
VU Research Portal

Non-classical effects of vitamin D

Rafiq, R.

2020

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Rafiq, R. (2020). Non-classical effects of vitamin D: The role of vitamin D in inflammation, pulmonary function
and COPD. [PhD-Thesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/5532c2e3-011b-4f30-a123-56c724fa3336


CHAPTER

5



Submitted

Rachida Rafiq  |  Natasja M. van Schoor  |  Judith J.M. Rijnhart  |  Paul Lips
Martin den Heijer  |  Frits M.E. Franssen  |  Martijn A. Spruit  |  Renate T. de Jongh

Association of vitamin D status with

pulmonary function: potential effect

modification and mediation



PART II   CHAPTER 5

80

Abstract

Background

Several studies have reported a positive association between serum 25-hydroxyvitamin D 
(25(OH)D) concentrations and pulmonary function in the general population. However, 
results remain conflicting. The objective of this study was to assess the relationship of 
vitamin D status with pulmonary function and whether this relationship is modified by 
sex and smoking. We also examined potential mediation by systemic inflammation and 
physical function in this relationship.

Methods

We analyzed data from the Longitudinal Aging Study Amsterdam (LASA), an ongoing 
population-based, prospective cohort study in the Netherlands. Data of 542 participants 
aged between 55 and 65 years, with complete data on 25(OH)D, CRP, IL-6, post-
bronchodilator spirometry and potential confounders were included. In the regression 
analyses we corrected for age, body mass index (BMI), serum creatinine, smoking status, 
alcohol consumption, educational level, physical activity, season of blood collection and 
use of vitamin D supplements. In addition, effect modification by sex and smoking, and 
mediation by CRP, IL-6, physical performance score and handgrip strength was tested. 

Results

In men, serum 25(OH)D was associated with pulmonary function: 10 nmol/L higher serum 
25(OH)D was associated with 1.03 % predicted higher forced expiratory volume in the first 
second (FEV1) (95%CI: 0.05 to 2.01) and 1.03 % predicted higher forced vital capacity 
(FVC) (95%CI: 0.27 to 1.79). In women no assocation between serum 25(OH)D and FEV1 
(B(95%CI):-0.27 (-1.30 to 0.76)) and FVC (0.08 (-0.83 to 0.99)) was found. No effect 
modification by smoking was found. CRP, IL-6, physical performance score and handgrip 
strength did not mediate the relationship between serum 25(OH)D and pulmonary 
function.

Conclusion

Higher serum vitamin D concentrations were associated with better pulmonary function 
in men, but not in women.  Further studies are needed to elucidate potential mechanisms 
underlying the difference between men and women.
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Introduction

Several studies have reported an association between serum 25-hydroxyvitamin D (25(OH)D) 
concentrations and pulmonary function (1-7) in the general population. However, results 
remain conflicting as some studies did not confirm this association (8-10). One study even 
showed associations of high serum 25(OH)D concentrations with potential detrimental 
changes in pulmonary function on the long-term (5).  Several hypotheses have been 
proposed as of how vitamin D might influence pulmonary function. 
One hypothesis is that vitamin D affects pulmonary function through its immunomodulatory 
effects (11). Vitamin D promotes the differentiation of T-cells into regulatory T-cells (Treg), 
thereby reducing inflammation (12). In addition, vitamin D downregulates the expression 
and production of several pro-inflammatory cytokines such as TNF-α, IL-6 and IL-8 (13). 
Several studies showed an inverse association between systemic inflammatory markers and 
pulmonary function (14, 15). 
Secondly, vitamin D plays an important role in muscle function (16). Various studies have 
shown positive effects of vitamin D supplementation on skeletal muscle function and 
physical function in older individuals (17-19), but also in patients with COPD (20, 21). As 
several studies have shown positive associations between skeletal muscle strength and 
pulmonary function (22-24), vitamin D might affect pulmonary function through effects 
on muscle strength. Although the causality of these relationships has not been proven, the 
amount of evidence warrants further research to explore the role of muscle function in this 
relationship.  
The relationship between vitamin D and pulmonary function might be influenced by sex 
and smoking. Two previous studies found that serum 25(OH)D concentrations were related 
to pulmonary function in men, but not in women, although the explanation for these 
observed sex-differences remained unclear (2, 7). Several studies have demonstrated that 
smoking is related to lower 25(OH)D and 1,25(OH)2D levels in the general population (25, 
26). Potential mechanisms underlying these relationships are also not completely 
understood. In vitro studies have shown that cigarette smoke decreases production of the 
active form 1,25-dihydroxyvitamin (1,25(OH)2D) in lung epithelial cells (27), and enhances 
25(OH)D and 1,25(OH)2D catabolism by an increased expression and local activity of 
24-hydroxylase (24(OH)ase) (28). This may lead to lower levels of bio-active vitamin D 
locally, without a change in the systemic 25(OH)D concentrations. In three previous studies 
interaction between serum 25(OH)D concentration and smoking status in relation to 
pulmonary function was found, showing a stronger relationship between vitamin D status 
and pulmonary function in smokers, compared to non-smokers (4, 5, 29).
Previous studies have assessed the relationship between vitamin D and pulmonary function, 
but not the underlying mechanisms. With this study we aim to assess the relationship of 



PART II   CHAPTER 5

82

vitamin D status with pulmonary function, and whether this relationship is mediated by 
physical function and inflammation. Finally, we will also examine potential effect 
modification of sex and smoking for these relationships (Figure 1). 

Methods

Study participants 

Data for this study were derived from the Longitudinal Aging Study Amsterdam (LASA), 
an ongoing population-based, prospective cohort study in the Netherlands. The outline of 
this study has been described elsewhere (30). For this study data from the third cohort were 
used (2012/2013). This cohort consisted of 1,023 participants that were aged between 55 
and 65 years. Of these participants 645 participants agreed to blood sampling. Participants 
with failed blood sampling (n=16), no pulmonary function tests (n=56) or with missing 
values for potential confounders and mediators were excluded (n=31). This resulted in data 
of 542 participants for the statistical analyses.  
The study was approved by the Medical Ethics Committee of the VU University Medical 
Center, and informed consent was obtained from all participants.

Biochemistry

Fasting morning blood samples were collected, centrifuged and stored at -80 °C until 
determination in 2016. 25(OH)D was assessed by isotope dilution/online solid-phase extraction 
liquid chromatography/tandem mass spectrometry (ID-XLC-MS/MS) at the Endocrine 
Laboratory of the VU University Medical Center (Amsterdam, the Netherlands) (31). 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.

Figure 1. Hypothesis model testing mediation and effect modification. 
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 C-reactive protein (CRP) was measured using a particle enhanced immunoturbidimetric 
assay (Modular analytics Cobas 6000, Roche diagnostics; Mannheim, Germany). IL-6 was 
measured using the High Sensitivity Quantikine ELISA (R&D systems; Minneapolis, MN, 
USA). Inter-assay CV was 7,8 %. Creatinine was measured using an enzymatic method 
based on the conversion of creatinine with the aid of creatininase, creatinase, and sarcosine 
oxidase to glycine, formaldehyde and hydrogen peroxide (Modular analytics Cobas 6000, 
Roche diagnostics; Mannheim, Germany). 

Spirometry

After bronchodilation,  Forced Expiratory Volume in the first second (FEV1) and Forced 
Vital Capacity (FVC) were measured according to ATS/ERS guidelines (32). The spirometry 
was conducted with a Spiro USB Spirometer (Micromedical Ltd, Chatham, Kent, UK), 15 
minutes after inhalation of 200 μg salbutamol (Airomir autohaler, Teva). Measured FEV1 

and FVC in percentage of predicted values were calculated using reference values of the 
Global Lung Function Initiative (GLI) (33). 

Confounders and effect modifiers

Potential confounders were age, BMI, serum creatinine, alcohol consumption, educational 
level, physical activity, number of chronic diseases, use of vitamin D supplements and 
season of blood collection.  Body weight was measured to the nearest 0.1 kg without clothes 
and shoes, using a calibrated scale. Body height was measured to the nearest 0.001 m using 
a stadiometer. BMI was calculated by dividing the measured weight (in kg) by the squared 
height (in m). Information on alcohol consumption and smoking status were based on 
self-report. Alcohol consumption was classified in four categories (non-drinker, light 
drinkers, moderate drinker and (very) excessive drinker) based on the number of days on 
which alcohol was consumed and the number of alcoholic drinks consumed each time 
(34). Serum creatinine was used as a marker of renal function. Educational level was 
categorized in three classes: low (elementary or lower vocational education), intermediate 
(general intermediate, intermediate or general secondary education) or high (higher 
vocational education, college or university). Physical activity was measured with the LASA 
Physical Activity Questionnaire. Number of chronic diseases was based on self-report and 
included: chronic obstructive pulmonary disease (asthma, chronic bronchitis and 
pulmonary emphysema), cardiac disease, peripheral arterial disease, stroke, diabetes 
mellitus, rheumatoid arthritis/osteoarthritis and cancer. Smoking status and sex were tested 
as potential effect modifiers. Smoking status was based on self-report of never smoking, 
former smoking or current smoking.  If smoking status and sex were no effect modifiers, 
they were added to the analyses as confounders.  
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Mediators

Concentrations of CRP, IL-6, physical function score and handgrip strength were tested as 
potential mediators. The physical performance score consisted of three tests: the 3-meter 
walking test, a chair-stand test and a cardigan test. For the 3-meter walking test participants 
were asked to walk 3 meters, make a turn of 180° and walk back as quickly as possible. For 
the chair-stand test, participants were asked to stand up 5 times from a chair with their 
arms folded across their chest. For the cardigan test, the time to put on and off a cardigan 
was scored. For each test a score from 1 (slowest) to 4 (fastest) was given according to 
quartiles of time needed to perform the test. The physical performance score was a sum 
score of these three tests ranging from 0 to 12.   
Handgrip grip strength was assessed using a grip strength dynamometer (JAMAR 5030J1 
Hydraulic Hand Dynamometer). Measurements were made in duplicate for both hands. 
Respondents were instructed to perform two maximum grip strength trials with each hand, 
in seated position with the back straight and elbow bended in a 90° angle. For the analyses, 
we used the average of the highest score of the left and right hand. 

Statistical analysis

Baseline characteristics were stratified by sex and presented as means (SD) for normally 
distributed continuous variables, medians (interquartile range) for skewed continuous 
variables and percentages for categorical variables. To test differences between men and 
women, we used independent samples T-test for normally distributed continuous variables, 
Mann-Whitney U test for skewed continuous variables and Pearson χ2 tests for categorical 
variables.
We used multiple linear regression analyses to investigate the association between serum 
25(OH)D and pulmonary function. In the first model we adjusted for age. In the second 
model we additionally adjusted for BMI, serum creatinine, smoking status, alcohol 
consumption, educational level, physical activity, number of chronic diseases, use of vitamin 
D supplements and season of blood collection. Because serum 25(OH)D concentrations 
follow a sinusoidal pattern throughout the year, adjustment for season was performed using 
a cosine function (35). 
Potential effect modification by sex and smoking status was tested by adding interaction terms 
to the unadjusted models. Effect modification was considered significant with a p-value  
< 0.10  In addition, we performed regression analyses stratified for sex and smoking status.  
Potential mediation by CRP and IL-6 concentrations, physical performance score and hand 
grip strength was tested by performing a mediation analysis using the PROCESS macro 
(36). Using multiple ordinary least squares regression analyses four single mediator models 
were fitted to the data. For each of these models a total, direct and indirect effect of each 
variable was calculated based on the coefficients from these regression analyses. The 
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mediation model is depicted in Figure 2. The total effect (c path) can be interpreted as the 
effect of serum 25(OH)D concentrations on pulmonary function. The direct effect (c’ path) 
is the effect  of serum 25(OH)D concentrations on pulmonary function after adjustment 
for the mediator. The indirect effect is the multiplication of the effect of serum 25(OH)D 
concentrations on the mediator (a path) and the effect of the mediator on pulmonary 
function after adjustment for serum 25(OH)D concentrations (b path). The total effect was 
considered to be mediated when the indirect effect was statistically significant (p<0.05). 
This effect is the part of the total effect that is mediated by the mediator. To calculate the 
95% confidence interval for the indirect effect, 95% percentile bootstrap based on 5,000 
resamples was used.  All mediation analyses were stratified by sex and adjusted for age, 
BMI, serum creatinine, smoking status, alcohol consumption, educational level, physical 
activity and season of blood collection. All analyses were performed using IBM SPSS 
Statistics version 22 (Armonk , NY: IBM Corp.)

Results

Participants included in our analyses (n=542) did not differ in age (mean age (SD): 60.5 
(2.9) vs. 60.2 (3.0), P-value: 0.106), sex distribution (percentage female: 49.3% vs. 54.1%, 
P-value: 0.126) or educational level (percentage high education: 32.5% vs 30.8%, P-value: 
0.468) from participants excluded from our analyses (n=481).    
The characteristics of the participants are shown in Table 1 stratified by sex. Compared to 
men, women had higher serum  25(OH)D concentrations, a lower BMI and less packyears. 

a. The total effect c

b. The a, b, and c’  paths where the mediators are CRP, IL-6,  physical performance score 
and hand grip strength.

Figure 2. Mediation model.
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In addition, women had higher physical activity and performance scores, a better pulmonary 
function and lower creatinine levels.
Regression analyses stratified for sex showed different assosciations for men and women 
(Table 2, Figure 3). In men, 10 nmol/L higher serum 25(OH)D was associated with 1.16 
%predicted higher FEV1 (95%CI: 0.32 to 2.01) and 0.97 %predicted higher FVC (95%CI: 
0.32 to 1.62). This relationship persisted after adjustement for all confounders. In women 
no association of serum 25(OH)D with FEV1 (B: 0.35 (95%CI: -0.60 to 1.30)) and FVC (B: 
0.64 (95%CI: -0.19 to 1.47)) was found. Smoking did not modify this relationship (data not 
shown). The sensitivity analysis excluding participants using vitamin D supplements did 
show different results (Supp Table 1).
Results of the mediation analyses are shown in Table 3. We did not find a mediating effect 
of CRP, IL-6 and handgrip strength in the relationship between serum 25(OH)D 
concentrations and pulmonary function. We did find a positive association between serum 
25(OH)D concentrations and physical performance score in both men and women (a-path). 
In women, physical performance score was also positively associated with FEV1 (b-path), 
which might point towards an indirect effect of vitamin D on FEV1. 

Table 2. Associations of serum 25(OH)D concentrations with pulmonary function stratified by sex.

FEV1 (%predicted) FVC (%predicted)

B (95%CI) P-value B (95%CI) P-value

Male

Model 1 1.16 (0.32 to 2.01) .007 0.97 (0.32 to 1.62) .004

Model 2 1.03 (0.05 to 2.01) .040 1.03 (0.27 to 1.79) .008

Female

Model 1 0.35 (-0.60 to 1.30) .468 0.64 (-0.19 to 1.47) .131

Model 2 -0.27 (-1.30 to 0.76) .610 0.08 (-0.83 to 0.99) .867

Results are based on linear regression analyses and expressed as difference in outcome measure per 10 nmol/L 
serum 25(OH)D.
Model 1: Corrected for age.
Model 2: Model 1 + BMI, creatinine, smoking status, alcohol use, education,  physical activity, number of chronic 
diseases, season and use of vitamin D supplements.
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Table 1. Baseline characteristics of 542 participants from the LASA study stratified by sex.

Total (n=542) Men (n=275) Women (n=267) P-value

25(OH)D (nmol/L) 68.5 (22.1) 64.3 (22.8) 72.7 (20.7) <.001

Age (years) 60.6 (2.9) 60.7 (2.9) 60.4 (2.9) .220

BMI (kg/m2) 27.0 (4.4) 27.5 (3.9) 26.6 (4.8) .014

Smoking

Never smoker 26.2 23.3 29.2 .290

Former smoker 58.1 60.4 55.8

Current smoker 15.7 16.4 15.7

Packyears 5.4 [0.0 - 20.0] 7.5 [0.0 - 24.0] 3.5 [0.0 - 16.9] .005

Alcohol use

None 11.3 9.5 13.1 <.001

Light 43.4 33.1 53.9

Moderate 37.5 43.6 31.1

(Very) excessive 7.9 13.8 1.9

Season of blood collection

Winter 22.3 25.1 19.5 .117

Physical activity score 134 [78 – 207] 101 [60 - 178] 175 [119 - 229] <.001

Physical performance score 7.1 (2.2) 6.9 (2.2) 7.4 (2.1) .001

Hand grip strength (kg) 34.5 (11.8) 43.9 (8.2) 24.9 (5.7) <.001

Use of vitamin D supplements (yes) 20.7 15.6 25.8 .003

Self-reported asthma or COPD 8.5 9.5 7.5 .412

FEV1 (%predicted) 98.0 (16.3) 96.8 (16.4) 99.3 (16.1) .067

FVC (%predicted) 97.5 (13.4) 96.2 (12.6) 98.9 (14.1) .017

FEV1/FVC % 78.2 (7.9) 77.5 (8.2) 78.9 (7.7) .038

CRP (mg/L) 1.19 [0.65 – 2.45] 1.18 [0.66-2.24] 1.20 [0.61-2.64] .789

IL-6 (pg/mL) 1.50 [1.10 – 2.10] 1.50 [1.10-2.10] 1.50 [1.00-2.20] .542

Creatinine (µmol/L) 80.0 (16.0) 88.0 (15.7) 71.8 (11.5) <.001

Education level

Low 25.3 28.0 22.5 .002

Intermediate 42.3 34.9 49.8

High 32.5 37.1 27.7

Data are presented as mean (S.D.), percentages or median [interquartile range].
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Discussion

In this population-based cohort study, serum 25(OH)D concentrations were positively 
associated with FEV1 and FVC in men, but not in women. Smoking was not an effect 
modifier in this relationship. No mediation effect of physical performance or inflammation 
was found.
Our findings are in line with previous studies that found an association between serum 
25(OH)D concentrations and pulmonary function (1-6, 29). However, we only found an 
association in men, and not in women. This finding is in line with one previous study within 
the LASA-study of a different cohort, although peak expiratory flow rate (PEFR) and not 
FEV1 and FVC was studied. In this study, serum 25(OH)D concentrations were associated 
with PEFR in men but not in women. It was proposed by the authors that the difference 
was caused by less variation in the pulmonary function of women compared to men. In 
our analyses however, a similar variation of pulmonary function was seen in men and 
women. No  other studies have mentioned potential effect modification of sex. In our study 
we did find that women had a slightly better pulmonary function than men. In addition, 
they had higher physical activity and physical performance scores. We did, however, correct 
for physical activity, and an explanation therefore remains unclear. 

Figure 3. Associations of serum 25(OH)D concentrations with pulmonary function stratified by sex.
Results are based on linear regression analyses and expressed as difference in outcome measure per 10 nmol/L 
serum 25(OH)D. Associations were adjusted for age, BMI, creatinine, smoking status, alcohol use, education,  
physical activity, number of chronic diseases, season and use of vitamin D supplements.
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Table 3. Results of the mediation analysis of physical performance and inflammation in the relationship between 
serum 25(OH)D concentrations and pulmonary function.

FEV1 (%predicted) FVC (%predicted)

B (95%CI) P-value B (95%CI) P-value

Male

Total effect 1.03 (0.05 to 2.00) .040 1.03 (0.27 to 1.79) .008

Physical performance 
score

a-path 0.20 (0.07 to 0.33) .003 0.20 (0.07 to 0.33) .003

b-path 0.36 (-0.57 to 1.30) .444 0.17 (-0.56 to 0.89) .654

c’-path 0.95 (-0.04 to 1.95) .061 1.00 (0.22 to 1.77) .012

Indirect effect 0.07 (-0.09 to 0.32) 0.03 (-0.10 to 0.21)

Hand grip strength a-path 0.14 (-0.36 to 0.64) .585 0.14 (-0.36 to 0.64) .585

b-path -0.09 (-0.33 to 0.15) .475 0.04 (-0.15 to 0.23) .675

c’-path 1.04 (0.06 to 2.02) .038 1.02 (0.26 to 1.78) .008

Indirect effect -0.01 (-0.19 to 0.04) 0.01 (-0.03 to 0.13)

IL-6 (ln) a-path -0.04 (-0.07 to 0.00) .059 -0.04 (-0.07 to 0.00) .059

b-path -2.32 (-5.60 to 0.96) .165 -1.85 (-4.39 to 0.69) .153

c’-path 0.94 (-0.04 to 1.93) .060 0.96 (0.20 to 1.72) .013

Indirect effect 0.08 (-0.04 to 0.38) 0.06 (-0.03 to 0.28)

CRP (ln) a-path 0.01 (-0.04 to 0.07) .647 0.01 (-0.04 to 0.07) .647

b-path -1.69 (-3.78 to 0.41) .115 1.95 (3.56 to -0.33) .018

c’-path 1.05 (0.07 to 2.02) .036 1.05 (0.30 to 1.81) .006 

Indirect effect -0.02 (-0.27 to 0.06) -0.03 (-0.22 to 0.08)

Female

Total effect -0.27 (-1.30 to 0.76) .610 0.08 (-0.83 to 0.99) .867

Physical performance 
score

a-path 0.15 (0.02 to 0.29) .022 0.15 (0.02 to 0.29) .022

b-path 1.04 (0.08 to 2.00) .034 0.37 (-0.48 to 1.22) .395

c’-path -0.43 (-1.46 to 0.61) .415 0.02 (-0.90 to 0.94) .965

Indirect effect 0.16 (0.01 to 0.51) 0.06 (-0.06 to 0.29)

Hand grip strength a-path 0.24 (-0.12 to 0.60) .197 0.24 (-0.12 to 0.60) .197

b-path 0.33 (-0.02 to 0.69) .066 0.30 (-0.02 to 0.61) .063

c’-path -0.35 (-1.38 to 0.68) .509 0.01 (-0.90 to 0.92) .987

Indirect effect 0.08 (-0.02 to 0.37) 0.07 (-0.02 to 0.32)

IL-6 (ln) a-path 0.01 (-0.04 to 0.06) .595 0.01 (-0.04 to 0.06) .595

b-path -1.99 (-4.63 to 0.65) .138 -1.69 (-4.02 to 0.64) .154

c’-path -0.24 (-1.27 to 0.79) .645 0.10 (-0.81 to 1.01) .829

Indirect effect -0.03 (-0.21 to 0.04) -0.02 (-0.21 to 0.04)

CRP (ln) a-path -0.00 (-0.07 to 0.06) .933 -0.00 (-0.07 to 0.06) .933

b-path 0.40 (-1.65 to 2.46) .700 -0.18 (-2.00 to 1.64) .848

c’-path -0.27 (-1.30 to 0.77) .612 0.08 (-0.83 to 0.99) .868

Indirect effect -0.00 (-0.10 to 0.06) 0.00 (-0.06 to 0.65)

All analyses were adjusted for age, sex, BMI, creatinine, smoking status, alcohol use, education,  physical activity, 
number of chronic diseases, season and use of vitamin D supplements.
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While some previous studies found stronger associations between serum 25(OH)D 
concentrations and pulmonary function associations in smoking participants, compared 
to non-smokers (4, 9, 29),  we did not find effect modification by smoking. This difference 
might be explained by the lower number of current smokers in our study (15.4%) compared 
to the other studies (34.6% - 69%) (4, 5). In the study of Lange et al. the number of current 
smokers was low (4% – 10%), but the number of packyears was much higher than in our 
study (20 vs. 5.3). It is possible that a potential effect of smoking is only present in 
populations that have a higher number of current smokers and packyears.
We did not find a mediation effect of physical performance. In women we found that serum 
25(OH)D had a small indirect effect on FEV1 through physical performance. However, this 
finding should be interpreted with caution, because it might be a type I error found due to 
multiple testing.  Our finding is not in line with the hypothesis that vitamin D has a 
beneficial effect on physical performance and therefore on pulmonary function. Several 
studies have shown that vitamin D supplementation is associated with better physical 
performance and muscle strength (17, 18). In a previous study of van Schoor et al. a 
mediation effect by physical performance and grip strength was only found in men with 
lower 25(OH)D concentrations (2). Compared to this previous study, our population was 
younger and had better physical performance scores and grip strength. It might be possible 
that a mediation effect is stronger in people with a poor physical performance.  
In our study, serum 25(OH)D had a stronger association with FVC compared to FEV1. This 
is in line with a previous study in adolescents (37). The authors of this study suggest that 
this finding is indicative of alterations in the lung volume and involvement of peripheral 
lung structures. This is in favor of the hypothesis that vitamin D affects pulmonary function 
through tissue remodeling and inflammation. However, IL-6 and CRP did not mediate the 
relationship between serum 25(OH)D and pulmonary function in our study. This could 
be explained by several factors. Because of the population-based nature of our study, 
participants were relatively healthy and CRP and IL-6 levels were low. Potential mediating 
effects might only be visible in a more inflammatory state. Another explanation might be 
that serum CRP and IL-6 levels are not a good indicator for local inflammatory state. IL-6 
and CRP are both acute-phase proteins that increase in states of acute inflammation and 
decline rapidly. Changes in pulmonary function however, might be more affected by chronic 
low-grade inflammation locally. Finally, vitamin D has been shown to have local 
immunomodulatory effects in the lung, and lung epithelial cells are capable of producing 
the active form of vitamin D (1,25(OH)2D)(38). Therefore, blood samples might not be 
reflecting the local effects of vitamin D. 
Our study has several strengths. The population is well phenotyped, which allowed us to 
correct for several relevant confounders and test potential effect modification and 
mediation. No previous studies have tested multiple potential mechanisms underlying the 
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relationship of vitamin D and pulmonary function. We used high sensitive methods to 
determine IL-6 and CRP, which allowed us to measure these values in a rather healthy study 
population. Our study also has several limitations. Because of the cross-sectional design 
of the study, no conclusion can be drawn on causality or direction of the associations. In 
addition, compared to previous studies, the sample size of the current study is smaller. 
Because of the population-based nature of the study, vitamin D status and pulmonary 
function measures were relatively good. The largest part of our population had normal 
pulmonary function. A potential effect is expected to be larger in a population with more 
variation in vitamin D status and pulmonary function measures.
To conclude, we found that higher serum 25(OH)D concentrations were associated with 
better pulmonary function in men, but not in women. No mediation effect of physical 
performance and inflammation was found. Further studies are needed to elucidate potential 
mechanisms underlying the difference between men and women.
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Supplementary Table

Supplementary Table 1. Associations of serum 25(OH)D concentrations with pulmonary function stratified by 
sex with exclusion of participants using vitamin D supplements.

FEV1 (%predicted) FVC (%predicted)

B (95%CI) P-value B (95%CI) P-value

Male

Model 1 1.20 (0.25 to 2.15) .013 1.06 (0.34 to 1.78) .004

Model 2 1.12 (0.01 to 2.23) .048 1.09 (0.24 to 1.95) .012

Female

Model 1 0.42 (-0.70 to 1.54) .457 0.89 (-0.03 to 1.81) .059

Model 2 -0.44 (-1.66 to 0.78) .474 0.07 (-0.95 to 1.09) .891

Results are based on linear regression analyses and expressed as difference in outcome measure per 10 nmol/L 
serum 25(OH)D (n=430, 232 males and 198 females).
Model 1: Corrected for age.
Model 2: Model 1 + BMI, creatinine, smoking status, alcohol use, education,  physical activity, number of chronic 
diseases, season and use of vitamin D supplements.
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