glucose 
uptake, and is involved in muscle contraction29 and protein catabolism, necessary for libe-
rating amino acids for muscle synthesis.30  A study performed in 1,429 young adults in the 
National Health and Nutrition Examination Survey observed a more pronounced inverse 
association between insulin resistance and lung function in individuals with overweight or 
obesity than in individuals with normal weight.31  

It remains unclear whether insulin resistance and impaired lung function are merely un-
related consequences of excess body fat, or whether they are causally related. Therefore, 
the aim of this study was to investigate the association between insulin resistance and lung 
function in a general population, and to what extent this association is explained by body 
fat and systemic inflammation. 
 
mAteriAls AnD methODs
study design and study population
The Netherlands Epidemiology of Obesity (NEO) study is a population-based prospective 
cohort study in 6,671 men and women aged 45 to 65 years, with an oversampling of persons 
with a body mass index (BMI) of 27 kg/m2 or higher. Between September 2008 and 
September 2012 the study included individuals from the region of Leiden (in the West of 
The Netherlands) with a self-reported BMI of 27 kg/m2 or higher. In addition, all inhabitants 
aged between 45 and 65 years from one municipality (Leiderdorp) were invited irrespective 
of their BMI, allowing for a reference distribution of BMI. 

At the baseline of the study, information on demography, lifestyle and medical history has been 
collected by questionnaires. Participants were asked to bring all their current medication that 
they used in the month preceding the study visit to the study centre, which was recorded by 
research nurses. Participants underwent an extensive physical examination, including 
anthropometry, blood sampling and spirometry. More detailed information about the study 
design and data collection has been described previously.32
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The present study is a cross-sectional analysis of the baseline measurements of the NEO 
study. From the 6,671 participants, we excluded all participants who were using systemic 
corticosteroids (n= 45), inhaled corticosteroids (n=145), a combination preparation of 
corticosteroids (n=299) or medication for diabetes (oral hypoglycemic agents or insu-
lin) (n=316). We furthermore excluded participants if they had missing data on one or 
more of the following: lung function (n=182), blood insulin concentration (n=40), fasting 
glucose concentration (n=22), waist circumference (n=1), total body fat (n=27), number of 
packyears smoked (n=111), ethnicity (n=7), educational level (51), diabetes status (n=174), 
or self-reported asthma and COPD (n=4), leaving 5,247 participants  for the analyses.

The study was approved by the medical ethics committee of the Leiden University Medical 
Center (LUMC) and all participants gave written informed consent.

Data collection
On the baseline questionnaire, participants reported ethnicity by self-identification in eight 
categories which we grouped into Caucasian and other. Tobacco smoking was reported and 
pack-years were calculated as the number of packs of cigarettes smoked per day multiplied 
by the number of years as a smoker. In addition, participants were subdivided into three 
categories: current smoker, former smoker and never smoker. Highest level of education 
was reported in 10 categories according to the Dutch education system and grouped into 
high versus low education. Participants reported their medical history of asthma, chronic 
obstructive pulmonary disease (COPD) and diabetes. At the study site, height and weight 
were measured without shoes and one kilogram was subtracted to correct for the weight 
of clothing. BMI was calculated by dividing the weight in kilograms by the height in meters 
squared. Waist circumference was measured between the border of the lower costal margin 
and the iliac crest with the precision of 0.1 cm. Total body fat was estimated with a bio-
impedance device (TBF-310, Tanita International Division, United Kingdom). 

Blood sampling
After participants rested for 5 minutes, fasting blood samples were drawn from the antecubal 
vein. Fasting plasma glucose concentrations were determined by enzymatic and colorimetric 
methods (Roche Modular Analytics P800, Roche Diagnostics, Mannheim, Germany; CV < 5%) 
and serum insulin concentrations were determined by an immunoassay (Siemens Immulite 
2500, Siemens Healthcare Diagnostics, Breda, The Netherlands; CV < 5%). All analyses were 
performed in the clinical chemistry laboratory of the LUMC 32.

As a measure of insulin resistance we calculated the homeostasis model assessment of 
insulin resistance (HOMA-IR) as fasting glucose (mg/dl) * fasting insulin (µU/mL) / 22.5.33

Serum CRP concentrations at baseline were determined at the same laboratory using a 
commercial immunoturbidimetric assay with a detection limit of 3 mg/l. The between-as-
say coefficient of variation (CV) was 1.8%. The within-run CV was 1.8%, run-to-run CV 
1.7% and day-to-day CV 2.8%.
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lung function
All participants underwent spirometry to determine forced expiratory volume in one second 
(FEV1) and forced vital capacity (FVC). Participants were required to perform at least three 
forced expiratory manoeuvers. The highest FEV1 value with acceptable curves was used in 
the analyses. FEV1 and FVC were expressed in litres and as a percentage of the predicted 
values (%pred) of individuals with similar characteristics (height, age, sex).34 If no proper 
curve could be produced (i.e. because of a missing peak at exhalation, lack of extended 
exhalation or continuous inhalation during the test), lung function was defined as missing.

statistical analyses
In the NEO study there is an oversampling of persons with a BMI of 27 kg/m2 or higher. 
To correctly represent associations in the general population,35 adjustments for the over
sampling of individuals with a BMI ≥ 27 kg/m2 were made. This was done by weighting 
individuals towards the BMI distribution of participants from the Leiderdorp municipality,36

whose BMI distribution was similar to the BMI distribution of the general Dutch population.37 
All results were based on weighted analyses. Consequently, the results apply to a population
-based study without oversampling of participants with a BMI ≥ 27 kg/m2. 

Baseline characteristics of the weighted study population were expressed as mean (SD), or 
as percentage, stratified by quartiles of HOMA-IR. Linear regressions were performed with 
FEV1% and FVC% as dependent variables. Because of a skewed distribution HOMA-IR was 
log transformed and 10log HOMA-IR was used as a continuous independent variable. Re-
gression coefficients and corresponding 95% confidence intervals (CI) can be interpreted 
as change in FEV1% or FVC% for a tenfold increase in HOMA-IR.

First, the crude association between HOMA-IR and the measurements of lung function was 
examined. Second, this association was adjusted for age and sex. Third, the model was addi-
tionally adjusted for waist circumference and total body fat. Finally, the analyses were also 
adjusted for smoking (in packyears), asthma, COPD, use of bronchodilators, ethnicity, level 
of education, BMI and CRP. 

To explore whether associations differ between persons with or without obesity, we tested 
the presence of an interaction between 10log HOMA-IR and BMI by including an interaction 
term between 10log HOMA-IR (continuous and in quartiles) and BMI (continuous and < or 
≥ 30 kg/m2) in the models. Subsequently we stratified the analyses by BMI according to the 
WHO BMI cut-offs for being normal (<25), overweight (25-30), obese (30-35), or morbidly 
obese (≥35).38 We repeated all analyses after exclusion of participants with obstructive 
airway disease and participants using glucose lowering therapy. Analyses were performed 
with STATA Statistical Software (Statacorp, College Station, Texas, USA), version 12.1.
 
resUlts
Baseline characteristics
The present analysis included 5,247 participants (44% men) with a mean (SD) age of 56 
(6) years,  BMI of 26.1 (4.2) kg/m2, FEV1 of 108 (16) %pred, and FVC of 117 (16) %pred. 
Table 3.1 shows the characteristics of our study population by quartiles of HOMA-IR. 
There were more men in the higher quartiles of HOMA-IR. Mean BMI, waist circumference 
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and total body fat were higher in higher quartiles of HOMA-IR in both men and women. 
Both mean FEV1 and FVC in percentage predicted were lower in higher quartiles of  HOMA-IR, 
whereas mean FEV1 and FVC in litres were equal among groups. Individuals in the higher 
quartiles of HOMA-IR more likely had smoked in the past. Current smokers were equally 
divided over HOMA-IR quartiles. In addition, the mean number of packyears smoked and 
prevalence of diabetes was higher in the higher HOMA-IR quartiles. 

  Quartiles of HOMA-IR 

Characteristics  <1.58  1.58 – 2.47  2.47 – 3.81  >3.81 
Age (median)  55 (50, 63)  56 (50, 61)  56 (50, 61)  56 (51, 61) 
Sex (% Men)  36   46   50   60  
BMI  24 (3)  26 (3)  28 (4)  30 (5) 
Waist circumference Men 92 (92)  97 (8)  101 (9)  107 (12) 
 Women 81 (9)  88 (11)  93 (12)  101 (14) 
Total body fat (%)  Men 21 (5)  24 (4)  27 (5)  30 (6) 
 Women 34 (6)  38 (5)  40 (5)  43 (6) 
Ethnicity (% White)  96   96   95   96  
Serum insulin (µU/mL)  4.7 (1.5)  8.4 (1.2)  12.3 (1.8)  22.0 (10.5) 
Plasma glucose  (mg/dl)  5.1 (.5)  5.4 (.5)  5.6 (.6)  6.1 (1.1) 
HOMA-IR  1.2 (0.9, 1.4)  2.0 (1.8, 2.2)  3.1 (2.7, 3.4)  5.3 (4.4, 9.0) 
Self reported asthma (%)  2   2   2   2  
Self reported COPD (%)  2   2   3   4  
FEV1 (% predicted)  111 (15)  109 (16)  107 (17)  104 (15) 
FVC (% predicted)  120 (15)  117 (15)  115 (17)  109 (15) 
FEV1 (in Litres)  3.3 (.8)  3.4 (.8)  3.3 (.8)  3.3 (.8) 
FVC (in Litres)  3.3 (1.0)  4.4 (1.0)  4.4 (1.0)  4.3 (1.0) 
Smoking behavior Never 41   39   38   33  
 Former 41   45   47   50  
 Current 17   16   15   16  
Smoking packyears  8 (12)  9 (14)  10 (14)  13 (18) 

Results were based on analyses weighted towards the BMI distribution of the general population. 
Total population n=5247; 2308 men and 2938 women. Results are shown as mean (SD), percentage or median 
(25th, 75th percentile). HOMA-IR: Homeostastis Model Assessment of Insulin Resistance; BMI: Body mass index; 
FEV1: forced expiratory volume in one second; FVC: forced vital capacity

table 3.1 Characteristics of participants of the Netherlands Epidemiology of Obesity study for the total popu-
lation aged 45 to 65 years by quartiles of HOMA-IR.
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Association between hOmA-ir and lung function measurements
First, the association between insulin resistance and lung function was examined (Figure 
3.1). The crude association between 10log HOMA-IR and FEV1 was -7.5 %pred (95% CI: -9.6, 
-5.4), meaning that per 10-fold higher HOMA-IR the FEV1 decreased with 7.5 %pred. This 
association was -7.2 %pred (95% CI: -9.4, -5.1) after adjustment for age and sex, but atte-
nuated after adjustment for waist circumference and total body fat (-2.0 %pred, 95% CI: 
-4.6, 0.5). After additional adjustment for BMI, smoking, obstructive lung diseases, ethnicity, 
education, use of bronchodilator and CRP, the association was -2.2 %pred ( 95% CI: -5.1, 
0.6). The crude association between 10log HOMA-IR and FVC (-11.6 %pred; 95% CI: -13.7, 
-9.5) attenuated after adjustment for age and sex (-9.4 %pred; -11.5, -7.4) and further atte-
nuated after adjustment for waist circumference and total body fat (-3.4 %pred; -5.7, -1.1). 
This association did not further change after adjustment for BMI, smoking, obstructive lung 
diseases, ethnicity, education, use of bronchodilator and CRP (-3.3 %pred; -5.9, -0.8). Thus 
a tenfold higher HOMA-IR was associated with a 3.3 %pred lower lung function.

Figure 3.1: The association between 10log HOMA-IR and FEV1 (3.1.a) and FVC (3.1.b) in Netherlands Epidemio-
logy of Obesity study for the total population aged 45 to 65
Results were based on analyses weighted towards the BMI distribution of the general population. Total population 
n=5247; 2308 men and 2938 women. HOMA-IR: Homeostastis Model Assessment of Insulin Resistance; BMI: Body 
mass index; FEV1 : forced expiratory volume in one second; FVC:  forced vital capacity  
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Association between HOMA-IR and lung function stratified by BMI
When considering the interaction between obesity and insulin resistance in the models, the 
interaction term between BMI and HOMA-IR was significant in all models (P=0.000). 
Subsequent analyses were stratified by four BMI groups according to the WHO classification38: 
BMI below 25 kg/m2(43.5% of participants), BMI between 25 and 30 kg/m2 (42.1%), BMI 
between 30 and 35 kg/m2 (10.5%), and BMI of 35 kg/m2 or higher (3.9% of participants)  
(Table 3.2 and 3.3).    

  BMI <25 kg/m2  BMI 25 – 30 kg/m2 

Model  ∆% in FEV1 % 
pred 95% confidence interval  ∆% in FEV1 % 

pred 95% confidence interval 

Crude  -3.4 -7.4 .7  -6.5 -9.6 -3.3 
Adjusted *  -3.6 -7.8 .6  -6.1 -9.2 -2.9 
Adjusted **  -1.5 -5.9 2.9  -2.3 -5.6 .9 
Adjusted ***  -2.3 -7.0 2.4  -1.7 -4.9 1.5 
  BMI 30 – 35 kg/m2  BMI >35 kg/m2 

Model  ∆% in FEV1 % 
pred 95% confidence interval  ∆% in FEV1 % 

pred 95% confidence interval 

Crude  -8.6 -11.5 -5.7  -13.6 -18.3 -8.9 
Adjusted *  -7.5 -10.4 -4.5  -11.9 -16.8 -7.0 
Adjusted **  -4.0 -7.0 -1.0  -9.2 -14.2 -4.2 
Adjusted ***  -2.9 -5.8 -.1  -7.4 -12.4 -2.4 
* Adjusted for age and sex 
** Adjusted for age, sex, waist circumference and total body fat 
*** Adjusted for age, sex, waist circumference, total body fat, BMI, smoking, obstructive lung diseases, ethnicity, education, use of 
bronchodilator and CRP 
 

table 3.2 The association between 10log HOMA-IR and FEV1 in Netherlands Epidemiology of Obesity study for 
the total population aged 45 to 65 in four BMI categories

  BMI <25 kg/m2  BMI 25 – 30 kg/m2 

Model  ∆% in FVC % 
pred 95% confidence interval  ∆% in FVC % 

pred 95% confidence interval 

Crude  -4.8 -8.6 -1.1  -10.2 -13.4 -7.0 
Adjusted *  -3.7 -7.4 .0  -7.7 -10.8 -4.6 
Adjusted **  -2.5 -6.4 1.3  -3.8 -7.0 -.6 
Adjusted 
***  -3.0 -7.0 1.1  -3.0 -6.1 .1 

  BMI 30 – 35 kg/m2  BMI >35 kg/m2 

Model  
∆% in FVC % 

pred 95% confidence interval  
∆% in FVC % 

pred 95% confidence interval 
Crude  -12.7 -15.5 -9.9  -16.1 -20.3 -12.0 
Adjusted *  -9.3 -12.1 -6.6  -12.1 -16.5 -7.6 
Adjusted **  -6.7 -9.5 -3.9  -10.0 -14.6 -5.4 
Adjusted 
***  -5.9 -8.6 -3.1  -8.6 -13.1 -4.1 

* Adjusted for age and sex 
** Adjusted for age, sex, waist circumference and total body fat 
*** Adjusted for age, sex, waist circumference, total body fat, BMI, smoking, obstructive lung diseases, ethnicity, education, use of 
bronchodilator and CRP 
 

Results were based on analyses weighted towards the BMI distribution of the general population. Total population 
n=5247; 2308 men and 2938 women. Results are shown as delta in FVC % predicted. HOMA-IR: Homeostastis 
Model Assessment of Insulin Resistance; BMI: Body mass index; FVC:  forced vital capacity; CRP: C-reactive protein   

Results were based on analyses weighted towards the BMI distribution of the general population. Total population 
n=5247; 2308 men and 2938 women. Results are shown as delta in FEV1 % predicted. HOMA-IR: Homeostastis 
Model Assessment of Insulin Resistance; BMI: Body mass index; FEV1: forced expiratory volume in one second; CRP: 
C-reactive protein   

table 3.3 The association between 10log HOMA-IR and FVC in four BMI categories
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Mean BMI of these four BMI categories was respectively 22.6 (SD: 1.6), 27.1 (1.4), 31.9 
(1.3), and 38.8 (3.7) kg/m2. Mean HOMA-IR was respectively 1.6 (1.1), 2.5 (1.6), 3.5 (2.3) 
and 5.3 (5.4). Lung function was lower in higher BMI groups: FEV1 was respectively 110.5 
(15.1), 108.2 (15.8), 105.3 (15.5) and 100.7 (16.1) %pred, while FVC was respectively 
120.8 (15.4), 108.2 (15.8), 105.3 (15.5) and 100.7 (16.1) %pred. After adjustment for all 
known confounding factors, the association between HOMA-IR and FEV1 and FVC was 
weakest in participants with a BMI below 25 (FEV1 : -2.3% predicted, 95% CI: -7.0, 2.4; FVC: 
-3.0% predicted, 95% CI: -7.0, 1.1 per 10-fold higher HOMA-IR) and was stronger in indivi-
duals with a BMI between 30 and 35  (FEV1: -2.9% predicted, 95% CI: -5.8, -0.1; FVC: -5.9% 
predicted, 95% CI: -8.6, -3.1 per 10-fold higher HOMA-IR) and in individuals with a BMI 
above 35 (FEV1 : -7.4% predicted, 95% CI: -12.4, -2.4; FVC: -8.6% predicted, 95% CI: -13.1, 
-4.1 per 10-fold higher HOMA-IR) (Table 3.2 and 3.3).  The association between a 
tenfold higher HOMA-IR and FEV1 and FVC in persons with a BMI between 25 and 30 were 
for FEV1: -1.7% predicted (95% CI: -4.9, 1.5), and for FVC: -3.0% predicted (95% CI: -6.1, 
0.1) after adjustment for all confounding factors.
 
DisCUssiOn
We hypothesized that insulin resistance might lead to lung function impairment. We there-
fore investigated the association between insulin resistance and lung function in a general 
population aged 45 to 65 years, and explored to what extent this association could be 
explained by obesity. We observed a weak association between insulin resistance and lung 
function, but this was mainly explained by adiposity. Insulin resistance seemed to interact 
with BMI, with somewhat stronger associations in higher BMI groups. However, even in the 
group with a BMI of 35 or higher the association was not clinically relevant (7.4 percent 
predicted lower lung function per 10-fold higher HOMA-IR). We therefore conclude that 
our study does not provide evidence for a clinically relevant association between insulin 
resistance and lung function. 

Various explanations have been proposed for the potential association between insulin 
resistance and lung function. First of all, insulin resistance has been associated with poor 
muscle strength,28 as defined by handgrip strength. Insulin plays a role in glucose uptake 
and promotes intracellular glucose metabolism, both required for adequate muscle contrac-
tion.29 As skeletal muscles are actively used in the manoeuvers used in obtaining a FEV1 and 
FVC, a decline in muscle strength negatively influences lung function. Insulin also prevents 
breakdown of proteins, decreasing free amino acids availability which is essential for pro-
tein synthesis in muscle tissue.30 

Multiple studies have associated insulin resistance with a small decrease in lung function 
23;24;31;39-44 while in our study there was no clinically relevant association. An explanation for 
this difference could be the differences in study group, different lung function outcome 
measurements and different ways of adjusting for adiposity. The fact that the observed 
association between insulin resistance and lung function in our study was mainly explained 
by adiposity suggests that insulin resistance and impaired lung function are merely separa-
te consequences of obesity. 
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Strengths of our study are the population size and extensive phenotyping of the population, 
allowing adjustment for the most important confounding factors. The present study also 
has a few limitations that should be considered. Firstly, insulin resistance was assessed 
using the HOMA index of insulin resistance instead of the hyperinsulinemic euglycemic 
clamp. The HOMA index is strongly correlated with the hyperinsulinemic euglycemic gluco-
se clamp in large cohorts45 and is more practical to assess in large epidemiologic studies, 
but it should be noted that this is a surrogate measure of insulin resistance and may there-
fore not account for the total effect of insulin resistance.33 Although we studied insulin re-
sistance in relation to lung function and multiple cross-sectional studies have used insulin 
resistance as determinant and lung function as outcome, some follow-up studies showed 
that lower baseline lung function is a risk factor for both insulin resistance24;40-42 and type 2 
diabetes.46

We cannot exclude that after stratification and adjustment for BMI, BMI could still have 
influenced our results. The small non-clinically relevant negative association between 
insulin resistance and lung function follows the same pattern as the negative association 
between BMI and lung function, which is also more pronounced at higher BMI.47-53  In fact, 
two studies even showed that BMI is negatively associated with lung function in overweight 
and obese individuals, but positively associated in lean individuals.7;54 The authors speculated 
that a higher BMI in lean individuals indicates more muscle mass instead of adipose tissue,55 

while in overweight and obese individuals the excessive fat tissue, especially abdominal fat, 
obstructs normal breathing.13-15 Also, overweight results in loss of muscle strength56 required 
for optimal FEV1 and FVC curves. In addition to the mechanical factors of adiposity, adipose 
tissue also secretes various cytokines and hormones, such as IL-6 57, TNF-α 58, leptin59, and 
adiponectin54;60 that may affect lung function. Moreover, CRP21;22 and TNF-α have also been 
negatively associated with insulin resistance19;20. After adjustment of our models for CRP 
(measured using a high-sensitivity CRP test), the weak associations remained. Nevertheless, 
our results suggest that insulin resistance and impaired lung function are merely separate 
consequences of obesity.

In conclusion, in this study we observed a small but non-clinically relevant association 
between insulin resistance and lung function that was mainly explained by adiposity. 
The influence of overweight could be the result of mechanical and endocrine factors affecting 
lung function.  Future prospective studies are needed to explore the association between 
insulin resistance and lung function. In addition, it should be noted that the presently 
observed lung functions were within the normal range as expected in a general population. 
It will therefore be relevant to investigate these relationships also in patients with obstructive 
lung disease, to determine whether these relationships are possibly more pronounced, and 
to begin to understand how high BMI contributes to the development of obstructive lung 
disease. 
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ABstrACt
Background
Exhaled nitric oxide is a noninvasive measure of airway inflammation that can be detected by
a handheld device. Obesity may influence the reproducibility of exhaled nitric oxide
measurements, by - for instance – decreased expiratory reserve volume.

Findings
We analyzed triple exhaled nitric oxide measurements from 553 participants (aged 45 to 65
years with a body mass index ≥27 kg/m2) of the Netherlands Epidemiology of Obesity Study.
The interclass correlation coefficient (single measurement reliability) was 0.965 (95% CI:
0.960, 0.970).

Conclusions
We conclude that for assessment of exhaled nitric oxide in large cohorts of overweight and
obese adults a single measurement suffices.
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intrODUCtiOn
Exhaled nitric oxide (eNO) is a noninvasive marker of inflammation in the airways. The levels 
of eNO correlate well with other markers of inflammation in the airways of asthmatics, such 
as sputum eosinophils and airway eosinophilia in bronchial biopsies [1,2]. Measuring eNO with 
a handheld device is a convenient way to assess airways inflammation and has been used to 
study e.g. occupational hazards or asthma[3,4]. The prevalence of obesity has risen dramatical-
ly in the past decades and an increasing proportion of participants in studies will be over-
weight or obese[5]. Because eNO measurements take time and generate costs it is important 
to establish the reproducibility of eNO measurements in overweight and obese adults.

How could obesity influence eNO measurements? Obesity is associated with a loss in
expiratory reserve volume [6], which may influence eNO measurement that require a slow and 
steady exhalation. In addition, obesity is associated with low grade systemic inflammation [7] 
which may be accompanied by airways inflammation resulting in increased eNO levels. 
However, studies into the association between obesity and levels of eNO show conflicting 
results [8-11]. Therefore it is not clear whether putatively increased eNO levels may contribute 
to decreased reproducibility in obese subjects.

The ATS/ERS recommendations for eNO measurements suggest two measurements of eNO[12]. 
Because of the time requirement and costs associated with multiple eNO measurements in 
large scale studies, a single measurement would be preferable. Reproducibility of eNO 
measured by the handheld NIOX MINO has been evaluated in children [13], adults [14], asthma 
patients and pregnant women [15], but not in overweight and obese individuals.
Therefore, we used a triplicate measurement to assess the reproducibility of eNO measured 
by a handheld NIOX MINO in a cohort study of overweight and obese adults, with the aim to
assess whether a single measurement may suffice in large scale studies.

mAteriAls AnD methODs
The Netherlands Epidemiology of Obesity (NEO) Study is a population-based cohort study in 
adults aged 45 to 65 years, with an oversampling of participants with overweight or obesity
[16]. The study was approved by the ethical committee of the Leiden University Medical Center 
and all participants gave written informed consent. The present analysis includes the first 630 
participants with a body mass index (BMI) ≥ 27 kg/m2. Completed multiple questionnaires 
including self-reported asthma, and anthropometric and maximal flow-volume curves 
measurements were obtained. Exhaled nitric oxide was measured using a portable analyzer, 
the NIOX MINO (Aerocrine AB, Solna, Sweden). Participants performed a 10 seconds slow 
steady exhalation. Three successive recordings at 1-minute intervals, expressed as parts per 
billion (ppb), were made. The interclass correlation coefficient (ICC) was calculated for the 
three measurements in all participants, participants with self reported asthmaand separately 
for participants with a BMI ≥ 35 and for elevated mean eNO levels (>25 ppb and for >50) [17]. 
The mean intra-participant difference in eNO was calculated and a Bland-Altman plot was 
constructed. Statistical analyses were performed with SPSS 20.0 software (SPSS Inc., Chicago, IL).
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resUlts
Of the first 630 participants of the NEO study, 46 participants did not perform eNO measure-
ments because they did not visit the lung function department due to logistic problems.
In another 31 patients, no measurements were obtained because of inability to perform the
technique or because of a technical failure with the nitric oxide machines. As a result, the
present analysis includes 553 participants who performed all three eNO measurements. 
The characteristics of the study population and results of eNO measurements are presented 
in Table 4.1. The ICC (single measurement reliability) for all participants was 0.965 (95% 
CI: 0.960, 0.970), whereas it was 0.926 (95% CI: 0.926, 0.965) for the participants with a 
BMI ≥ 35 (n = 92). The ICC (single measurement reliability) for all participants with asthma 
(n = 39) was 0.988 (95% CI: 0.979, 0.993), whereas it was 0.932 (95% CI: 0.818, 0.981) for 
the participants with asthma and a BMI ≥ 35 (n = 10). The ICC for all eNO measurements
that exceeded 25 ppb (n = 109) was 0.949 (95% CI: 0.931, 0.963) and for those that exceeded 
50 ppb (n = 18) was 0.911 (95% CI: 0.818, 0.963). The mean intra-participant difference in 
eNO for all participants was for the second and first reading: -0.05 ppb (95% CI: -7.14, 7.04); 
third and first reading -0.15 ppb (95% CI: -6.8, 7.6); and third and second reading -0.13 ppb 
(95% CI: - 5.9, 6.5). A Bland-Altman plot was constructed for the first two measurements 
(Figure 4.1).
 

Characteristic Median or % IQR 
Age (years) 56 (50- 61) 
Sex (women %) 47 NA 
Self reported asthma (%) 7 NA 
BMI (kg/m2) 30 (28- 33) 
FEV1 % predicted 103 (92-114) 
FVC % predicted 105 (96-115) 
First nitric oxide (ppb) 17 (12- 23) 
Second nitric oxide (ppb) 17 (12- 24) 
Third nitric oxide (ppb) 17 (13- 24) 
BMI: Body mass index; IQR: Interquartile range; NA: not applicable; FEV1 %: percent predicted of forced expirato-
ry volume; FVC % percent predicted of forced vital capacity; ppb: parts per billion.

table 4.1 Clinical characteristics and eNO measurements of the study population (n = 553)
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Figure 4.1 Bland- Altman plot for the first two eNO measurements by the NIOX MINO (n = 553). 

DisCUssiOn
The ICC and mean intra-participant difference in eNO for all 553 participants was in line with
previous reproducibility studies performed on the NIOX MINO in other populations [13,14].

The ICC for participants with a BMI ≥ 35 kg/m2 was slightly lower (but clinically not re-
levant) than within the whole group, possibly as a result of decreased expiratory reserve 
volumes. Low grade inflammation associated with obesity appears a less likely explanation 
for the small loss in reproducibility because only early studies report a positive correla-
tion between BMI and eNO [8,9]; later studies have not been able to reproduce these initial 
findings [10,11]. The reproducibility in participants with self reported asthma was in line with 
the results in the whole group but within our study the reproducibility at higher eNO levels 
was slightly lower. In earlier study by Selby at al [13] it is concluded that for individual abso-
lute levels two measurements are needed. Similarly, we conclude that in clinical practice 
two eNO measurements are advised but despite small differences of ICC in different analy-
ses, our results demonstrate that in large cohorts of overweight and obese adults a single 
eNO measurement suffices, which will have significant logistical and financial consequen-
ces for cohort studies.
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The dots represent the difference between the first and the second measurement.
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ABstrACt
Background
Exhaled nitric oxide (FeNO) is used as a non-invasive marker for airway inflammation in 
asthma. Obesity, in particular abdominal obesity is accompanied by systemic inflammation 
and is a risk factor for asthma. We hypothesized that body fat is associated with exhaled 
nitric oxide, as a potential mechanism underlying the link between obesity and asthma. Our 
objective was to investigate the association between measures of overall and abdominal 
body fat and especially visceral fat and exhaled nitric oxide.

methods
In this cross-sectional analysis of the Netherlands Epidemiology of Obesity (NEO) study, a 
population-based cohort including 6,671 individuals aged 45 to 65 years, total body fat (TBF)
was measured by bio-impedance analysis, and FeNO was measured using a portable analy-
zer. In a random sample of participants, abdominal subcutaneous and visceral adipose tissue
(VAT) were assessed by magnetic resonance imaging. We performed linear regression ana-
lysis to examine the associations of TBF and VAT with FeNO adjusted for sex, age, ethnicity, 
smoking habits, a history of allergy or asthma; the model of VAT was additionally adjusted 
for TBF.

results
After exclusion of participants with missing data on FeNO (n=379), TBF or waist circumfer-
ence (WC) (n=33), self-reported allergy (n=24), ethnicity (n=8), self reported asthma (n=5) 
and smoking (n=3), 6,219 participants were analyzed with a mean (standard deviation, SD) 
age of 56 (6) years, BMI of 26.3 (4.4) kg/m2 and TBF of 32% (9); 44% were men and 5% 
reported to have asthma. The mean (SD) FeNO was 18.9 (12.6) parts per billion (ppb). 
Per SD of TBF the difference in FeNO was -2 ppb higher (95% confidence interval: -1.5, -2.5). 
After adjustment for confounding factors this difference attenuated to -0.9 ppb (-1.5, -0.3).
Visceral fat was not associated with FeNO 0.5 ppb (-0.4, 1.3).

Conclusion
In this population-based study, there was no evidence for clinically relevant associations of 
total body fat and visceral fat with FeNO. These findings suggest that the visceral adipose 
tissue volume is not accompanied by an increased NO production in the airways.

keywords
Exhaled nitric oxide, body mass index, waist circumference, total body fat, visceral adipose 
tissue, asthma, obesity
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BACkGrOUnD
The prevalence of obesity is increasing worldwide and it is a well-established risk factor for 
diabetes and cardiovascular disease [1,2]. Obesity has also been reported as a risk factor for 
asthma [3,4]. The global prevalence of asthma ranges 1-18% of the population in different 
countries [5]. In a prospective cohort study women with a high BMI had an increased risk of 
developing asthma compared with women with a normal BMI [6]. Furthermore, in several 
studies the severity of asthma was negatively affected by obesity [7,8], whereas weight loss in 
obese asthmatic patients decreased asthma severity and airway hyper-responsiveness [9,10]. 
However, a pathophysiological explanation for this association between obesity and asthma 
is not yet established.

There are several hypotheses to explain the association between obesity and asthma. First, 
there are mechanical effects of obesity on the chest and abdomen. Specifically, obesity
increases the work of breathing and changes lung mechanics [11]. The increased work of 
breathing could influence the diagnosis and treatment of asthma and additionally might affect 
airway hyper-responsiveness [10]. Second, there could be genetic predisposition for, or common 
lifestyle factors causing both obesity and asthma, resulting in spurious associations [12,13]. 
Finally, adipose tissue secretes several pro-inflammatory cytokines that may result in a low 
grade systemic inflammatory state that might contribute to several obesity associated 
diseases[14,15]. It is yet unclear whether this adipose tissue-associated inflammation also 
results in local pulmonary inflammation.

Exhaled nitric oxide (FeNO) is a noninvasive measure of airway inflammation and is used to 
monitor patients with asthma. Levels of FeNO are related with other markers of inflammation 
in the airways of asthmatics, such as sputum eosinophils and airway eosinophilia in bron-
chial biopsies [16,17]. If adipose tissue-associated inflammation would lead to pulmonary 
inflammation this could be an eosinophilic inflammation and cause higher levels of FeNO 
asthmatic and in non asthmatic patients.

Earlier studies on the relationship between body fat and FeNO have shown inconsistent results. 
Both positive [18,19] and null associations [20,21]  between body mass index (BMI) and FeNO 
levels are reported. In a recent large cohort study with a wide range of BMI values there 
was no association between body mass index and FeNO [20]. However, BMI is a crude measure 
of body fat and provides no information on body fat distribution. In addition to overall obesity, 
abdominal obesity is important in the development of several metabolic diseases [22] and 
mortality [23,24]. Intraabdominal visceral adipose tissue has a high secretion rate of pro-
inflammatory cytokines [25] and displays other markers of inflammation [26].
If visceral fat causes a local eosinophilic inflammation in the lungs this might explain why
obesity is associated with asthma. On the other hand it is important to rule out obesity as a 
cause for higher FeNO levels. Therefore, our objective was to study the associations of 
measures of total and abdominal body fat (including visceral fat) withFeNO in a population-
based cohort study.
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methODs
study design and study population
The Netherlands Epidemiology of Obesity (NEO) study is a population-based prospective 
cohort study in men and women aged between 45 and 65 years, with an oversampling of 
persons with a high BMI. The present study is a cross-sectional analysis of the baseline 
measurements of the 6,671 participants included in the NEO study between September 2008 
and September 2012. Detailed information about the study design and data collection has 
been described previously [27]. Men and women with self-reported BMI ≥27 kg/m2 living in 
the greater area of Leiden (in the west of the Netherlands) were eligible to participate in 
the NEO study. In addition, in one municipality (Leiderdorp) all inhabitants aged 45 to 65 
years were invited irrespective of their BMI, allowing for a reference distribution of BMI. 
All participants completed questionnaires on demographic, lifestyle, and clinical informa-
tion and visited the NEO study center at the Leiden University Medical Center (LUMC) after 
an overnight fast.
At the study center, the participants completed a screening form, asking about anything that 
might create a health risk or interfere with magnetic resonance imaging (MRI) (most notably 
metal devices, or claustrophobia). A body circumference of more than 1.70 m was an 
additional contraindication for undergoing MRI at the NEO study center. Of the participants 
who were eligible for MRI imaging, approximately 35% were randomly selected to undergo 
direct assessment of abdominal subcutaneous adipose tissue (aSAT) and visceral adipose 
tissue (VAT). All participants underwent an extensive physical examination, including anthro-
pometric measurements, spirometry and FeNO measurement. For the present analysis, we 
excluded participants with missing data on FeNO, BMI, waist circumference, total body fat, 
self-reported asthma, allergy or smoking, and performed the analyses of aSAT and VAT 
within the subgroup with these measurements. The study was approved by the medical 
ethics committee of the Leiden University Medical Center and all participants gave written 
informed consent.

Data collection
On the questionnaire, participants reported ethnicity by self-identification in eight categories 
which we grouped into white and other. Reported tobacco smoking was categorized in the 
three categories: current, former, and never smoking. Participants reported their medical 
history of allergy and asthma. At the study site, height was measured without wearing shoes 
with a vertically fixed, calibrated tape measure.

measures of body fat
Body weight and percent of total body fat (TBF) were measured by the Tanita bio impedance 
balance (TBF-310, Tanita International Division, UK) without shoes and one kilogram was 
subtracted to correct for the weight of clothing. To assess the reproducibility, repeated 
measurements were performed after approximately 3 months in a random sample of 72 
participants; the calculated intraclass correlation coefficient was 0.98. BMI was calculated 
by dividing the weight in kilograms by the height in meters squared. Waist circumference 
was measured between the border of the lower costal margin and the iliac crest with a 
precision of 0.1 cm. Abdominal visceral adipose tissue (VAT) and abdominal subcutaneous 
adipose tissue (aSAT) were quantified by a turbo spin echo imaging protocol, performed on 
a 1.5 Tesla system (Philips, Medical Systems, Best, the Netherlands). At the level of the fifth 
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lumbar vertebra, three transverse images with a slice thickness of 10 mm were obtained 
during a breathhold. Imaging parameters were: TR=300 ms; TE=20 ms; flip angle=90°; slice
thickness=10 mm, slice gap=2 mm. Mean VAT and abdominal aSAT areas for each participant 
were quantified by converting the number of pixels to square cm for all three slides, and then
averaging theses values, using in-house-developed software (MASS, Medis, Leiden, the 
Netherlands).

exhaled nitric oxide
Exhaled nitric oxide (FeNO) was measured using a portable analyzer, the NIOX MINO (Aero-
crine AB, Solna, Sweden). FeNO measurements by the NIOX MINO showed a strong correlation 
and a high degree of agreement with a standard stationary device [28]. Participants performed
a 10 seconds slow steady exhalation maneuver.
Previously we have shown that in large cohorts of overweight and obese adults a single FeNO 
measurement suffices [29]. Therefore, one recording was made for each participant and ex-
pressed in parts per billion (ppb).

statistical analysis
Data were analyzed using STATA version 12 (StataCorp LP, College Station, TX, USA). In the 
NEO study there is an oversampling of persons with BMI ≥27 kg/m2. To correctly represent 
associations in the general population [30], adjustments were made for the oversampling of 
individuals with BMI ≥ 27 kg/m2. This was done by weighting individuals towards the BMI 
distribution of participants from the Leiderdorp[31], whose BMI distribution was similar to 
the BMI distribution in the general Dutch population [32]. Consequently, results apply to a 
population-based study without oversampling of BMI ≥ 27 kg/m2.
The data were summarized as mean or percentage and were stratified by sex. We performed 
linear regression to examine the associations between measures of body fat and FeNO. We 
adjusted the crude associations for age, ethnicity, smoking, self reported asthma and allergy 
and in the total population additionally for sex. Because abdominal fat is strongly related to 
total body fat, for the study of specific effects of abdominal fat it is important to adjust the 
associations for total body fat [33].Therefore, the models for waist circumference and VAT 
were additionally adjusted for total body fat. To investigate whether associations were 
different between men and women, we tested for interaction with sex by including product 
terms of the measures of body fat and sex all models, and subsequently performed all analyses 
separately for men and women. Regression coefficients can be interpreted as the difference 
in FeNO in ppb that is associated with one standard deviation increase in measure of body 
fat. We repeated all analyses after exclusion of participants with self-reported asthma.
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resUlts
The NEO study included 6,671 participants. After exclusion of participants with missing data 
on FeNO (n=379), TBF or WC (n=33), self-reported allergy (n=24), ethnicity (n=8), self re-
ported asthma (n=5) and smoking (n=3), 6,219 participants were analyzed 44% were men 
and 5% reported to have asthma. The characteristics of the study population are presented 
in table 5.1. In this study population, there were 2,393 participants with aSAT and VAT 
measurement available. Because there was an interaction of sex with BMI and TBF in the 
association with FeNO, we also show the results separately for men and women in our tables. 
Table 5.2 shows the differences in FeNO (in ppb) that are associated with a standard deviation
increase in the measures of body fat. The associations of TBF, BMI and waist circumference 
with FeNO were very weak. For example, with each increase in BMI of 4.4 kg/m2, FeNO was 
0.6 ppb lower. Levels of exhaled nitric oxide are considered elevated >25 ppb [34] and the 
manufacture of the exhaled nitric oxide device (NIOX MINO Aerocrine AB, Solna, Sweden) 
reports a accuracy ± 5 ppb therefore we find these observed associations not clinically 
relevant. Similarly, aSAT and VAT were not associated with FeNO (table 5.3). Excluding par-
ticipants with asthma did not alter the results.

Characteristic Total population Men   
 

Women  
 

Age (years) 56 [6] 56 [6] 55 [6] 
Sex (% men) 44   
Ethnicity (% white) 95 95 95 
 current smoker (%) 16 18 14 
Self-reported asthma (%) 5 4 5 
Self-reported allergy (%) 33 29 37 
 95 95 95 
BMI (kg/m2) 26.3 [4.4] 26.6 [3.4] 25 [4] 
WC (cm) 92.0 [13.4] 97.7 [10.3] 85.6 [12.2] 
TBF (%) 32 [9] 25 [6] 36 [7] 
aSAT (cm2)      235 [98] 209 [82] 258 [105] 
VAT (cm2)      89 [56] 114 [58] 67 [43] 
FeNO (ppb) 18.9 [12.6] 21.3 [13.0] 16.4 [9.5] 

Results were based on analyses weighted towards the BMI distribution of the general population. Total population 
n=6,219; 2955 men and 3264 women. Population with aSAT and VAT measurements n=2,253; 1,190 men and 
1,063 women. Results are shown as mean [SD] or percentage.

BMI: Body mass index; WC: waist circumference; TBF: total body fat; aSAT: abdominal subcutaneous adipose 
tissue; VAT: visceral adipose tissue; FeNO: exhaled nitric oxide; ppb: parts per billion. 

table 5.1 Characteristics of participants of the Netherlands Epidemiology of Obesity study for the total population.
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Difference in FeNO (ppb) [95% CI] 

 Total population Men Women 

aSAT (SD cm2)      98 82 105 
Crude model -0.9 [-1.3 ; -0.4] -0.2 [-0.9;  0.5] -0.3 [-1.0;  0.4] 
Model 11 -0.3 [-0.8;  0.2]  -0.0 [-0.7;  0.6]  -0.4 [-1.1;  0.3] 
+ allergy and asthma -0.3 [-0.8;  0.2] -0.0  [-0.7;  0.6] -0.4 [-1.1;  0.2] 
+ total body fat -0.1 [-1.0;  0.8] 1.1  [ 0.1;  2.1] -1.2 [-2.6;  0.2] 
VAT (SD cm2)      56 58 43 
Crude analyses 1.3 [ 0.7 ;  1.8]  0.1  [-0.8;  1.0]  0.4 [-0.2;  1.1]  
model 11  0.1 [-0.5;  0.6]  -0.0  [-0.9;  0.8]   0.2 [-0.4;  0.2]  
+ allergy and asthma  0.0 [-0.6;  0.6]  0.1  [-0.9;  0.8]  0.1 [-0.4;  0.7]  
+ total body fat  0.5 [-0.4;  1.3]  0.5  [-0.7;  1.6]  0.5 [-0.4;  1.3] 

Difference in FeNO (ppb) [95% CI] 

 Total population Men Women 

BMI (SD kg/m2)  4.4 3.4 4 
Crude model -0.3 [-0.7; 0.0] -0.8 [-1.4; -0.2] -0.5 [-0.9;  0.1] 
Model 11 -0.6 [-0.9; -0.3] -0.7 [-1.3; -0.1]  -0.6 [-1.0; -0.2] 
Multivariate2 -0.6 [-0.9; -0.3] -0.6 [-1.2; -0.1] -0.6 [-1.0; -0.2] 
WC (SD cm)     13.4 10.3 12.2 
Crude model   0.4 [-0.0;  0.8] -0.7 [-1.3; -0.1]  -0.5 [-1.0; -0.0]  
Model 11 - 0.6 [-1.0; - 0.2] -0.6 [-1.2;  0.0] -0.5 [-1.0; -0.1] 
Multivariate2 - 0.6 [-1.0; - 0.2] -0.6 [-1.3;  0.0] -0.6 [-1.1; -0.1]  
TBF (SD %)        9 6 7 
Crude analyses -2.0 [-2.5; -1.5] -0.9 [-1.6; -0.3] -0.5 [-1.2;  0.1] 
Model 11 -0.9 [-1.5; -0.3]  -0.8 [-1.5; -0.2] -0.6 [-1.2;  0.0] 
Multivariate2 -0.9 [-1.5; -0.3] -0.8 [-1.4; -0.1] -0.6 [-1.2;  0.0] 
Results were based on analyses weighted towards the BMI distribution of the general population. 
Total population n=6,219; 2955 men and 3264 women. Results are shown as mean (SD) or percentage.

ppb: parts per billion; CI: Confidence interval; FeNO: exhaled nitric oxide BMI: Body mass index; SD standard 
deviation; WC: waist circumference; TBF: total body fat. 

1 Crude model adjusted for age, ethnicity and smoking and in total population additionally for sex
2 Model 1 additionally adjusted for allergy and asthma

Results were based on analyses weighted towards the BMI distribution of the general population. Population with 
aSAT and VAT measurements n=2,253; 1,190 men and 1,063 women. Results are shown as mean (SD) or percent-
age.

ppb: parts per billion; CI: Confidence interval; FeNO: exhaled NO; SD standard deviation; aSAT: abdominal subcu-
taneous adipose tissue; VAT:visceral adipose tissue. 

1 Crude model adjusted for age, ethnicity and smoking and in total population for sex

table 5.2 Differences in FeNO in ppb of body fat measure in the total population.

table 5.3 Difference in FeNO in ppb with deviation of aSAT and VAT in the total population 
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DisCUssiOn
In this large population-based study, there were no clinically relevant associations between 
any measures of body fat with FeNO. To our knowledge, this is the first large study to inves-
tigate the relation between the visceral fat and FeNO.
Even though visceral adipose tissue is related with markers of inflammation [25,26] and is 
strongly associated with cardiometabolic diseases [35], we showed that both total body fat and 
visceral fat were not associated with FeNO. Our results are in line with the National Health 
and Nutrition Examination Surveys (NHANES) for 2007-2010 in which no relationship 
between BMI and FeNO was observed. [20] Some earlier studies reported a positive relationship
between FeNO and BMI [18,19]; this discrepancy with our study may be due to chance as a 
result of small sample sizes and different study populations. One study only included 33 
participants and also included patients with obstructive sleep apnoea [18], while the other study 
include 122 participants did not correct for sex [19].

Our findings suggest that the low grade inflammation that is associated with obesity does 
not influence local airway inflammation in the general population. The association between 
obesity and asthma might be caused by other underlying mechanisms such as increased work 
of breathing and changed lung mechanisms.[11]. An alternative explanation for the observed 
association between obesity and asthma may be common causes such as physical inactivity, 
leading to non-causal associations or overdiagnosis of asthma in obese patients [36,37].

A different explanation is that adipose tissue does increase inflammation in the airways but 
does not increase FeNO. FeNO is used as a marker for airway inflammation in asthma because 
it correlates well with sputum eosinophils and airway eosinophilia in bronchial biopsies [16,17]. 
Whereas allergic asthma is accompanied by Th2 mediated eosinophilic airway inflamma-
tion, asthma is now recognized as a heterogeneous disease with various phenotypes [38]. 
Asthma in the obese has been suggested to represent a specific phenotype that is associated 
with a higher sputum neutrophil percentage [39,40]. If visceral fat would cause non-eosinophilic 
airway inflammation, FeNO may not be a good marker for airway inflammation in obese
asthmatics. This is supported by a study in morbidly obese patients, in which FeNO levels 
did not differ between asthmatics and controls [41]. This would be in line with what is known
for COPD patients in whom chronic airway inflammation is mainly characterized by neu-
trophils, macrophages, and mast cells [42], while in the majority of these patients FeNO is not 
elevated [43].

Strengths of this study are the direct assessment of abdominal adipose tissue depots with MRI
in a large population, and the availability of extensive information on multiple potential 
confounding factors. Our study also has several limitations that need to be considered. 
First, we did not assess total VAT volumes, but cross-sectional images at the level of the fifth 
lumbar vertebra. Nevertheless, cross-sections at this level are highly correlated to total 
volumes (correlation coefficients around 0.8) [44,45] and can therefore be considered to repre-
sent total VAT[45]. Second, we used only FeNO as a measure of local airway inflammation. 
Although FeNO correlates well with eosinophils in airways it is not a good marker for more 
neutrophilic inflammation [16,17]. Third, despite extensive phenotyping of the NEO study, 
residual confounding may remain due to the observational nature of the study.
Additionally because we only had data on self reported asthma we could not perform a 
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proper sub group analyses. Finally, our study population primarily consists of white
individuals and our findings cannot be extrapolated to other ethnic groups.

COnClUsiOns
In conclusion, this population-based study showed that total body fat and visceral fat were 
not associated with FeNO. Therefore a higher FeNO in patients and in research can not be 
explained by obesity. Future prospective studies should investigate to which extent total body 
fat and visceral fat are associated with the development of local airway inflammation and 
asthma and reveal the mechanisms underlying the observed association between obesity 
and asthma.
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ABstrACt
Vitamin D is hypothesized to have a beneficial effect on lung function and respiratory infec-
tions. The aim of this study was to assess the relationship of serum 25-hydroxyvitamin D 
(25(OH)D) concentrations with lung function, airway inflammation and common colds. 
We performed a cross-sectional analysis in the Netherlands Epidemiology of Obesity (NEO) 
study, a population-based cohort study. We included participants with measurements of 
serum 25(OH)D, Forced Expiratory Volume in 1 s (FEV1), Forced Vital Capacity (FVC), 
Fractional Exhaled Nitric Oxide (FeNO), and data on self-reported common colds (n = 6138). 
In crude associations, serum 25(OH)D was positively associated with FEV1 and FVC, and 
negatively with FeNO and the occurrence of a common cold. 
After adjustment for confounders, however, these associations disappeared. Stratified 
analyses showed that Body Mass Index (BMI) was an effect modifier in the relationship 
between serum 25(OH)D and FEV1, FVC and FeNO. In obese participants (BMI ≥ 30 kg/m2), 
10 nmol/L higher 25(OH)D was associated with 0.46% predicted higher FEV1 (95% Con-
fidence Interval: 0.17 to 0.75), 0.46% predicted higher FVC (0.18 to 0.74), and 0.24 ppb 
lower FeNO (−0.43 to −0.04). Thus, in the total study population, 25(OH)D concentrations 
were not associated with lung function, airway inflammation and common colds. In obese 
participants, however, higher 25(OH)D concentrations were associated with a better lung 
function and lower airway inflammation.
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intrODUCtiOn
The role of vitamin D in bone mineralization and calcium homeostasis is well established [1]. 
In addition, there is a large amount of evidence supporting the influence of vitamin D on 
immune function and inflammatory disease [2]. In particular, there has been interest in the 
role of vitamin D in respiratory outcomes such as lung function and respiratory infections [3–10].

In the past decade, several observational studies examined the relationship of vitamin D 
status with lung function in the general population, leading to inconsistent results, with some 
studies finding a relationship [4,5], and others not [6,7]. Vitamin D status has also been studied 
in patients with Chronic Obstructive Pulmonary Disease (COPD) and asthma specifically, 
where it has been associated with disease severity [11,12]. The exact mechanisms by which 
vitamin D affects lung function are unknown, but it has been hypothesized that effects of 
vitamin D on tissue remodeling, muscle function and/or airway inflammation may play a 
role [13,14]. 

The role of vitamin D in the immune system has been extensively studied in vitro and vitamin 
D has been hypothesized to have a dual effect. First, vitamin D decreases inflammatory 
reactions through the inhibition of NF-κB-pathways [15]. Second, vitamin D improves antimi-
crobial defense by inducing the production of antimicrobial peptides, and increasing anti-
bacterial and antiviral defenses [16–18]. In observational studies, it has been shown that low 
vitamin D status is inversely associated with number of respiratory tract infections [5,8–10].
In particular in asthma and COPD patients, respiratory tract infections play an important 
role as they are associated with exacerbations [19,20], which are the main cause of disease 
progression, morbidity and mortality in these patients [21,22]. In addition, vitamin D status 
has been inversely related to measures of airway inflammation in children with asthma [23]. 

This may suggest that vitamin D deficiency is a risk factor for respiratory infections and 
inflammation. In two intervention trials in patients with COPD, vitamin D supplementation 
was shown to decrease exacerbation rate, but only in participants with vitamin D deficiency 
at baseline [24,25].

Previous studies have shown that the relationship of vitamin D status with lung function and 
airway inflammation might be affected by sex and adiposity. In an ageing cohort, vitamin D 
status was only associated with peak expiratory flow (PEF) in men, but not in women [26]. 
In another study, associations were stronger in subgroups of participants with a Body Mass 
Index (BMI) of ≥25 kg/m2 compared to subgroups with a BMI < 25 kg/m2 [27]. These diffe-
rences might explain the inconsistent results of previous studies. Our aim was to study the 
associations of serum 25-hydroxyvitamin D (25(OH)D) concentrations with lung function, 
airway inflammation and the occurrence of a common cold, and whether associations 
differed between men and women, or different BMI groups. We hypothesized that low serum
25(OH)D concentrations are associated with an impaired lung function and increased air-
way inflammation. Furthermore, we hypothesized that low serum 25(OH)D concentrations 
are associated with a higher number of recent common colds. 
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mAteriAls AnD methODs
study Design and study population
The Netherlands Epidemiology of Obesity (NEO) study is a population-based prospective 
cohort study in 6671 men and women aged between 45 and 65 years included between 
September 2008 and September 2012. The present study is a cross-sectional analysis of the 
baseline measurements. 

Design and data collection of the study has been described in detail previously [28]. Men and
women with self-reported BMI ≥ 27 kg/m2 living in the greater area of Leiden (in the west 
of the Netherlands) were eligible to participate in the NEO study. In addition, in one munici-
pality (Leiderdorp), all inhabitants aged 45 to 65 years were invited, irrespective of their 
BMI, allowing for a reference distribution of BMI. Participants were invited for a baseline 
visit at the NEO study center of the Leiden University Medical Center (LUMC) after an 
overnight fast. Prior to this study visit, participants completed a general questionnaire at 
home to report demographic, lifestyle and clinical information. All participants underwent 
an extensive physical examination, including blood sampling and spirometry. In the present 
analysis, we excluded subjects with missing data. The study was approved by the medical 
ethics committee of the Leiden University Medical Center (LUMC) and all participants gave 
written informed consent. 

Data Collection
On the questionnaires, participants reported their medical history, including asthma and 
COPD, and use of medication, including pulmonary and anti-inflammatory medicine. 
Ethnicity was assessed by self-identification in eight categories, which were grouped into 
‘white’ and ‘other’. Self-reported education was grouped as low versus high education. 
Tobacco smoking was reported in three categories: ‘current smoker’, ‘former smoker’ and 
‘never smoker’. In addition, the number of pack-years was calculated. Participants also 
reported when they had had a common cold for the last time, to which they could answer 
with: ‘within a week’, ‘between 1 week and 1 month ago’, ‘between 1 and 6 months ago’, 
‘between 6 months and a year ago’ or ‘more than 1 year ago’. For the analyses, this was 
dichotomized into ‘within a month’ and ‘more than a month ago’. Participants reported the 
frequency and duration of their physical activity during leisure time using the Short Ques-
tionnaire to assess health-enhancing physical activity. This was expressed in Metabolic 
Equivalent of Task-hours (MET-hours) per week [29].

25(Oh)D measurements
At the baseline study visit, a fasting blood sample of venous blood was collected by venipunc-
ture, and immediately sent to the central clinical laboratory of the LUMC for the assessment 
of serum 25-hydroxyvitamin D (25(OH)D) concentrations. During the inclusion period of the 
NEO study, quantification of the 25(OH)D concentration in the serum was done by three 
sequential methods. From 1 September 2008 to 4 October 2010, the radioimmunoassay 
(RIA) method was used (DiaSorin, Saluggia, Italy). From 5 October 2010 to 29 September 
2011, the Chemoluminescent Immunoassay was used (iSYS analyzer, ImmunoDiagnostics 
Inc., Boldon, UK). Finally, from 30 September 2011 until the end of the study, the 2nd gene-
ration Electrochemoluminescence Immunoassay (ECLIA) (Modular Analytics E170 analyzers, 
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Roche Diagnostics, Mannheim, Germany) was used. Two-level commercial Internal Quality 
Control (IQC) samples were used in all three methods to monitor performance. Maximum 
overall CVa was <12%. All methods have stated specificity for both 25-hydroxyvitamin D2 
and D3 (25(OH)D2 and 25(OH)D3).

Because three different immunoassays were used during the study period, serum 25(OH)D 
was calibrated towards the “golden standard” liquid chromatography/tandem mass spectro-
metry (LC-MS/MS) method (isotope dilution/online solid-phase extraction liquid chroma-
tography/tandem mass spectrometry (ID-XLC-MS/MS)) to minimize possible variations. 
These LC-MS/MS measurements were performed at the Endocrine Laboratory of the VU 
University Medical Center (Amsterdam, The Netherlands) as described before [30]. The limit 
of quantitation (LOQ) was 4.0 nmol/L; intra-assay CV was <6%, and inter-assay CV was <8% 
for concentrations between 25 and 180 nmol/L. 25(OH)D2 and 25(OH)D3 were measured 
separately. From measurements of each of the three different 25(OH)D assays used, 50 
samples were selected to determine serum 25(OH)D with LC/MS-MS. Previous studies have 
shown that 50 samples suffice to fit an equation for comparison between the different 
assays [31]. Samples were selected according to tentiles of serum 25(OH)D within each of the 
methods used. Within each tentile, 5 samples were selected at intervals during the period 
in which the method was used. This time-dependent sampling was added to minimize the 
contribution of inter-assay variation to variability between the different assays. Calibrated 
serum 25(OH)D concentrations were then calculated using linear regression formulas. 

lung Function Assessments
All participants of the NEO study underwent spirometry at the Pulmonology department 
of the LUMC. The Forced Expiratory Volume in 1 s (FEV1) and Forced Vital Capacity (FVC) 
were determined. Participants were required to perform at least three reproducible forced 
expiratory maneuvers, with a maximum difference of 5 percent or 150 mL between the 
highest and lowest measurement. Of these three maneuvers, the one with the highest value 
of FEV1 and FVC together was used in the analyses [32].                                                                       

Fractional exhaled nitric Oxide
Fractional Exhaled Nitric Oxide (FeNO) was measured using a portable analyzer, the NIOX 
MINO (Aerocrine AB, Solna, Sweden). Participants performed a 10-s slow steady exhalation. 
Our previously published results demonstrate that, in large cohorts of overweight and obe-
se adults, a single exhaled NO measurement suffices, and therefore one recording expressed 
as parts per billion (ppb) was made [33].

Body Composition measure
At the study site, height and weight were measured with precision of 0.1 cm/kg. BMI was 
calculated by dividing the weight in kilograms by the height in squared meters. For stratifi-
cation, BMI was categorized into three categories: <25, 25–30 and ≥30 kg/m2 according to 
WHO criteria [34]. Waist circumference was measured between the border of the lower costal 
margin and the iliac crest with the precision of 0.1 cm. Total body fat (TBF) was estimated by 
bio-electrical impedance analysis (BIA) using the Tanita foot-to-foot BIA system TBF-300A 
Body Composition Analyzer (Tanita Corporation of America, Inc., Arlington Heights, IL, USA) [35]. 
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statistical Analyses
Data were analyzed using STATA version 13.1 (StataCorp LP, College Station, TX, USA). 
In the NEO study, there is an oversampling of persons with BMI ≥ 27 kg/m2. To correctly 
represent associations in the general population, adjustments were made for the oversam-
pling of individuals with a BMI ≥ 27 kg/m2 [36]. This was done by weighting individuals 
towards the BMI distribution of participants from the Leiderdorp municipality whose BMI 
distribution was similar to the BMI distribution in the general Dutch population and could 
serve as a reference population [37]. Using the BMI distribution of this reference population, 
we calculated weight factors for the NEO population, resulting in a higher weight factor for 
participants with a lower BMI. Using these weight factors, we weighted all our analyses 
towards the BMI distribution of the general population [38]. Consequently, results apply to a 
population-based study without oversampling of persons with a BMI ≥ 27 kg/m2. 

We summarized the baseline characteristics as mean (standard deviation, SD) for normally 
distributed continuous variables, median (interquartile range) for skewed continuous 
variables and percentages for categorical variables, stratified by categories of serum 25(OH)D 
concentrations (serum 25(OH)D <50 nmol/L, 50–75 nmol/L and ≥75 nmol/L [2]). Linear 
regression analyses were used to examine the associations between serum 25(OH)D and 
FEV1, FVC and FeNO. Logistic regression analyses were used to calculate the odds ratio (OR) 
of the occurrence of a common cold in the preceding month per 10 nmol/L serum 25(OH)D. 

The crude regression models were adjusted for age, sex, ethnicity, packyears of smoking, 
self-reported obstructive pulmonary disease, use of pulmonary and anti-inflammatory 
medication, educational level, season, physical activity, BMI, waist circumference and total 
body fat. Because serum 25(OH)D concentrations follow a sinusoidal pattern throughout 
the year, adjustment for season was performed using a cosinor model[39]. Potential effect 
modification by sex, age and BMI was examined by performing regression analyses stratified 
for sex, age and BMI categories. Finally, a sensitivity analysis was performed in participants 
with 25(OH)D concentrations <50 nmol/L. 

resUlts
After exclusion of participants with missing data, we included 6138 participants in our 
analyses. The characteristics of the study population stratified by serum 25(OH)D categories 
are shown in Table 6.1. Of the total study population, 20% had serum 25(OH)D concentra-
tions lower than 50 nmol/L. Participants with lower serum 25(OH)D concentrations 
(<50 nmol/L) more often had asthma and COPD, a higher BMI, total body fat and waist 
circumference, compared to participants with higher serum 25(OH)D concentrations. 
In addition, they had higher FEV1 and FVC, and more often reported a common cold in the 
preceding month.
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25(OH)D (nmol/L) Category <50 50–75 ≥75 p-Value * 
Proportion of study population (%) 20 37 43  
25(OH)D (nmol/L) 39.5 (8.6) 62.7 (7.2) 93.6 (14.7) <0.01 
Age (years) 55.0 (6.7) 55.9 (6.1) 55.7 (5.6) 0.05 
Sex (% men) 47 48 39 <0.01 
White (%) 87 97 98 <0.01 
Educational level (%high) 45 47 48 0.31 
Smoking (%)     

Current 20 17 13 <0.01 
Former 40 45 49 <0.01 

Packyears  2.9 (0.0–15.2) 3.6 (0.0–15.2) 2.2 (0.0–14.0) 0.12 
Season (% winter) 66 55 38 <0.01 
Physical activity (MET/h) 23.0 (11.0–44.3) 28.5 (15.0–46.8) 34.5 (19.5–55.9) <0.01 
BMI (kg/m2) 27.4 (5.9) 26.5 (4.4) 25.5 (3.6) <0.01 
Total body fat (%) 32.3 (10.4) 31.5 (9.1) 31.3 (7.5) 0.03 
Waist circumference (cm) 94.9 (16.6) 93.2 (13.1) 89.8 (11.7) <0.01 
Self-reported asthma (%) 6.1 4.8 3.7 0.02 
Self-reported COPD (%) 5.4 4.7 3.3 <0.01 
Use of pulmonary and anti-
inflammatory medication (%) 15 13 13 0.11 
FEV1 (%predicted) 105.7 (18.8) 107.2 (16.8) 109.3 (14.1) <0.01 
FVC (%predicted) 113.4 (17.7) 115.9 (16.9) 118.8 (14.3) <0.01 
FeNO (ppb) 19.0 (14.5) 19.0 (13.5) 18.7 (11.0) 0.57 
Self-reported common cold in 
preceding month (%) 28 22 21 <0.01 

Data are presented as mean (SD), percentage or median (interquartile range). Results are based on analyses 
weighted towards the BMI distribution of the general population (n = 6138). 25(OH)D: 25-hydroxyvitamin D; 
BMI: Body Mass Index; COPD: Chronic Obstructive Pulmonary Disease; FEV1: Forced Expiratory Volume in 1 s. 
FVC: Forced Vital Capacity; FeNO: fractional exhaled nitric oxide; ppb: parts per billion. * p-value for trend.

table 6.1 Characteristics of participants aged 45–65 years of the Netherlands Epidemiology of Obesity study, 
stratified by serum 25(OH)D (nmol/L) category.
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Figure 6.1 Mean serum 25(OH)D concentrations and percentage of participants that reported a recent common 
cold per month, in men and women participating in the Netherlands Epidemiology of Obesity study, aged between 
45 and 65 years. 
Data are presented as mean (95% confidence interval) and percentage. Results are based on analyses weighted 
towards the BMI distribution of the general population (n = 6138). Results are shown per month, combined over 
different years.

The results of the regression analyses are shown in Table 6.2. In the crude associations, 
serum 25(OH)D was positively associated with FEV1 and FVC, and negatively associated with 
FeNO and the occurrence of a common cold in the preceding month. In addition, 10 nmol/L 
higher serum 25(OH)D was associated with 0.48% predicted higher FEV1 (95% CI: 0.23 to 
0.73), 0.83% predicted higher FVC (0.58 to 1.07) and 0.18 ppb lower FeNO (−0.39 to 0.03). 
The OR of the occurrence of a common cold in the preceding month was 0.94 (0.90 to 0.98) 
per 10 nmol/L serum 25(OH)D. After adjustment for all confounding factors, however, these 
associations largely disappeared. Adjustment for season attenuated the regression coefficients
of FEV1 with 40%, of FVC with 27%, and of FeNO with 43%. Relationship with common 
colds was attenuated with 3%. A sensitivity analysis in participants with 25(OH)D concen-
trations <50 nmol/L did not show an association (Supplementary Table S1). An analysis in 

In Figure 6.1, we have plotted the mean serum 25(OH)D concentrations and percentage of 
participants that reported a recent common cold, per month. Both serum 25(OH)D concen-
trations and the occurrence of a common cold showed a sinusoidal pattern, with an inverse 
relationship between serum 25 (OH) D concentrations and the occurrence of a common cold. 
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participants using vitamin D and multivitamin supplements only, also did not show different 
results (Supplementary Table S2).

 Crude Multivariate 1 +BMI, TBF, WC 2 
 Regression coefficient (95% CI) per 10 nmol/L 25(OH)D 

FEV1 (% predicted) 0.48 (0.23 to 0.73) 0.23 (−0.05 to 0.51) 0.10 (−0.18 to 0.39) 
FVC (% predicted) 0.83 (0.58 to 1.07) 0.51 (0.24 to 0.77) 0.31 (0.04 to 0.57) 

FeNO (ppb) −0.18 (−0.39 to 0.03) 0.15 (−0.07 to 0.38) 0.16 (−0.06 to 0.36) 
 Odds Ratio (95%CI) per 10 nmol/L 25(OH)D 

Common cold 0.94 (0.90 to 0.98) 1.00 (0.95 to 1.04) 1.00 (0.96 to 1.05) 

Results were based on analyses weighted towards the BMI distribution of the general population (n = 6138), and 
were derived from regression coefficients with 95% confidence intervals from linear regression analyses and 
expressed as difference in outcome measure per 10 nmol/L 25(OH)D. 
1 Multivariate: Adjusted for age, sex, ethnicity, number of packyears, self-reported obstructive pulmonary disease, 
use of pulmonary and anti-inflammatory medication, educational level, season and physical activity. 2 Multivariate 
plus adjustments for BMI, total body fat and waist circumference. CI: confidence interval; BMI: body mass index; 
FEV1 : Forced Expiratory Volume in 1 s; FVC: Forced Vital Capacity; FeNO: fractional exhaled nitric oxide; ppb: 
parts per billion; OR: Odds Ratio.

table 6.2 Associations of serum 25(OH)D (per 10 nmol/L) with FEV1, FVC, FeNO and occurrence of a common 
cold in men and women participating in the Netherlands Epidemiology of Obesity study, aged between 45 and 
65 years.

After stratification for BMI categories, the associations of serum 25(OH)D with FEV1, FVC 
and FeNO differed per BMI category (Figure 6.2, Supplementary Table S3). Because BMI 
was an effect modifier in these relationships, we subsequently stratified all models by BMI 
(BMI < 25: 43%, BMI 25–30: 41% and BMI ≥ 30: 16% of study population). In participants 
with obesity (BMI ≥ 30), serum 25(OH)D was positively associated with FEV1 and FVC, and 
negatively associated with FeNO. In participants with a BMI < 25, serum 25(OH)D was not 
associated with these outcomes after adjustment for confounding factors. Nevertheless, 
the stratified results showed a dose–response trend with stronger associations in higher 
BMI categories. No differences were found between the sexes and different age categories 
(Supplementary Tables S4 and S5).
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DisCUssiOn
In this study, we assessed the relationship between serum 25(OH)D concentrations and lung 
function, fractional exhaled nitric oxide and common colds in a population-based cohort 
study. Whereas there were no associations in the total population, we observed that higher 
serum 25(OH)D concentrations were associated with a better lung function and lower airway 
inflammation in participants with a BMI ≥ 30, but not in participants with a BMI < 30. 
Serum 25(OH)D concentrations were not associated with the occurrence of common colds 
in the last month.

Several previous observational studies have assessed the relationship between vitamin D 
and lung function. Results of these studies have been inconsistent. In some studies, a positive
association between vitamin D status and lung function was found [4,5,40], while in others this 
was not confirmed [6,7]. Two studies showed an association between serum 25(OH)D concen-
trations and lung function in patients with COPD and asthma [11,12]. These differences in study 
results might be caused by differences in study population and vitamin D status of participants. 
In our study, we observed an association in participants with obesity, in addition to a dose–
response trend after stratification by BMI categories. This is in line with the finding of a 
previous study that observed an association between 25(OH)D and lung function in partici-
pants with obesity, but not in those without obesity [27]. Another recent study in asthmatic 
children reported an association between vitamin D status and lung function in obese, but 
not in non-obese children [41]. 

The explanation for this relationship in obesity only is unclear. It remains difficult to disen-
tangle true causal associations in obesity from the potential confounding effect of obesity 
as a common cause of both low vitamin D concentrations and impaired lung function. One 

Figure 6.2 Associations of serum 25(OH)D (per 10 nmol/L) with (a) FEV1, (b) FVC and (c) FeNO stratified by 
Body Mass Index (BMI) category, in men and women participating in the Netherlands Epidemiology of Obesity 
study, aged between 45 and 65 years. 
Results were based on analyses (n = 6138) weighted towards the BMI distribution of the general population, 
and were derived from regression coefficients with 95% confidence intervals from linear regression analyses 
and expressed as difference in outcome measure per 10 nmol/L 25(OH)D stratified by BMI category (BMI < 25: 
43%, BMI 25–30: 41% and BMI ≥ 30: 16%). 1 Multivariate: Adjusted for age, sex, ethnicity, number of packyears, 
self-reported obstructive pulmonary disease, use of pulmonary and anti-inflammatory medication, educational 
level, season and physical activity. 2 Multivariate plus adjustments for BMI, total body fat and waist circumferen-
ce. FEV1: Forced Expiratory Volume in 1 s; FVC: Forced Vital Capacity; FeNO: fractional exhaled nitric oxide; ppb: 
parts per billion; BMI: Body Mass Index; TBF: total body fat; WC: waist circumference.
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explanation might be that a potential relationship of vitamin D status with lung function is
only present in participants with vitamin D deficiency. As vitamin D deficiency is more 
prevalent in individuals with obesity, this might explain why we did find a relationship in 
obese, but not in non-obese participants. A sensitivity analysis in participants with vitamin 
D deficiency (serum 25(OH)D concentrations < 50 nmol/L) in our study did not show an 
association. However, this group was small and might therefore have been underpowered.

Several studies have shown an association between adiposity and lung function [42–45]. 
A potential effect of obesity on lung function has been explained by effects on metabolic 
dysregulation, systemic inflammation and mechanical load of truncal fat [46]. Nevertheless, 
vitamin D deficiency has also been associated with recent-onset obesity [47,48] and it has been 
hypothesized that adiposity is an intermediate in the relationship between vitamin D and 
lung function through a direct mechanical effect on the diaphragm [27]. Finally, an explanation 
for the findings might be that adiposity is indeed an effect modifier. Vitamin D might exert 
a direct effect on lung function through tissue remodeling, muscle function and/or airway 
inflammation and the presence of adiposity may affect this relationship, as recently sugge-
sted [13].

We also observed an association between serum 25(OH)D concentrations and FeNO in obese, 
but not in non-obese participants. FeNO is a marker for Th2-mediated allergic inflammation, 
which is mainly used in the diagnostics of allergic asthma. FeNO is produced by lung epithelial 
cells mainly by inducible nitric oxide synthase (iNOS/NOS2), of which expression is increased 
during allergic airway inflammation [49,50]. In our study, we found a negative relationship 
between serum 25(OH)D concentrations and FeNO levels in obese individuals. This suggests 
that a higher vitamin D status is associated with lower airway inflammation in these partici-
pants. Vitamin D is known to be a potent immunomodulator and has been shown to de-
crease inflammatory reactions in vitro[15,51]. Few studies, however, have investigated the 
relationship between vitamin D and airway inflammation. In two cross-sectional studies in 
(asthmatic) children, serum 25(OH)D concentrations were not associated with FeNO [52,53]. 
Three intervention trials did also not show an effect of vitamin D supplementation on FeNO 
in patients with asthma [54–56]. Potential differences with our findings might be caused by the
differences in study design. Previous studies did not report on potential effect modification 
of obesity. In one study, obese individuals were even excluded from the study [53]. In addition, 
our study was performed in the general adult population. FeNO levels are likely to be lower 
in the general population than in preselected cohorts of asthma patients. Possibly, vitamin 
D suppresses the lower levels of iNOS expression in these populations more readily than in 
patients with eosinophilic asthma. However, this is a hypothesis and exact mechanisms 
remain to be elucidated in future studies. 

In our study, serum 25(OH)D concentrations were not related to the occurrence of a common 
cold in the preceding month. The relationship between vitamin D and respiratory infections 
has been extensively studied in observational studies [8,57]. In addition, trials assessing the
effect of vitamin D supplementation have remained inconclusive [58–62]. The most recent 
meta-analysis showed a protective effect of vitamin D supplementation against respiratory 
infections, with larger effects in patients with vitamin D deficiency at baseline [62].
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In our study, only 20% of the study population had serum 25(OH)D concentrations less than 
50 nmol/L. This might explain why we did not find an association with the occurrence of a 
common cold in our study. 

Strengths of this study are the large study population and the detailed phenotyping of the 
population, allowing extensive adjustment for relevant confounding factors. A major limita-
tion of this study is the cross-sectional design. Therefore, no conclusions can be drawn 
regarding the direction and causality of relationships. Another limitation is that serum 
25(OH)D measurements were performed by three different assays during the study period. 
To minimize possible variations, we calibrated our serum 25(OH)D measurements to the 
golden standard LC-MS/MS. In addition, the occurrence of a common cold, medical history 
and medication use were assessed by self-report, which might affect reliability. This may 
have resulted in an underestimation of the occurrence of common colds, which might have 
led to a reduced power to detect a potential relationship. We did not have reliable data on 
vitamin D supplementation use and dietary intake, and therefore could not rule out an effect 
of vitamin D supplementation. In addition, we did not have data on sunshine exposure. 
The physical activity questionnaire, however, did contain several outdoor activities such as 
cycling, walking and gardening, and, therefore, could be used as a proxy for sunshine ex-
posure. Finally, while we did find associations of serum 25(OH)D concentrations with lung 
function and airway inflammation in obese participants, these differences were very small. 
This makes it difficult to assess the clinical relevance of our results.    
                                              
COnClUsiOns
This study showed that higher serum 25(OH)D concentrations were associated with a better 
lung function and less airway inflammation in obese, but not in non-obese individuals. 
Serum 25(OH)D concentrations were not associated with the occurrence of a recent common 
cold. Further studies are needed to assess the causal pathways and clinical relevance of our 
findings. Studies investigating the effects of vitamin D supplementation should specifically 
target persons with obesity and study specific effects stratified by BMI. Finally the under-
lying mechanisms by which obesity affects the relationship of serum 25(OH)D is still unclear 
and needs to be further studied.
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sUpplementAry mAteriAls
Table S1: Associations of serum 25(OH)D with FEV1, FVC, FeNO and occurrence of a com-
mon cold in participants with 25(OH)D concentrations <50 nmol/L; Table S2: Associations 
of serum 25(OH)D (per 10 nmol/L) with FEV1, FVC, FeNO and presence of a common cold 
in men and women participating in the Netherlands Epidemiology of Obesity study using 
vitamin D and multivitamin supplements; Table S3: Associations of serum 25(OH)D (per 10 
nmol/L) with FEV1, FVC, FeNO and presence of a common cold stratified by BMI category, 
in men and women participating in the Netherlands Epidemiology of Obesity study, aged 
between 45 and 65 years; Table S4: Crude associations of serum 25(OH)D (per 10 nmol/L) 
with FEV1, FVC, FeNO and presence of a common cold stratified by age, in men and women 
participating in the Netherlands Epidemiology of Obesity study, aged between 45 and 65 
years; Table S5: Crude associations of serum 25(OH)D (per 10 nmol/L) with FEV1, FVC, 
FeNO and presence of a common cold stratified by sex, in participants of the Netherlands 
Epidemiology of Obesity study, aged between 45 and 65 years.
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Table S2.  

Odds Ratio’s (95%CI) per 10 nmol/L 25(OH D

  

Results were based on analyses in a subset of participants with 25(OH)D levels<50 nmol/L, weighted towards the 
BMI distribution of the general population (n=1498), and were derived from regression coefficients with 95% con-
fidence intervals from linear regression analyses and expressed as difference in outcome measure per 10 nmol/L 
25(OH)D. 1 Multivariate: Adjusted for age, sex, ethnicity, number of packyears, self-reported obstructive pulmo-
nary disease, season, use of pulmonary and anti-inflammatory medication, educational level and physical activity. 
2 Multivariate plus adjustments for BMI, total body fat and waist circumference.
BMI: Body mass index; OR: Odds Ratio. FEV1: Forced Expiratory Volume in 1 s; FVC Forced Vital Capacity; FeNO: 
fractional exhaled nitric oxide; ppb: parts per billion; OR: Odds Ratio.

table s1 Associations of serum 25(OH)D (per 10 nmol/L) with  FEV1, FVC, FeNO and presence of a common 
cold in men and women participating in the Netherlands Epidemiology of Obesity study with 25(OH)D levels < 
50 nmol/L.
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Table S2.  

Odds Ratio’s (95%CI) per 10 nmol/L 25(OH D

  
Results were based on analyses in a subset of participants using vitamin D and multivitamin supplements, 
weighted towards the BMI distribution of the general population (n=1461), and were derived from regression 
coefficients with 95% confidence intervals from linear regression analyses and expressed as difference in outcome 
measure per 10 nmol/L 25(OH)D. 1 Multivariate: Adjusted for age, sex, ethnicity, number of packyears, self-repor-
ted obstructive pulmonary disease, season, use of pulmonary and anti-inflammatory medication, educational level 
and physical activity. 2 Multivariate plus adjustments for BMI, total body fat and waist circumference.
BMI: Body mass index; OR: Odds Ratio. FEV1: Forced Expiratory Volume in 1 s; FVC Forced Vital Capacity; FeNO: 
fractional exhaled nitric oxide; ppb: parts per billion; OR: Odds Ratio.

table s2. Associations of serum 25(OH)D (per 10 nmol/L) with  FEV1, FVC, FeNO and presence of a common 
cold in men and women participating in the Netherlands Epidemiology of Obesity study using vitamin D and 
multivitamin supplements.
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Results were based on analyses weighted towards the BMI distribution of the general population (n=6138), and 
were derived from regression coefficients with 95% confidence intervals from linear regression analyses and ex-
pressed as difference in outcome measure per 10 nmol/L 25(OH)D stratified by BMI-category (BMI<25: 43%, BMI 
25 -30: 41% and BMI ≥30: 16%). 1 Multivariate: Adjusted for age, sex, ethnicity, number of packyears, self-repor-
ted obstructive pulmonary disease, use of pulmonary and anti-inflammatory medication, educational level, season 
and physical activity. 2 Multivariate plus adjustments for BMI, total body fat and waist circumference. 
FEV1: Forced Expiratory Volume in 1 s; FVC: Forced Vital Capacity; FeNO: fractional exhaled nitric oxide; ppb: 
parts per billion; BMI: Body Mass Index.

table s3. Associations of serum 25(OH)D (per 10 nmol/L) with  FEV1, FVC, FeNO and presence of a common 
cold stratified by BMI category, in men and women participating in the Netherlands Epidemiology of Obesity 
study, aged between 45 and 65 years.
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Results were based on analyses weighted towards the BMI distribution of the general population (n=6138), and 
were derived from regression coefficients with 95% confidence intervals from linear regression analyses and 
expressed as difference in outcome measure per 10 nmol/L 25(OH)D stratified by sex (men: 44%, women: 56%). 
FEV1: Forced Expiratory Volume in 1 s; FVC: Forced Vital Capacity; FeNO: fractional exhaled nitric oxide; ppb: 
parts per billion; BMI: Body Mass Index

 

 

Table S3.  

≥30

≥30

BMI ≥30
Odds Ratio’s per 10 nmol/L 25(OH)D

BMI ≥30

 

 

 

Table S4 
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Results were based on analyses weighted towards the BMI distribution of the general population (n=6138), and 
were derived from regression coefficients with 95% confidence intervals from linear regression analyses and 
expressed as difference in outcome measure per 10 nmol/L 25(OH)D stratified by age-category (age <50: 21%, 
50-55:22%, 55-60: 23% and  ≥60: 34%).FEV1: Forced Expiratory Volume in 1 s; FVC: Forced Vital Capacity; 
FeNO: fractional exhaled nitric oxide; ppb: parts per billion; BMI: Body Mass Index. 

 

 

Table S5.  

 

table s5. Crude associations of serum 25(OH)D (per 10 nmol/L) with  FEV1, FVC, FeNO and presence of a 
common cold stratified by sex, in participants of the Netherlands Epidemiology of Obesity study, aged between 
45 and 65 years.

table s4. Crude associations of serum 25(OH)D (per 10 nmol/L) with  FEV1, FVC, FeNO and presence of a 
common cold stratified by age, in men and women participating in the Netherlands Epidemiology of Obesity 
study, aged between 45 and 65 years.
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7. Nasal levels of antimicrobial peptides in allergic asthma patients and healthy controls: differences and 
    effect of a short 1,25(OH)2 vitamin D3 treatment

ABstrACt
Background
Allergy is often accompanied by infections and lower levels of antimicrobial peptides (AMPs).
Vitamin D has been shown to increase expression of selected AMPs. In this study we inves-
tigated whether antimicrobial peptide levels in nasal secretions of allergic asthma patients 
are lower than in healthy controls, and whether administration of the active form of vitamin 
D (1,25(OH)2D3) affects these antimicrobial peptide levels.

methods
The levels of antimicrobial peptides in nasal secretions were compared between 19 allergic
asthma patients and 23 healthy controls. The effect of seven days daily oral treatment with 
2 μg 1,25(OH)2D3 on antimicrobial peptides in nasal secretions was assessed in a placebo-
controlled cross-over clinical study.

results
Levels of neutrophil α-defensins (human neutrophil peptides 1-3; HNP1-3) and lipocalin 
2(LCN2; also known as NGAL) were significantly lower in asthmatics, but no differences in 
LL-37 and SLPI were detected. Treatment with a short-term 1,25(OH)2D3 caused a small 
increase in HNP1-3, but not when the asthma and control groups were analyzed separately. 
LL-37, LCN2 and SLPI did not change after treatment with 1,25(OH)2D3.

Conclusion
Levels of the antimicrobial peptides HNP1-3 and LCN2 are lower in nasal secretions in
asthmatics, and are not substantially affected by a short-term treatment with active vitamin D.
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intrODUCtiOn
Exacerbations in asthma are associated with increased airway inflammation, decreased lung
function and increased symptoms, and are frequently accompanied by respiratory infections[1,2].

It has been shown that allergic airways disease is accompanied by increased susceptibility 
to infections[3-5]. This may in part be explained by the observation that allergic inflammation
decreases local host defense against infections by reducing the expression of antimicrobial
peptides and proteins (AMPs), which is mediated at least in part by Th2 cytokines[6,7].These
AMPs form an essential element of innate immunity in most multicellular organisms, are 
mainly produced by neutrophils and epithelial cells, and kill a wide range of bacteria, fungi, 
viruses and microbes[8]. Various studies revealed deficiencies of selected AMPs in airway 
secretions of patients with allergic rhinitis, sinusitis and asthma[6,9,10]. The role of AMPs in 
allergic asthma is incompletely understood, but in view of the diverse role of these molecules 
in regulating host defense, immunity and wound repair they are likely important players in 
allergic asthma.

Vitamin D has been identified as a key regulator of production of AMPs such as the cathelicidin
(hCAP18/LL-37) and the neutrophil gelatinase-associated lipocalin (LCN2) in epithelial
cells[11,12]. Allergen challenge in allergic asthmatics has been shown to cause an increase in
hCAP18/LL-37 and inflammatory markers in bronchoalveolar lavage, which was accompanied
by an increase in vitamin D[13]. Furthermore, vitamin D administration has been shown to
increase cathelicidin expression in patients with atopic dermatitis and in neonates[14,15].
Collectively, these data suggest that allergic inflammation contributes to impaired host defense 
against infections, and that vitamin D could improve this by stimulating AMP production. 
However, there is limited data on AMPs expression in allergic asthmatic patients and to our 
knowledge there are no data on the effect of vitamin D treatment on AMPs in asthma patients 
to support a role for vitamin D in reducing exacerbations.

Our study had two objectives: First, we examined the expression of AMP levels in nasal
secretions from patients with allergic asthma and in healthy controls in a case control design.
To this end we focused on AMPs that are either only expressed in neutrophils (human neu-
trophil peptides [HNP]1-3; neutrophil α -defensins) or in epithelial cells (secretory leukocyte 
proteinase inhibitor; SLPI), or in both cell types (LL-37 and LCN2) and compared the levels 
of these AMP in asthma patients and healthy controls. Secondly, we assessed if vitamin 
D administration increased AMP levels in both asthma patients and healthy controls in a 
placebo-controlled crossover design. Since the main circulating form of vitamin D, 25(OH)
D3, requires local conversion to the active form (1,25(OH)2D3) by CYP27B1 and since ex-
pression of CYP27B1 is regulated by microbial exposure and inflammation[16], we adminis-
tered the active form[17].
 
mAteriAl AnD methODs
participants
For the first case-control part of our study we aimed to include twenty allergic intermittent
asthmatic patients and twenty healthy controls. Participants were recruited by the Depart-
ment of Pulmonology of the Leiden University Medical Center (LUMC) by advertisement in 
the Leiden area of the Netherlands. The sample size was based on repeatability of AMP
immunoassays from our laboratory and on the data on hCAP18/LL-37 levels in sputum from
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asthmatics[10]. Exclusion criteria for all participants (asthmatics and healthy controls) were 
use of vitamin D supplements or antihistamines, smoking or ex-smoking with more than 5 
pack-years, pregnancy and a recent (≤2 weeks) upper respiratory tract infection or other 
relevant diseases. Furthermore participants under 18 and above 45 years were excluded 
as well as participants who used inhaled corticosteroids during the last 4 weeks or oral 
corticosteroids within 3 months before the study.

The inclusion criteria for the twenty patients with allergic intermittent asthma were a history 
of episodic chest tightness or wheezing (but no daily symptoms or symptoms at night), PC20
methacholine less than 9.6 mg/ml and atopy, as determined by a positive skin prick test result
(≥3mm wheal) to 1 or more of 10 common aeroallergen extracts (HAL, Haarlem, the Nether-
lands). Furthermore their baseline FEV1 had to be above 70% of predicted[18]. The inclusion 
criteria for the healthy controls were no history of episodic chest tightness or wheezing,
PC20 methacholine more than 9.6 mg/ml, a negative skin prick test, and their baseline 
FEV1 should be more than 80% of predicted.

All participants, asthmatics and healthy controls, were included in the intervention part with
1,25(OH)2D3 of our study. The protocol was approved by the institutional review board for
human studies and before entering the study, the participants gave their written informed 
consent.

study design
The levels of AMPs in nasal secretions at baseline in patients with mild-to-moderate allergic
asthma were compared to non-allergic controls in an unpaired comparison of participants
stratified by disease. The effect of the intervention with 1,25(OH)2D3 was studied in a 
doubleblind, placebo-controlled cross-over design (Fig 7.1) that was similar in asthmatics 
and healthy controls. Treatment order was determined by randomization. Samples were 
collected and measurements performed on 7 separate visits. At the inclusion visit, medical 
history was taken, atopy was determined and provocative concentration causing a 20% fall 
in FEV1 was measured (PC20 metacholine). In four visits before and after 7 days of 1,25
(OH)2D3 or placebo, nasal secretions and venous blood was collected. An additional control 
visit was made halfway through each of the two treatment weeks, and venous blood was 
taken to assess calcium levels as a safety measure for the treatment. Between the interven-
tion periods, a two week wash out period was scheduled (Fig 7.1).
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intervention
All participants received tablets of 2 microgram 1,25(OH)2D3 or placebo once daily during 
seven days[17,19].

exhaled nitric oxide
Exhaled nitric oxide (eNO) was measured using a portable analyzer, the NIOX MINO (Aero-
crine AB, Solna, Sweden). Participants performed three 10-seconds slow steady exhalation 
maneuvers, and the mean was used to calculate the levels of eNO.

spirometry
Flow-volume curves were recorded by pneumotachograph to obtain the forced expiratory 
volume in 1 second (FEV1) and the forced vital capacity (FVC).

nasal secretions
Nasal secretions were collected by vacuum-aided suction[20]. Manipulation with a narrow-
tipped vacuum device was used to mildly stimulate nasal secretions. This permits the collec-
tion of undiluted whole nasal fluid without the unpredictable effects of dilution in saline or 
other lavage fluid. Gentle manipulation of a narrow rubber-tipped vacuum device inside the 
nasal passageways stimulates nasal secretions.  Secretions were stored at -80°C for longer-term 
storage. Nasal secretions were homogenized by brief (3 times 10-second) microtip sonication.

Healthy controls

Asthmatics

Vitamin D

Placebo

Placebo

Placebo

Placebo

Vitamin D

Vitamin D

Vitamin D

Treatment period Treatment periodScreening period Wash out

7 days 7 days> 14 days

V1 V2 V3 V4

Figure7.1 Single-blind, placebo-controlled cross-over design of the present study



  88

7. Nasal levels of antimicrobial peptides in allergic asthma patients and healthy controls: differences and 
    effect of a short 1,25(OH)2 vitamin D3 treatment

laboratory analyses
The nasal secretions were analyzed for the presence of antimicrobial peptides and proteins, 
IL-8 (as a measurement for inflammation) and albumin (as a measurement for vascular 
leakage). In addition, hCAP18/LL-37 levels were analyzed in plasma. Commercially availa-
ble ELISA kits were used to detect LCN2 (Bioporto), hCAP18/LL-37 and HNP1-3 (Hycult 
Biotech), and IL-8 (Sanquin). The SLPI ELISA was developed in our laboratory at the Leiden 
University Medical Center[21]. The absorbance was measured at 450 nm using a Microplate 
reader (model 680; Bio- Rad, Hercules, CA) and Microplate Manager software (version 5.2.1, 
Bio-Rad). The lower limits of detection were: LCN2 10 pg/ml; SLPI 10 ng/ml; HNP1-3 150 
ng/ml; LL-37 20 ng/ml and IL-8 200 pg/ml. Albumin levels were determined using nephelo-
metry (Siemens BN Prospec) with a lower limit of detection of 17 μg/ml. Inter and intra-as-
say variability for all assays was < 10 %.

Serum 1,25(OH)2D3 and 25(OH)D3 were assessed at the central clinical chemistry labo-
ratory of the LUMC. Quantification of the 25(OH)D3 concentration in the serum was done 
using a DiaSorin 125I RIA Kit (DIASORIN, INC.). Quantification of the 1,25-(OH)D3 concen-
tration in the serum was done using a DiaSorin 125I RIA Kit (DIASORIN, INC.) preceded by 
extraction and column separation.

Data and statistical analyses
Levels of antimicrobial peptides in mild to moderate asthma versus healthy controls were
compared using a Mann-Whitney test. The measurements before and after placebo treatment 
en the measurements before 1,25(OH)2D3 treatment were used to calculate the mean 
baseline levels for each participant because these measures are not affected by the 
1,25 (OH)2D3 treatment (Fig 7.1). Spearman rank coefficient was used to explore the asso-
ciations between the AMPs and 25(OH)D3. hCAP18/LL-37 in plasma was log-transformed 
and a Pearson correlation was used to calculate the association with 25(OH)D3. Pearson 
correlation was used to explore the relation between albumin, 25(OH)D3, 1,25(OH)2D3, 
AMPs and IL-8. 
The effect of 1,25(OH)2D3 treatment was assessed by calculating the change in outcome 
measures before and after a treatment or placebo. In this analysis only those patients were 
included in whom before and after treatment samples were available for a 1,25(OH)2D3 or 
placebo treatment period. The change after 1,25(OH)2D3 treatment in the whole group was 
compared to the change after placebo treatment within subjects using the Wilcoxon signed 
rank test. Statistical analyses were performed with SPSS 20.0 software (SPSS Inc., Chicago, IL). 
Statistical significance was inferred at p < 0.05.

resUlts
We included a total of 42 participants from the end of 2008 till the spring of 2010 (19 atopic 
asthma patients and 23 healthy controls). One healthy participant only completed the first
treatment period. Participant characteristics are shown in table 7.1, and there were no 
significant differences between both groups. The mean age of the atopic asthma patients was 
27.8 (IQR 22-29) years; the healthy controls were slightly younger and their average age 
was 23.4 (IQR 20-24) years. There was substantial variability in baseline serum 25(OH)D3 
levels (S1 Fig). Only one (asthmatic) participant showed a severe deficiency (<30 nM). The 
BMI of the asthma patients was 22.9 (IQR 21.6-24.4) and for the healthy controls this was 
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21.5 (IQR 20.1-22.7). Neither the difference in age nor BMI were statistically significant.
When comparing the difference in the AMP and IL-8 levels in nasal secretions between atopic
asthmatics and healthy controls, HNP1-3, LCN2 and IL-8 were found to be significantly lower
in atopic asthmatics (Table 7.2). LL-37, SLPI and albumin levels did not differ significantly 
between atopic asthmatics and healthy controls.

 

 Atopic  asthma (n=19) Healthy  controls (n=23)  

 Mean Range IQR SD Mean Range IQR SD p-value 

Age (years) 27.8 19-45 22-29 8.1 23.4 18-45 20-24 6.3   0.06 

Sex (male %) 26.3 NA NA NA 26.1 NA NA NA   0.99 

BMI (kg/m2) 23 19-26 22-24 2.3 22 18-27 20-23 2.1 > 0.05 

FEV1 (%) 97 79-127 88-107 13.3 102 85-121 93.2-110 10.8   0.37 

25(OH)D3  (nmol/L) 65 10-127  45-91 31 55 23-113 35-71 23.2   0.22 

Exhaled nitric oxide (ppb) 54 19-135 28-71 28 14 7-25 10-17 5 < 0.00 

BMI: Body mass index; IQR: Interquartile range; SD standard deviation, NA: not applicable; 
FEV1: percent predicted of FEV1, ppb parts per billion  p-values for differences between groups

 

 Asthma mean (IQR) Healthy control mean (IQR) significance 

HNP 1-3 (ng/ml) 5194        (1991, 5730) 10618        (3381, 15363)  0.02* 

LL-37 (ng/ml) 99            (42, 155) 182            (61, 268)      0.12 

LCN2 (ng/ml) 2272        (1104, 3143) 4303          (2150, 6186)  0.01* 

SLPI (µg/ml) 674          (112, 398) 1008          (104,471)  0.79 

IL-8 (ng/ml) 2              (0.5, 4) 7                (2, 13) <0.05* 

Albumin (µg/ml)  653          (271, 889) 326            (146, 563) 0.088 

*statistical significant < 0.05

table 7.1 Clinical characteristics of the study population according to asthma status.

table 7.2 Median baseline AMPs, IL-8 and albumin in nasal secretions according to asthma status.
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No correlation was found in the total group of participants between the baseline levels of
antimicrobial peptides and IL-8 in nasal secretion with serum 25(OH)D3. At baseline albumin
levels in nasal secretion were not correlated with serum 25(OH)D3 or 1,25(OH)2D3 in the 
whole group and also not for asthma patients and healthy controls apart. However, there 
was a significant correlation between albumin levels and HNP 1-3 (r=0.509 p=0.013), IL-8 
(r=0.643 p=0.001) and hCAP18/LL-37 (r=0.460 p= 0.029) in healthy controls. In asthma 
patients albumin was not correlated with any of the AMPs or IL-8. hCAP18/LL-37 plasma 
levels (log transformed because of their non-normal distribution) and 25(OH)D3 at baseline 
were significantly correlated (Pearson correlation 0.343, p=0.028) (Fig 7.2) for the whole 
group; for healthy controls and asthmatics analyzed separately there was no difference.
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Figure7.2 Correlation between 25(OH)D3 in serum and LL-37 in plasma. 
Log-transformed LL-37 levels were significantly correlated to 25(OH)D3 levels  (Pearson correlation 0.343, 
p=0.028).
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To evaluate the effect of vitamin D treatment, participants were treated for one week with
1,25(OH)2D3. This treatment duration was selected based on the kinetics of vitamin D-induced
expression of antimicrobial peptides in in vitro studies[11,12]. Furthermore, a study by Xystrakis
et al that showed that vitamin D3 treatment of steroid resistant asthma patients for 7 days
enhanced in vitro responsiveness to dexamethasone of cultured CD4+ T cells[22]. Samples 
were available for most patients to evaluate the effect of treatment: 39/42 in the placebo 
period, and 38/42 in the 1,25(OH)2D3 treatment period. Serum levels of 1,25(OH)2D3 
increased significantly after intervention (mean difference 86 pg/ml (95% CI 55-116)), but 
four participants did not show such an increase of 1,25(OH)2D3. All patients had a control 
visit halfway through the treatment period during which serum calcium and creatinine levels 
were checked. None of the patients had abnormal levels during treatment and none of the 
participants reported side affects after treatment. The effect of 1,25(OH)2D3 treatment on 
serum levels of 1,25(OH)2D3 for asthma and healthy participants are shown in Table 7.3.

The effects of 1,25(OH)2D3 treatment on antimicrobial peptides and IL-8 in nasal secretions 
for asthma and healthy participants are shown in Table 7.3 and Fig 7.3. In healthy controls, 
1,25(OH)2D3 treatment caused a small but significant increase in IL-8 levels. In the group 
of asthmatics, 1,25(OH)2D3 treatment was associated with an non-significant increase in 
HNP1-3. In healthy controls, the reverse was observed and there was a trend (p=0.07) for 
a stronger effect of placebo treatment than 1,25(OH)2D3 treatment on increasing HNP1-3 
levels.

 

 Asthma patients (change#) Healthy controls (change#) 

 Placebo  1,25(OH)2D3 p-value Placebo  1,25(OH)2D3 p-value 

1,25(OH)2D3 (ng/ml) 6 86 0.004 3 97 0.000 

HNP1-3         (ng/ml) -44 1392 0.40 2875 1967  0.07 

LL-37             (ng/ml) -30 5 0.39 -1 22  0.30 

LCN2            (ng/ml) 217 448 0.87 635 448  0.40 

SLPI               (µg/ml) -10 -5 0.73 19 30  0.23 

IL-8                (ng/ml) -0.1 0 0.17 0.1 1.7 <0.05 

# change denotes the median difference between the value on day 7 and day 1 of treatment period

table 7.3 Effect of 1,25(OH)2D3 treatment on serum 1,25(OH)2D3, and nasal AMPs and IL-8 levels according 
to asthma status.
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We next analyzed the effect of 1,25(OH)2D3 on AMP and IL-8 levels in the whole group by
pooling the data from the asthma patients and healthy controls. We calculated the median 
change (difference between the value on day 7 and day 1 of the treatment period) and used 
a Wilcoxon signed rank test to evaluate if the difference in treatment period was significant. 
After treatment with active vitamin D, HNP1-3 increased significantly in the whole group 
(median change after placebo: -151 ng/ml; after 1,25(OH)2D3: 1291 ng/ml; p=0.04) and 
also IL-8 increased significantly (median change after placebo; -5ng/ml; after 1,25(OH)2D3 
9 ng/ml; p=0.02), whereas no significant increases were observed for the levels of the 
other AMPs shown in Fig 7.4.

Figure7.3 Baseline AMPs, in nasal secretions.
HNP1-3, LL-37, LCN2 and SLPI in nasal secretions from atopic asthma patients and healthy controls
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DisCUssiOn 
Analysis of nasal secretions showed that the levels of the antimicrobial peptides (AMPs) 
HNP1-3 and LCN2 were significantly lower in allergic asthmatics compared to non-allegic 
controls, whereas hCAP18/LL-37 and SLPI did not differ. Plasma hCAP18/LL-37 was corre-
lated with 25(OH)D3 in the total group of participants at baseline. Furthermore in the total 
group of participants, treatment with 1,25(OH)2D3 caused a small but significant increase in 
nasal HNP1-3. When we analyzed asthmatic and healthy participants separately, 1,25(OH)2 
vitamin D3 treatment was associated with an non-significant increase in HNP1-3 in the group 
of asthmatics, whereas in healthy controls the reverse was observed. LCN2 levels also in-
creased to a limited extent, but these effects did not reach statistical significance; hCAP18/
LL-37 and SLPI showed no differences. We found IL-8 levels at baseline to be significantly 
higher in healthy controls. After 1,25(OH)2D3 treatment IL-8 levels significantly increased 
in the total group of participants. We conclude that levels of HNP1-3 and LCN2 are lower in 
nasal secretions in asthmatics, and that treatment with active 1,25(OH)2D3 causes only a 
small increase in HNP1-3.
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Figure7.4 Effect of 1,25(OH)2D3 treatment on levels of AMPs in nasal secretions.
Change in levels of HNP1-3, LL-37, LCN2 and SLPI in nasal secretions from asthma patients and controls during 
placebo or 1,25(OH)2D3 treatment. The horizontal bars represent the median AMP level before and after treat-
ment.
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Our observation that nasal HNP1-3 and LCN2 were significantly lower in the asthma patients 
is in line with observations in previous studies showing lower AMP levels in allergy[7]. This
difference was noted, despite the fact the number of participants was limited. These lower 
levels may in part be explained by the ability of Th2 cytokines to decrease epithelial expres-
sion of AMPs[6,10], but this does not explain the lower levels of neutrophil-derived HNP1-3. 
Other studies reported higher sputum LCN2 levels in asthma patients compared to controls[23] 
and higher LCN2 in nasal secretions during the pollen season in asthma compared to con-
trols[24]. Furthermore higher HNP1-3 levels in asthma patients were observed after exposure 
to rhinovirus[25]. These different results may be explained by different patient groups, disease 
activity, the analysis of sputum or BAL fluid versus nasal secretions, and the effect of aller-
gen or viral exposure[24,25]. A previous study also showed that sputum LL-37 was lower in 
asthma compared to controls[10], whereas we did not find significant differences for hCAP18
/LL-37 in nasal secretions. It needs to be recognized that detection errors may also contribute 
to differences in outcomes between studies, since especially LL-37 is known to stick to 
anionic substances such as mucins[26] that are abundantly present in e.g. nasal secretions. 
Although the observed relative deficiency of AMPs was not unexpected, the observed lower 
IL-8 levels in asthmatics were not in line with previous studies that showed higher levels 
of this chemokine in asthma[10]. Since patients did not use inhaled or nasal steroids, such 
treatment is not likely to have interfered with our results.

How can we interpret and explain the effects of vitamin D on AMPs and IL-8 levels in nasal
secretions? Vitamin D has been shown to increase expression of LL-37 in vivo [14,15] and
epithelial expression of LL-37 and LCN2 in vitro[11,12]. We found a correlation between plasma 
hCAP18/LL-37 and serum 25(OH)D3 at baseline and thus confirmed previous findings in 
other patient populations [27]. Furthermore, we found a small, but significant increase of 
HNP1-3 after 1,25(OH)2D3 treatment in the whole group. The interpretation of the obser-
vation that HNP1-3 increases with vitamin D treatment in the whole group is complicated 
by the observation that vitamin D treatment had opposite effects on HNP1-3 in asthmatics 
and healthy controls. Whereas treatment appeared to cause a non significant increase in the 
asthmatics, in healthy controls placebo caused a stronger increase than vitamin D treatment 
suggesting large variations in HNP1-3 levels. Therefore these results on HNP1-3 need to be 
interpreted with caution. The vitamin Dinduced increase in LCN2 was not significant and 
we did not observe an increase of LL-37 and SLPI after vitamin D treatment. Interestingly, 
there was a significant effect of vitamin D treatment on HNP1-3 which is only expressed by 
neutrophils, and a non significant increase in LCN2 that is expressed by both neutrophils 
and epithelial cells. In contrast, SLPI that is mainly expressed by epithelial cells was not af-
fected by treatment. Previous studies have shown that topical application of vitamin D may 
increase local LL-37 expression in skin[28], and oral administration may be associated with 
an increased number of hCAP18/LL-37 expressing neutrophils in the circulation[15]. 
In line with our findings, oral administration of vitamin D during 12 weeks to cystic fibrosis 
patients did not affect circulating levels of hCAP18/LL-37 and LCN2[29]. Possibly, the number 
of patients in the present study was too low to observe an effect of vitamin D. Alternatively, 
despite the observed increases of epithelial LL-37 by vitamin D observed in in vitro studies, 
the contribution of vitamin D to respiratory epithelial cell-derived hCAP18/LL-37 levels in 
secretions in vivo may only be limited.
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The higher IL-8 levels observed following vitamin D treatment are unexpected. Previous 
studies have shown that vitamin D decreases poly(I:C)-induced IL-8 release by bronchial 
epithelial cells[30,31]. Possibly the increased levels of HNP1-3 following vitamin D treatment 
have contributed to this increased IL-8, since HNP1-3 has been shown to increase IL-8 pro-
duction in airway epithelial cells [32].

A strength of this study is the comparison of multiple AMPs in airway secretions from allergic
asthmatics and healthy controls, and the use of minimally manipulated nasal fluid instead 
of nasal lavage. Furthermore, the use of active vitamin D treatment for the intervention is 
another strength of the study, because it prevents the bias introduced by differences in local 
conversion of 25(OH)D to active vitamin D. The limited number of participants is a weakness 
of our study. However, because we used a placebo-controlled cross-over design, we were 
able to analyze within subject treatment effects. Nevertheless, we only found a small but 
significant increase in HNP1-3 which may be explained by the large range of AMP levels and 
the small group size.
Furthermore, four of our patients did not show an increase of 1,25(OH)2D3 after treatment. 
This may indicate a compliance problem, which thus could have weakened our results. 
However, we did collect the used medication strips to assess compliance, and did not notice 
a problem. In addition, it needs to be noted that whereas treatment did result in a significant 
increase in circulating 1,25(OH)2D3 levels, this increase was unexpectedly not correlated 
with the observed increase in nasal AMPs. At present it is not clear whether this is due to the 
relatively small subgroups studied, variability in the measurements of AMPs and 1,25(OH)2D3, 
or to the absence of such a correlation because 1,25(OH)2D3 acts locally. Furthermore, 
because of the small sample size we did not study polymorphisms in the vitamin D receptor 
or vitamin D binding protein that may have contributed to our results. Finally, our study does 
not provide information on AMP expression in the lower airways. The induced sputum samples 
that were collected during the study were of insufficient quality to allow a reliable analysis.

We conclude that levels of selected AMPs are lower in nasal secretions in asthmatics, and
treatment with active vitamin D increases the levels only to a limited extent when analyzed 
in the combined group of healthy controls and asthmatics. Whether this increase is biolo-
gically and clinically relevant is unclear at the present, and requires additional studies in a 
larger population. Our study suggests that allergic inflammation contributes to impaired 
antimicrobial peptides levels and vitamin D has only very limited effects on these levels. 
Possibly the effect of vitamin D is more marked in asthma patients with a severe vitamin D 
deficiency, as has also been suggested in COPD[33]. To our knowledge this is the first study 
to evaluate the effect of active vitamin D administration in patients with asthma on AMP 
expression. These results contribute to our understanding of the effects of allergic asthma 
on the innate immune system and release of different AMPs, and of how vitamin D can 
modulate immune functions in these patients.
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s1 Fig. Baseline levels of serum 25(OH)D3 in asthma patients (A; n=19) and healthy controls (B;n=23)

Fig S1. Baseline levels of serum 25(OH)D3 in asthma 
patients (A; n=19) and healthy controls (B; n=23)
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The aim of the research presented in this thesis was to unravel effects of obesity-related risk 
factors on lung function. The current epidemic of obesity has led to several studies suggesting 
that obesity and the metabolic syndrome affect asthma and COPD 1-6. In population-based 
cohorts, the metabolic syndrome and in particular abdominal obesity are associated with 
impaired lung function 7;8. It remains unclear whether this is caused by the metabolic effects 
of visceral fat on systemic inflammation and insulin resistance, or merely is a consequence 
of abdominal obesity on lung mechanics. Therefore, in the first part of this thesis we investi-
gated if features of the metabolic syndrome influence lung function and we especially focused 
on the role of visceral fat and insulin resistance. We also assessed whether exhaled nitric 
oxide could be a simple, noninvasive marker for the suggested airway inflammation caused 
by obesity-associated systemic inflammation. 

A low serum vitamin D concentration is another factor that may influence lung health, and 
that is also related to obesity. Obesity is associated with lower concentrations of vitamin D 9;10 
and several observational studies suggest that vitamin D status influences lung function and 
the number of respiratory tract infections 11-18. Despite these well-established associations 
in observational studies, in controlled clinical trials vitamin D supplementation did not lead 
to a decrease in respiratory tract infections 19-21. It is uncertain whether this contradiction is 
caused by limitations in the design of the intervention trials, or is a consequence of confoun-
ding in the observational studies. Therefore, in the second part of this thesis we focused on 
the association of vitamin D concentrations with lung function and common cold symptoms 
in a population-based cohort. 
A definitive mechanism that could explain a possible protective effect of vitamin D against 
respiratory tract infections is not yet elucidated. Various studies suggested that vitamin D
increases the production and expression of antimicrobial peptides 22;23. It has also been 
reported that allergic airway inflammation is associated with low antimicrobial peptide levels
in airway epithelial cells and nasal secretions 24;25. To further explore this potential mechanism, 
we investigated whether antimicrobial peptide levels are lower in allergic asthmatic patients 
as compared with healthy controls, and evaluated if supplementation with active vitamin D 
would increase antimicrobial peptide levels. 
In this final chapter, I will provide a summary of the findings, discuss strengths and limitations 
of the performed studies, and present recommendations for future studies. 

sUmmAry OF mAin FinDinGs
Visceral fat is related to impaired lung function
In chapter 2 we showed that none of the individual components of the metabolic syndrome, 
including waist circumference as a measure of abdominal fat, were associated with FEV1 and 
FVC or exhaled nitric oxide in non-diabetic men with the metabolic syndrome and with a 
lung function within the normal range. We did however observe an association of visceral fat 
assessed by MRI, but not of abdominal subcutaneous fat, with FEV1 and FVC. The inter quartile 
range of visceral fat in our study group was 288-488 cm2. Our results imply that each addi-
tional 200 cm2 of visceral fat is associated with an 11% decrease in FEV1 predicted. These 
findings suggest that visceral fat plays a role in the development of lung function impairment. 
Although we cannot exclude that lung mechanics also explains the observed association, the 
fact that abdominal subcutaneous fat was not associated with lung function supports the 
differential contribution of visceral fat in the impairment of lung function. The secretion of 
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pro-inflammatory cytokines and possibly leptin and adiponectin by visceral fat may underlie 
this association 26-29. This adipose tissue-associated inflammation could lead to pulmonary 
inflammation and result in lung function impairment. 

Obesity is responsible for the observed association between insulin resistance and 
lung function
In chapter 3 the homeostasis model assessment-estimated insulin resistance (HOMA-IR)
index was used as a proxy of insulin resistance in a population-based study. Various previous 
studies have associated insulin resistance with a decrease in lung function 30-36. We confirmed 
such association in our study, but showed that the association between insulin resistance 
and lung function was mainly explained by adiposity. After adjustment for confounding 
including total body fat, there was no association between insulin resistance and FEV1, and 
a very weak association with FVC. The latter association is not clinically relevant and may 
easily be explained by residual confounding due to unknown, unmeasured, or inaccurately 
measured confounding factors. Based on our results it seems more likely that insulin 
resistance and lung function impairment are both a consequence of excess body fat obesity 
then that they are causally related.

Visceral fat is not related to exhaled nitric oxide subkop
Exhaled nitric oxide is a routine measurement to monitor pulmonary inflammation in patients 
with asthma. In routine clinical practice, duplicate measurements are performed. 37. Since this 
is time consuming and expensive, we assessed whether two nitric oxide measurements are 
necessary for large epidemiological studies as well. Therefore, in chapter 4 we investigated 
the reliability of a single measurement of exhaled nitric oxide. The interclass correlation 
coefficient (single measurement reliability) for all participants was 0.97 (95% CI: 0.96, 0.97); 
this indicates that for assessment of associations with exhaled nitric oxide in large cohorts 
of overweight and obese adults, a single measurement is sufficient. These results were in 
line with studies in children, adults, pregnant women and asthma patients 38-40 and made it 
possible to use a single nitric oxide measurement in the study described in chapter 5. 
In the study in chapter 2 we observed that visceral fat was not associated with exhaled nitric 
oxide in men with the metabolic syndrome. We hypothesized that by only including men with 
a high waist circumference the range of visceral fat may not have been sufficiently large to 
detect a difference in exhaled nitric oxide. However, in chapter 5 we investigated the asso-
ciation between visceral fat and exhaled nitric oxide in a population-based cohort study with 
a wide range of waist circumferences, and concluded that there was no clinically relevant 
association between visceral fat and exhaled nitric oxide. These results are in agreement with 
those of a study in over 10,000 participants in a general population cohort that observed no 
relationship between BMI and exhaled nitric oxide 41. Our findings may indicate that the low-
grade inflammation that is associated with obesity does not increase airway inflammation, 
or that adipose tissue does increase pulmonary inflammation but that this does not translate 
into increased levels of exhaled nitric oxide. 

Vitamin D is related to impaired lung function and the common cold
In chapter 6 we observed that vitamin D concentrations were positively associated with FEV1 
(beta 0.49 per 10 nmol/L vitamin D) and FVC (beta 0.47 per 10 nmol/L vitamin D) in obese  
participants. This is in line with earlier (also mostly observational) studies that observed 



  102

8. General discussion and summary

associations between vitamin D concentrations and lung function 11-14. In our study this asso-
ciation is not present in non obese participants. Furthermore, we observed an association 
between vitamin D and exhaled nitric oxide (beta -0.22 per 10 nmol/L vitamin D) in obese 
participants but not in non obese participants. Other studies in which no association was 
observed between vitamin D and nitric oxide, 42;43 possibly did not include persons with 
obesity. In our study there was no association between vitamin D and common cold. Other 
observational studies did find an association between vitamin D and common cold 15-18 
suggesting that people with a high vitamin D concentration have fewer episodes of the 
common cold. These data are not confirmed in a recent meta-analysis of vitamin supplemen-
tation studies in healthy participants where also no effect of vitamin D was shown 44. 
In randomized controlled trials in COPD patients, vitamin D supplementation reduced 
exacerbations in patients with severe vitamin D deficiency, but not in those with normal 
concentrations 45;46. Recent meta-analyses of placebo controlled trials showed that vitamin D 
reduces asthma exacerbations 47. These data suggest that vitamin D prevents common cold 
in patients with asthma or COPD but not in the general population. 

Active vitamin D treatment does not increase nasal antimicrobial peptides
In chapter 7 we observed that levels of selected antimicrobial peptides (HNP1-3 and LCN2) 
are lower in nasal secretions in allergic asthmatics than in healthy controls. This observation 
confirms observations in previous studies showing lower antimicrobial peptides levels in 
allergy 24;25. Interestingly and unexpectedly, we observed that treatment with active vitamin 
D (1,25(OH)2D3) did not increase nasal antimicrobial peptides. 

strengths and limitations
For this thesis various studies with different designs and measurements have been used. 
In this section the strengths and limitations are discussed. 

The Rubens study
For chapter 2 we used data from the “Rosiglitazone versUs placeBo on the prevENtion of 
progression of atherosclerosis” (RUBENS) trial 48. This is a double-blind placebo controlled 
randomized trial, testing the hypothesis that Rosiglitazone prevents progression of athero-
sclerosis in participants aged between 50-70 years with the metabolic syndrome. After 
completion of this trial, we measured lung function in the 98 participants. This enabled us to 
investigate the contribution of visceral fat to FEV1 and FVC in non-diabetic men with the 
metabolic syndrome and a lung function within the normal range. The strength of this study 
is that all included participants had detailed data on visceral fat assessed by imaging 
techniques, and extensive measurements of individual metabolic syndrome features and 
lung function. However, there are several limitations that are of note. First, the participants 
were recruited after finishing a randomized controlled trial with rosiglitazone. We consider 
it biologically unlikely that rosiglitazone treatment affected lung function, and results did not 
change after statistical adjustment for use of rosiglitazone. Second, the patients that partici-
pated in the trial were divided for the randomized controlled trial with rosiglitazone in a high 
and low sensitivity (hs)-CRP group; a majority of the group had a Hs-CRP > 1.8 mg/L and the 
rest a Hs-CRP < 1.8 mg/L. This could have influenced our results because hs-CRP is a 
measurement of systemic inflammation and we hypothesized that this could be the under-
lying mechanism for the association between visceral fat and lung function. Nevertheless 
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the participants had a wide range of hs-CRP. In addition, this study is based on cross-sectional 
analyses and although we aimed to adjust for all known and measured confounding variables, 
residual confounding may still be present by unknown, unmeasured or inaccurately measured 
confounding factors. In this study we are unable to separate influences of obesity on lung 
function mechanics from influences of visceral fat. This could have resulted in an overesti-
mation of the association between visceral fat and lung function. Earlier studies used an 
esophageal balloon technique together with airway occlusion technique to obtain data on 
lung mechanics, 49;50 which would have been too invasive to measure in our study population. 
Furthermore obesity is associated with a modest reduction in total lung capacity and a larger 
reduction in functional residual capacity 51. In our study we observed an association between 
expiratory reserve volume and a reduction in FVC and FEV1. However, if lung mechanics 
would explain the relationship between visceral fat and FEV1 then we would also expect a 
relation between waist circumference and BMI with FEV1 and this was not present in our 
study. Therefore, visceral fat appears to be a more selective marker in the relationship of 
abdominal obesity and lung function impairment. Another limitation is that we only included 
patients with a high waist circumference, and this could explain why we did not observe an 
association between waist circumference and lung function while previous studies in a 
general population did 7;8. Because this study is based on cross-sectional analyses we cannot 
exclude the possibility of residual confounding or reverse causation. When the exposure and 
outcome variables are measured at the same time, the observed exposure may be a conse-
quence of the outcome variable rather than a cause. In this case, we cannot exclude the 
possibility that impaired lung function has led to accumulation of visceral fat, possibly via 
physical inactivity as a result of the impaired lunch function. However, the participants had 
a lung function within the normal range making reverse causation less likely. Finally, the data 
from the Rubens study cannot be generalized to individuals without metabolic syndrome. 

The NEO study
For chapters 3 to 6, we used the baseline measurements of the Netherlands Epidemiology 
of Obesity (NEO) study. The NEO study is a population-based prospective cohort study in 
6,671 individuals aged between 45 and 65 years, with an oversampling of persons with a 
BMI of 27 kg/m2 or higher. This study enabled us to address the association between insulin 
resistance and lung function in chapter 3, the association between visceral fat and exhaled 
nitric oxide in chapter 5, and the association between vitamin D and lung function and the 
association between vitamin D and common cold in chapter 6. 
A major strength of the NEO study is the extensive phenotyping of the study population 
including data on visceral fat using imaging techniques, and extensive measurements of 
metabolic syndrome features, lung function and multiple potential confounding factors. 
A major limitation is that the analyses are based on cross-sectional observational data.  
Furthermore, the NEO study may not be representative for the general population. 
The participation rate of Leiderdorp was 20.3%. This participation rate is not unusual given 
the time, blood and extensive measurements (e.g. MRI) that were involved in participation 
in this study. It is possible that people with a healthy life style decided to participate because of 
high consciousness about their health. On the other hand, it is also possible that individuals 
with symptoms or conditions related to obesity have been more likely to participate. 
Nevertheless, the BMI distribution of the participants from Leiderdorp was comparable 
with that of the general Dutch population. Finally, the NEO study population consists of 
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middle-aged, predominantly white individuals. Therefore, our findings need to be confirmed 
in other age and ethnic groups.

The AVID study
For chapter 7 we used the data of the Asthma and vitamin D (AVID) study. This study included 
19 patients with mild-to-moderate allergic asthma patients and 23 healthy controls aged 
between 18 and 45 years. In the first part of this study we measured the difference in levels 
of selected antimicrobial peptides (HNP1-3, LCN2, LL-37 and SLPI) in nasal secretions in 
asthmatics and healthy controls in a case-control study design. In the second part, all parti-
cipants were treated with active vitamin D in a double-blind, placebo-controlled cross-over 
design that was identical in asthmatics and healthy controls. A strength of the first part of 
the study is the measurement of multiple antimicrobial peptides (HNP 1-3; LCN2, LL-37 and 
SLPI), which enabled us to compare the levels of antimicrobial peptides between the parti-
cipants with allergic asthma and healthy controls. The use of active vitamin D treatment for 
the intervention part is another strength of the study, because it prevents the bias introduced 
by differences in local conversion of 25(OH)D to active vitamin D. A limitation of the first 
part of the study, in which levels of nasal secretions in asthmatics and healthy controls were 
measured, is that the two groups were not fully comparable. The mean age and BMI of the 
atopic asthma patients were slightly higher than of the healthy controls. Possibly older age 
and a higher BMI could cause lower levels of antimicrobial peptides, but because of the small 
differences this seems unlikely. A limitation in the second part of the study is the short 
treatment period. The seven-day treatment duration was selected based on the kinetics of 
vitamin D-induced expression of antimicrobial peptides in in vitro studies 52;53. 
Furthermore, another study showed that vitamin D3 treatment of steroid resistant asthma 
patients for 7 days enhanced in vitro responsiveness to dexamethasone of cultured CD4+ 
T cells 54. The limited number of participants is another weakness of our study. However, 
because we used a placebo-controlled cross-over design, we were able to analyze within 
subject treatment effects. 

Assessment of spirometry
Spirometry is the first and most commonly performed lung function test; it is used world-
wide and standardized in guidelines 55. In contrast to chapter 2, in chapter 3 and 6 FEV1 and 
FVC were not measured after bronchodilation, and therefore FEV1  may have been underes-
timated. However, we corrected for self-reported asthma and therefore it is unlikely that the 
lack of post-bronchodilator measurements would have changed the results. 

Assessment of visceral fat
Visceral fat was directly assessed by MRI. Three cross-sectional images were made at the 
level of the fifth lumbar vertebra. Although we did not measure total visceral fat volumes, the 
cross-sectional images strongly correlate to total volumes (correlation coefficients around 
0.8) 56;57 and can therefore be considered representative of total visceral fat 57. In the Rubens 
study (chapter 2) all participants underwent MRI to assess visceral fat, but in the NEO study 
(chapter 5) approximately 35% of the participants without contraindication to MRI were 
randomly selected to undergo MRI. Although few participants were excluded our results in 
chapter 5 may not be representative for extremely obese persons with a body circumference 
of more than 1.70 m.  
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Assessment of insulin resistance
To measure insulin resistance in chapter 3 we used the HOMA-IR. Although this measurement
is not considered the gold standard, it is much more practical to use in large cohort studies. 
Furthermore, this model correlates well with the gold standard hyperinsulinemic euglycemic 
glucose clamp 58. 

Assessment of exhaled nitric oxide
In chapter 4 and 5 exhaled nitric oxide was measured using a portable analyzer, the NIOX 
MINO®. The exhaled nitric oxide measurements taken by this device showed a strong 
correlation and a high degree of agreement with a standard stationary device 59. In chapter 5 
we used a single exhaled nitric oxide measurement after we had validated this in chapter 4 
to be sufficient in large epidemiological studies. 

Assessment of serum vitamin D
During the recruitment period of the NEO study, serum concentrations of 25(OH)D3 (chapter 6) 
have been measured on a daily basis by the central chemical laboratory of the LUMC. 
Quantification of the 25(OH)D concentration in the serum was done using the RIA method 
(Sept 1st, 2008–Oct 4th, 2010), the Chemoluminescent Immunoassay (Oct 5th, 2010–Sept 
29th, 2011) and the LC-MSMS calibrated 2nd generation Electrochemoluminescence 
Immunoassay (ECLIA) (since Sept 30th, 2011). Because serum 25(OH)D was measured with 
three different assays during  the study period this could have introduced a systematic 
measurement error, because in the earlier periods of this study we included only overweight 
participants with a body mass index (BMI) ≥ 27 kg/m2. Therefore serum 25(OH)D was 
calibrated towards the “golden standard” LC-MS/MS method (isotope dilution/online solid-
phase extraction liquid chromatography/tandem mass spectrometry) to minimize possible 
variations. 

Medical history by self-reporting
In the NEO study participants completed a questionnaire on information about self-reported 
common cold, ethnicity, tobacco smoking and medical history of allergy and asthma. 
Smoking may have been underreported and also common cold could be recalled inaccurately. 
Self-reported asthma could be under- or over-reported. Such misreporting in important 
confounding factors may have biased our results towards different directions.   

Assessment of antimicrobial peptides
A detection error in the ELISA measurements of antimicrobial peptides (chapter 7) might 
have affected our results. Especially LL-37 is known to stick to anionic substances such as 
mucins 60 that are present in nasal secretions. The level of mucins is influenced by allergic 
airway inflammation and possibly by vitamin D treatment. If mucin content in the nasal 
secretions was high it could have underestimated the levels of antimicrobial peptides. 
All antimicrobial peptides in nasal secretion showed a great variability and it needs to be
recognized that detection errors resulting from measurements in the complex nasal secretion 
fluids may also have contributed to this wide range. 
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COnClUsiOns AnD FUtUre perspeCtiVes
Weighing the strengths and limitations of our studies, we believe our results contribute to 
the unraveling of causal pathways between obesity and lung function impairment. The main 
conclusion of the first part of this thesis is that visceral fat is associated with lung function 
impairment in men with the metabolic syndrome. Furthermore, we conclude that in the 
general population there is no causal association between insulin resistance and lung 
function, nor an association between visceral fat and exhaled nitric oxide. The association 
between visceral fat and lung function as observed in chapter 2 does not prove causality 
because longitudinal studies are needed to establish whether visceral fat causes future lung
function impairment. The question remains how visceral fat impairs lung function, or in 
other words, what are the underlying mechanisms? We hypothesized that adipose tissue-
related systemic inflammation also leads to inflammation in the lungs. Because individuals 
with metabolic syndrome have a higher proportion of blood eosinophils than obese persons 
without metabolic syndrome 61, we hypothesized that this could lead to eosinophilic inflam-
mation in the lung which is accompanied by increased levels of exhaled nitric oxide. Since 
we did not observe an association between visceral fat and exhaled nitric oxide (chapter 5), 
other research methods that do not only reflect eosinophilic airway inflammation are needed. 
Bronchial biopsies are a good but very invasive method to measure lung inflammation and 
in a previous study showed no difference in biopsies before and after weight loss in morbidly
obese patients with our without asthma 62. However, bronchoscopies after weight loss were 
only performed on 24 participants and therefore the power to detect differences may have 
been too low. Another less invasive way to measure airway inflammation could be exhaled 
breath condensate 63 and induced sputum 64. Because the prevalence of obesity is increasing 
world-wide and is associated with both the incidence and severity of asthma, it is important 
to unravel the mechanisms underlying the association between visceral fat and lung function
in future research.   

In the second part of this thesis we showed that vitamin D is associated with lung function 
and nitric oxide in obese participants. Longitudinal studies and especially intervention trials 
with vitamin D supplementation should establish whether the relationship between vitamin D, 
lung function is causal or not. Several previous studies did not show any effect of vitamin D 
supplementation 19-21;47. However, studies with higher doses of vitamin D and longer follow-
up time are needed. In the study presented in this thesis antimicrobial peptides levels were
lower in allergic asthmatics than in healthy controls. Unfortunately, we were not able to 
conclude if vitamin D supplementation influences these antimicrobial peptide levels. 
Larger studies are needed to investigate whether vitamin D also increases antimicrobial 
peptides in the lung. 

In summary, obesity is a global burden that influences lung function. Future research should 
reveal if obesity, and in particular visceral fat, causes lung inflammation and thereby impairs 
lung function. This knowledge will help to develop prevention strategies aimed at protecting 
lung function from declining in obese patients. If research identifies that vitamin D treatment 
is acting as an anti-infective therapy, then it would be a useful adjuvant therapy in a variety 
of infections. Large randomized trials are necessary to establish the effect of vitamin D 
therapy on infections in vitamin deficient patients. This may eventually lead to better treat-
ment of respiratory infections in all patients.
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inleiDinG
Obesitas kan longfunctie op meerdere manieren beïnvloeden. In dit proefschrift zijn effecten 
van obesitas die niet van mechanische aard zijn onderzocht. In het eerste deel van dit proef-
schrift is de invloed van obesitas en in het bijzonder de invloed van visceraal vet en de 
daarmee gepaard gaande insulineresistentie en systemische ontsteking op longfunctie 
onderzocht. Obesitas gaat vaak samen met vitamine D deficiëntie1;2. In het tweede deel van 
dit proefschrift is daarom het verband tussen serum vitamine D concentraties, longfunctie 
en luchtweginfecties bekeken. Om meer inzicht te verkrijgen in het mogelijk onderliggend 
mechanisme is in dit deel ook de invloed van behandeling met vitamine D op antimicrobië-
le peptiden getest. 

Astma is een heterogene ziekte die gekarakteriseerd wordt door chronische luchtwegont-
steking. Astma wordt gedefinieerd door klachten als een piepende ademhaling, kortademig-
heid, benauwdheid en hoest. De klachten zijn over het algemeen niet altijd aanwezig en de 
intensiteit van de klachten varieert. Wanneer patiënten met astma klachten hebben, wordt 
de longfunctie gekenmerkt door een beperking van de luchtstroom bij het uitademen door 
vernauwing van de luchtwegen3. COPD wordt meestal veroorzaakt door roken en geeft kort-
ademigheid en hoesten. Bij COPD wordt de longfunctie gekenmerkt door een onomkeerbare 
beperking van de luchtstroom bij het uitademen4. Omdat beide ziektes gepaard gaan met 
een beperking bij het uitademen worden astma en COPD aangeduid met obstructieve long-
ziekten. 

Mensen met obesitas hebben vaker astma dan mensen zonder obesitas5-7. Daarnaast hebben 
mensen met astma en obesitas vaak samen een ernstiger vorm van astma8;9, en heeft afvallen
een gunstig effect op astma symptomen 10;11. Het is bekend dat obesitas de longfunctie 
beïnvloedt: de totale longcapaciteit is lager en het reservevolume neemt af 12. Dit wordt 
voornamelijk veroorzaakt door druk van de buik op het middenrif. Maar er zijn ook andere 
manieren waarop obesitas longfunctie kan beïnvloeden en in dit proefschrift worden de 
effecten van obesitas die niet van mechanische aard zijn onderzocht. 

Het metabool syndoom is een cluster van symptomen die vaak samen voorkomen en het risico 
op aan obesitas gerelateerde aandoeningen verhoogt. Volgens de International Diabetes 
Federation is het metabool syndroom aanwezig als er naast een verhoogde middelomtrek 
ook twee van de volgende parameters aanwezig zijn: hyperglycaemie, hypertriglyceridemie, 
een lage high-density lipoprotein cholesterol concentratie en hypertensie of behandeling 
hiervoor 13. Er wordt gesteld dat kenmerken van dit syndroom invloed kunnen hebben op 
longfunctie. In dit proefschrift hebben we het effect van insulineresistentie op longfunctie 
onderzocht. De middelomtrek geeft een indicatie van de hoeveelheid visceraal vet en is ver-
werkt in de definitie van het metabool syndroom. Vetweefsel geeft hormonen en cytokines 
af die een laaggradige ontstekingsreactie (inflammatie) veroorzaken, die kan bijdragen aan 
obesitas gerelateerde ziekten 14;15. Vooral visceraal vet zou samengaan met cardiometabole 
risicofactoren 14;15. In dit proefschrift hebben we dan ook het effect van de hoeveelheid 
visceraal vet op longfunctie en op ontsteking in de longen bestudeerd. 



113     

9. Nederlandse samenvatting

Vitamine D, longfunctie en luchtweg infecties
Obesitas gaat samen met lagere bloedconcentraties van vitamine D 1;2. Dit wordt mogelijk 
veroorzaakt doordat vitamine D wordt opgeslagen in subcutaan vetweefsel 16;17. 
In observationeel onderzoek is een lagere concentratie van vitamine D geassocieerd met een 
verminderde longfunctie 18-21. Vitamine D speelt een rol in de regulatie van de productie van 
antimicrobiële peptiden en eiwitten 22-24. Door de rol van vitamine D in het immuunsysteem 
kan behandeling met vitamine D mogelijk luchtweginfecties en longfunctie beïnvloeden 25-30.
Vaak wordt astma veroorzaakt door allergieën en daarnaast hebben astmapatiënten ook 
meer kans op infecties 31;32. Deze allergische inflammatie en vooral de Th2 cytokineproductie 
die gepaard gaat met allergische inflammatie zou het immuunsysteem kunnen beïnvloeden 
door een verminderde expressie van antimicrobiële peptiden en eiwitten 33;34. Doordat vita-
mine D een rol speelt in de regulatie van de productie van antimicrobiële peptiden en ei-
witten 22-24  zou het negatieve effecten van allergische inflammatie op antimicrobiële peptiden 
en eiwitten in astma patiënten tegen kunnen werken.  

resUltAten prOeFsChriFt
In hoofdstuk 2 hebben we mannen met het metabool syndoom onderzocht. Er was geen 
verband tussen de kenmerken van het metabool syndroom met de longfunctie (gemeten met 
FEV1, Forced Expiratory Volume in 1 seconde, en FVC, Forced Vital Capacity) of stikstofoxide 
in de uitademing. Visceraal vet was in tegenstelling tot subcutaan vet wel geassocieerd met 
FEV1 en FVC. Dit kan een indicatie zijn dat visceraal vet een rol speelt in de achteruitgang 
van longfunctie. Dit zou mogelijk kunnen worden verklaard door de uitscheiding van pro-
inflammatoire cytokines, leptine en adiponectine door visceraal vet 35-38. In hoofdstuk 3 is 
het verband tussen insulineresistentie en longfunctie onderzocht met de homeostasis model 
assessment-estimated insulin resistance index (HOMA-IR) als maat voor insulineresistentie. 
Het geobserveerde verband tussen insulineresistentie en longfunctie bleek voornamelijk 
verklaard door lichaamsvet. Ofwel, lichaamsvet lijkt eerder een oorzaak te zijn van zowel 
insulineresistentie als longfunctie, dan dat er een direct verband is tussen insulineresistentie
en maten van longfunctie. In hoofdstuk 4 hebben we de reproduceerbaarheid van stikstof-
oxide in de uitgeademde lucht van mensen met obesitas middels de NIOX MINO gemeten 
en aangetoond dat een enkelvoudige meting afdoende is in epidemioloisch onderzoek. 
Dit maakte het mogelijk om in hoofdstuk 5 deze meting te gebruiken om het verband tussen 
visceraal vet en stikstofoxide in de uitademinglucht in de algemene bevolking te onderzoeken. 
Dit verband bleek niet klinisch relevant te zijn. Dit zou kunnen betekenen dat visceraal vet 
geen ontsteking in de longen veroorzaakt in de algemene bevolking, of dat de ontsteking die 
in de longen wordt veroorzaakt niet leidt tot stijging van stikstofoxide in de luchtwegen. 
In hoofdstuk 6 laten we zien dat bij mensen met obesitas een lager vitamine D gehalte 
samenhangt met een lager FEV1 en FVC. Dit komt overeen met resultaten uit eerdere obser-
vationele studies 18-21. Dit verband zagen we niet in bij mensen zonder obesitas. Bij mensen 
met obesitas hing een hoger vitamine D gehalte samen met een lager stikstofoxide gehalte 
in de uitgeademde lucht, in tegenstelling tot bij de mensen zonder obesitas. Dit kan een in-
dicatie zijn dat vitamine D een rol speelt in de luchtwegontsteking bij mensen met obesitas. 
Eerdere studies hebben dit verband niet gevonden maar onderzochten mensen met obesitas 
niet apart 39;40. In beide groepen is er geen verschil in het voorkomen van verkoudheden. 
Dit in tegenstelling tot studies waar specifiek werd gekeken naar het effect van vitamine D 
in longpatiënten. In astmapatiënten kan vitamine D exacerbaties voorkomen 41. In onderzoek 
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waar COPD patiënten worden behandeld met vitamine D om exacerbaties van COPD te voor-
kόmen valt het op dat die behandeling alleen een meetbaar effect heeft bij vitamine D 
deficiënte personen 42;43. In hoofdstuk 7 beschrijven we dat de spiegels van antimicrobiële 
peptide (HNP1-3 and LCN2) in neussecreet lager zijn in astmapatiënten dan in de gezonde 
controlegroep. Behandeling met actief vitamine D (1,25(OH)2D3) liet deze waarden niet 
stijgen. 

COnClUsie en DisCUssie
Het onderzoek beschreven in dit proefschrift draagt bij aan de ontrafeling van de relatie 
tussen obesitas en longfunctie. In het eerste deel van het proefschrift stellen we vast dat in 
mannen met het metabool syndroom meer visceraal vet samengaat met een verminderde 
longfunctie. We laten zien dat in de algemene populatie insulineresistentie niet direct gere-
lateerd is aan longfunctie. De geobserveerde verbanden in het eerste deel van het proefschrift 
tonen geen causaliteit aan; hiervoor is longitudinaal onderzoek nodig. Mocht uit longitudinaal 
onderzoek blijken dat er geen relatie is tussen insulineresistentie en longfunctie, maar wel 
tussen visceraal vet en longfunctie dan is verder onderzoek nodig naar de biologische 
mechanismen die hieraan ten grondslag liggen. Mogelijk veroorzaakt de systemische ont-
steking die gepaard gaat met visceraal vet ontsteking in de longen en wordt op deze manier 
de longfunctie beïnvloed. In een onderzoek komt naar voren dat mensen met het metabool 
syndroom een hoger percentage eosinofielen in het bloed hebben dan mensen met obesitas 
maar zonder metabool syndroom 44. Dit zou een eosinofiele ontsteking in de longen kunnen 
veroorzaken en dat geeft een verhoogd stikstofoxide in de uitademingslucht. Omdat er in ons 
onderzoek geen verband was tussen visceraal vet en stikstofoxide in de uitademingslucht 
in de algemene bevolking is het bij het ontwerpen van toekomstige onderzoek belangrijk 
om ook niet-eosinofiele ontsteking in de longen te meten. 

In het tweede deel van het proefschrift tonen we aan dat bij mensen met obesitas het vita-
mine D gehalte samenhangt met longfunctie. We vonden geen verband met het optreden van 
verkoudheden; dit komt overeen met eerder onderzoek waar vitamine D wordt gesuppleerd 
wordt 45-47. Omdat vitamine D mogelijk infecties zou kunnen voorkόmen in astma- en COPD-
.patiënten 41-43 is het van belang het mechanisme hierachter te ontrafelen. Daarom hebben 
we de invloed van vitamine D op antimicrobiële peptiden onderzocht in astmapatiënten en 
gezonde controlepersonen. Omdat onze groepsgrootte beperkt was konden we niet met 
voldoende zekerheid concluderen of vitamine D deze peptiden beïnvloedt. In de toekomst is 
groter opgezet onderzoek nodig om dit verband te onderzoeken. 

Dit proefschrift geeft inzicht in de wijze waarop obesitas de gezondheid van de longen kan 
beïnvloeden. In onze cross-sectionele analyses lijkt visceraal vet longfunctie te kunnen be-
invloeden, maar dit lijkt niet via mechanismen als insulineresistentie of eosinofiele ontsteking 
te zijn. Deze informatie kan helpen bij de opzet van toekomstig onderzoek dat zich kan 
richten op de niet-eosinofiele systemische inflammatie die gepaard gaat met visceraal vet 
en of deze ontsteking terug te vinden is in de longen. In longitudinaal onderzoek kan het 
effect van vitamine D behandeling op longfunctie en verkoudheden bestudeerd worden. 
Een groter onderzoek naar het effect van vitamine D op antimicrobiële peptiden kan meer 
inzicht geven in de preventieve werking van vitamine D. Dit inzicht zou in de toekomst 
kunnen leiden tot nieuwe therapieën om luchtweg infecties te voorkomen. 
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