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Rationale: Patients with asthma exhibit variable response to inhaled
corticosteroids (ICS). Vitamin D is hypothesized to exert effects on
phenotype and glucocorticoid (GC) response in asthma.
Objectives: To determine the effect of vitamin D levels on phenotype
and GC response in asthma.
Methods: Nonsmoking adults with asthma were enrolled in a study
assessing the relationship between serum 25(OH)D (vitamin D)
concentrations and lung function, airway hyperresponsiveness
(AHR), and GC response, as measured by dexamethasone-induced
expression of mitogen-activated protein kinase phosphatase (MKP)-
1 by peripheral blood mononuclear cells.
Measurements and Main Results: A total of 54 adults with asthma
(FEV1, 82.9 6 15.7% predicted [mean 6 SD], serum vitamin D levels
of 28.1 6 10.2 ng/ml) were enrolled. Higher vitamin D levels were
associated with greater lung function, with a 22.7 (69.3) ml (mean 6

SE) increase in FEV1 for each nanogram per milliliter increase
in vitamin D (P 5 0.02). Participants with vitamin D insufficiency
(,30 ng/ml) demonstrated increased AHR, with a provocative
concentration of methacholine inducing a 20% fall in FEV1 of 1.03
(60.2) mg/ml versus 1.92 (60.2) mg/ml in those with vitamin D of
30 ng/ml or higher (P 5 0.01). In ICS-untreated participants,
dexamethasone-induced MKP-1 expression increased with higher
vitamin D levels, with a 0.05 (60.02)-fold increase (P 5 0.02) in
MKP-1 expression observed for each nanogram per milliliter in-
crease in vitamin D, a finding that occurred in the absence of
a significant increase in IL-10 expression.
Conclusions: In asthma, reduced vitamin D levels are associated with
impaired lung function, increased AHR, and reduced GC response,
suggesting that supplementation of vitamin D levels in patients with
asthma may improve multiple parameters of asthma severity and
treatment response.
Clinical trials registered with www.clinicaltrials.gov (NCT00495157,
NCT00565266, and NCT00557180).
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Inhaled corticosteroids (ICS) are glucocorticoid (GC) prepara-
tions widely employed, on the basis of national and interna-
tional guidelines (1, 2), as the principal controller therapy for
patients with persistent asthma. Although studies suggest that
the majority of patients with asthma are successfully treated
with ICS-containing regimens (3), there is variability in re-
sponse to ICS, with a substantial proportion of patients not
achieving optimal asthma control despite even high-dose ICS
treatment (3–6). In addition to impairing response to treatment,
as measured by improved asthma control, steroid resistance has
been associated with alterations in the long-term prognosis of
asthma, as indicated by accelerated deterioration in lung

function (7). Given this, alternative treatment strategies need
to be considered for patients who continue to experience
suboptimal asthma control after initiation of ICS, and under-
standing the mechanisms that underlie the lack of universal
response to ICS in asthma is critical for improving strategies for
optimizing asthma treatment.

A number of potential explanations exist for the variable
clinical response to ICS, and insensitivity to the anti-inflamma-
tory effects of GCs must be considered as one of them in
patients who do not respond optimally. The mechanisms of GC
insensitivity are complex, reflecting the multiple steps involved
in GC action. For example, GCs have been reported to increase
expression of a key regulator of mitogen-activated protein
kinase (MAPK) inactivation, MAPK phosphatase (MKP)-1
(8–10), and augmented inflammatory responses in GC-insensi-
tive subjects with asthma could be hypothesized to be due to
a lack of ability of steroids to induce expression of specific
phosphatases, such as MKP-1, which then allows persistent
MAPK activation and a more proinflammatory immune cell
phenotype (8).

Some published data (11) suggest that vitamin D interacts
with GC signaling pathways in ways that are clinically relevant,
although little experimental work has been published in this
area. In 2006, Xystrakis and colleagues (11) reported that sup-
plementation with the active pharmacological form of vitamin
D3 enhanced dexamethasone (DEX)-induced expression of IL-
10 by T regulatory cells. Furthermore, they demonstrated that
allergen-induced T helper type 2 cell cytokine production was
inhibited by allergen-induced IL-10–secreting T regulatory cells
in an IL-10–dependent manner, and that, in subjects with
steroid-resistant asthma, preincubation of T cells with both
IL-10 and vitamin D3 overcame defects in DEX-induced CD41

T cell IL-10 production, perhaps by a mechanism in which
vitamin D3 reversed ligand-induced down-regulation of the GC
receptor. Complementing these experimental data, a recent
population study suggested an association between lower vita-
min D levels and increased ICS requirements in children, with
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a reduced need for anti-inflammatory controller therapy as
vitamin D levels increased (12). To assess the association
between vitamin D levels, asthma phenotype, and steroid re-
sponse in adults, we tested the hypothesis that reduced serum
vitamin D concentrations would be associated with worsening
of a number of relevant asthma biomarkers, including lung
function, airway hyperresponsiveness (AHR), and in vitro GC
response.

METHODS

Participants

Participants in two ongoing trials (NCT00495157 and NCT00565266) of
the National Heart, Lung, and Blood Institute–sponsored Asthma
Clinical Research Network were enrolled in a separate cross-sectional
ancillary study evaluating predictors of GC response in vivo and
in vitro (NCT00557180). Participants were enrolled from the common
run-in period of these two trials at a single Asthma Clinical Research
Network center (National Jewish Health, Denver, CO). All partici-
pants underwent cross-sectional phenotyping and phlebotomy for
vitamin D and steroid response outcomes within 2 weeks of enrollment
(after meeting inclusion criteria, but before randomization or alloca-
tion to the parent trials). All studies were reviewed and approved by
the National Jewish Health institutional review board, all participants
provided written informed consent, and both the parent trials and the
ancillary study were registered at http://www.clinicaltrials.gov.

We enrolled nonsmoking adults (18 yr of age or older) with a clinical
history of asthma confirmed by either bronchodilator responsiveness
(BDR; as defined by an improvement in the FEV1 of > 200 ml and
12% after administration of four puffs [360 mg] albuterol by metered-
dose inhaler) or AHR (defined as the concentration of methacholine in
mg/ml inducing a 20% fall in FEV1 [PC20 FEV1] of < 8 mg/ml if not
currently treated with ICS or < 16 mg/ml if currently treated with ICS).
Participants with significant medical illness other than asthma, a history
of respiratory tract infection, or asthma exacerbation within the
previous 4 weeks, or a history of life-threatening asthma within the
past 5 years, were excluded.

Measurements

Assessment of AHR and prebronchodilator lung function were per-
formed at the time of enrollment in the common run-in period,
according to published guidelines and interpreted according to refer-
ence values (13–16). Body mass index (BMI; kg/m2) was calculated
from measured height and weight, and ICS use at the time of
enrollment was assessed both dichotomously (yes/no) and with regard
to concomitant long-acting b-agonist (LABA) use. Serum 25(OH)D
(hereafter ‘‘vitamin D’’) concentrations were assayed by liquid chro-
matography–tandem mass spectrometry at Mayo Clinical Laboratories
(Rochester, MN).

Real-time PCR was used to assess baseline expression of MKP-1
(which inactivates p38 and is up-regulated by DEX), TNF-a, and IL-10
by unstimulated peripheral blood mononuclear cells (PBMCs) isolated
from heparinized blood by Ficoll-Hypaque (Pharmacia Biotech, Piscat-
away, NJ) gradient centrifugation (17). After isolation, RNA was
extracted from PBMCs, transcribed into cDNA, and analyzed by
real-time PCR via the dual-labeled fluorigenic probe method (ABI
Prism 7000; Applied Biosystems, Carlsbad, CA) (18). Primers and
probes for human MKP-1, TNF-a, and IL-10 were used, and standard
curves were generated with data from twofold serial dilutions of total
RNA of the highest expression sample. Data were normalized to the
corresponding levels of 18s rRNA in each sample (ng/ml per ng/ml of
18s). To assess induction of MKP-1 by DEX, 2 3 106 PBMCs were
treated with 1027 M DEX or culture medium for 4 hours. RNA was
isolated from DEX-treated cells, with PCR performed as above, and
fold change in expression of targets of interest determined by dividing
post-DEX treatment MKP-1 expression by baseline expression (19).

To assess suppression of mitogen-induced cell proliferation by
DEX, PBMCs were stimulated with 1 mg/ml anti-CD3 in the presence
of a range of DEX concentrations (10210 to 1026 M), as well as without
DEX (20). Cultures were incubated for 72 hours, and 6 hours before
harvesting, 3H-thymidine was added to a final concentration of 1 mCi/

well, and cell proliferation was assessed based on scintillation counting
of radionucleotide incorporation. Steroid sensitivity of cells as a func-
tion of response to DEX (% inhibition of cell proliferation by 1027 M
DEX, the highest physiologically relevant dose achieved in vivo) was
calculated.

Statistical Analyses

Unadjusted between-group comparisons were performed using Stu-
dent’s t test or Chi-square, as appropriate, with simple linear regression
used to evaluate unadjusted correlations between continuous variables.
Log transformation was used when data were not normally distributed.
To determine the association between serum vitamin D concentrations
and physiologic, inflammatory, and GC response biomarkers, least
squares regression was used, with models adjusted for the potentially
confounding effects of age and sex, with BMI included as a confounder
in analyses of lung function and MKP-1 expression. Due to the po-
tential effects of current ICS treatment on certain prespecified vari-
ables of interest (e.g., in vitro GC response assays), the study
population was dichotomized into ICS-treated and ICS-untreated
groups for stratified analyses. All analyses were performed using
JMP 8.0.1 (SAS Institute, Cary, NC).

RESULTS

Subjects

A total of 54 adult participants with persistent asthma were
enrolled (Table 1). Mean age of participants with asthma was
38.3 (611.2) years (mean [SD]), with FEV1 of 82.9 (615.7)%
predicted, PC20 of 2.2 (61.9) mg/ml, and BMI of 28.8 (67.3) kg/m2.
Mean serum vitamin D concentration was 28.1 (610.2) ng/ml.
A total of 24 of the 54 subjects were using ICS at the time of
enrollment, with 13 of the 24 ICS recipients (54%) receiving
medium- or high-dose ICS (1) or an ICS/LABA combination.
When participants with asthma were stratified based on current
ICS use, the two groups differed only with regard to age and
degree of AHR, with a mean age of 34.4 (610.7) years in those
not receiving ICS versus 43.3 (69.6) years in those receiving
ICS (P 5 0.003 for the comparison) and PC20 FEV1 of 1.7
(61.4) versus 2.8 (62.2), respectively (P 5 0.04).

Vitamin D Levels, Lung Function, and AHR

In participants with asthma, increasing serum vitamin D con-
centrations were associated with greater lung function in
continuous analyses. Least squares regression of the relation-
ship between lung function (FEV1, L) and serum vitamin D
(Figure 1, Table 2), adjusted for age, sex, and dichotomous BMI
(lean versus overweight/obese), indicated that there was a 22.7
(69.3) ml (mean [SE]) increase in FEV1 for each nanogram per

TABLE 1. PHYSIOLOGIC AND DEMOGRAPHIC CHARACTERISTICS
OF PARTICIPANTS

Characteristics

Entire Cohort

(n 5 54)

ICS Untreated

(n 5 30)

ICS Treated

(n 5 24) P Value

Age, years 38.3 6 11.2 34.4 6 10.7 43.3 6 9.6 0.003

Percent female 57.4 46.7 71.0 0.07

BMI, kg/m2 28.8 6 7.3 30.4 6 8.1 26.8 6 5.5 0.07

FEV1, L 2.9 6 1.0 3.1 6 1.1 2.7 6 0.8 0.1

FEV1 % predicted 82.9 6 15.7 84.0 6 16.8 81.5 6 14.4 0.6

FEV1/FVC, % 69 6 7.9 69.6 6 8.2 68.9 6 7.5 0.8

PC20 FEV1, mg/ml 2.2 6 1.9 1.7 6 1.4 2.8 6 2.2 0.04

25(OH)D, ng/ml 28.1 6 10.2 28.2 6 11.4 28.0 6 8.5 0.9

LABA use, n 8 0 8 —

Definition of abbreviations: 25(OH)D 5 vitamin D; BMI 5 body mass index;

ICS 5 inhaled corticosteroids; LABA 5 long-acting b-agonist; PC20 FEV1 5

provocative concentration of methacholine inducing a 20% fall in FEV1.

Data reported as mean 6 SD or percent. All P values for comparison of ICS-

untreated versus ICS-treated subjects with asthma.
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milliliter increase in vitamin D (P 5 0.02; adjusted r 5 0.8).
When participants were stratified into ICS-treated and ICS-
untreated populations, a stronger relationship between FEV1

and vitamin D was observed in those subjects with asthma not
currently receiving ICS (n 5 30) versus those who were (n 5

24), with an adjusted effect estimate of 134.6 (611.3) ml for
each unit increase in vitamin D (P 5 0.005; adjusted r 5 0.8)
in ICS-untreated subjects with asthma versus 212.0 (617.4) ml
(P 5 0.5) in those receiving ICS.

Among subjects with AHR to methacholine, as defined
by American Thoracic Society criteria (13) of a PC20 FEV1

to methacholine of 4 mg/ml or less (n 5 41), reduced serum
vitamin D concentrations were associated with a greater degree
of AHR. When subjects were grouped by a serum vitamin D
threshold of 30 ng/ml, a threshold corresponding to the serum
vitamin D concentration proposed by many investigators as the
lower end of the optimal range for both skeletal and other
outcomes (21–23), those participants with vitamin D concen-
trations less than 30 ng/ml demonstrated a PC20 FEV1 of 1.03
(60.2) mg/ml (mean [SE]) compared with a PC20 FEV1 of 1.92
(60.2) in those with vitamin D concentrations 30 ng/ml or
greater (n 5 22; P 5 0.01 for the comparison; Figure 2). A
similar categorical relationship was observed when PC20 FEV1

was log transformed (log PC20, 20.43 6 0.22 versus 0.45 6 0.2;
P 5 0.005), and in the adjusted least squares model, a significant
continuous relationship between serum vitamin D and PC20 was
also observed (effect estimate, 10.03 6 0.02; P 5 0.05; adjusted
r 5 0.4).

Serum Vitamin D Levels and Body Mass

Strong inverse correlations between BMI (kg/m2) and serum
vitamin D concentrations (ng/ml) were observed. In all partic-
ipants, unadjusted analyses indicated that there was a 0.71
(60.17) ng/ml decrease in serum vitamin D for each unit
increase in BMI (P 5 0.001; r 5 20.5; Figure 3), a relationship
that was also observed in analyses adjusted for age, sex, and
physiologic impairment (FEV1 % predicted), with an effect
estimate of 20.71 (60.17) (P 5 0.0001; adjusted r 5 20.5).
Although the inverse relationship between vitamin D and BMI
remained significant when current ICS use (dichotomized) was
added to the model (effect estimate, 20.76 6 0.18; P , 0.0001),
when participants were stratified into ICS-treated and ICS-
untreated populations, the overall inverse relationship was
found to be stronger and significant only in those subjects with

asthma not currently receiving ICS (n 5 30; effect estimate,
20.86 6 0.23; P 5 0.0009; adjusted r 5 20.6) as compared with
those currently receiving ICS (n 5 24; effect estimate, 20.56 6

0.34; P 5 0.1; adjusted r 5 20.2).

Serum Vitamin D Levels and Expression of TNF-a by PBMCs

at Baseline

Higher serum vitamin D concentrations were associated with
decreased baseline expression of TNF-a by PBMCs (Figure 4),
with the adjusted model (age, sex, BMI) indicating an reduction
in normalized TNF-a expression of 0.06 (60.02) units for each
unit increase in vitamin D (P 5 0.01; adjusted r 5 20.3). This
inverse association was stronger in ICS-treated participants
(0.09 6 0.04 unit reduction; P 5 0.05; adjusted r 5 20.5) than
in ICS-untreated participants (0.03 6 0.02 unit reduction; P 5

0.2). However, when analyzed with regard to dichotomous ICS
use (yes/no), baseline expression of TNF-a was not significantly
modified by current use of ICS, with mean normalized TNF-a
expression of 2.2 (60.3) units in ICS-untreated and 3.0 (60.4)
units in ICS-treated individuals (P 5 0.09 for the comparison).

Serum Vitamin D Levels and Effects of DEX on Expression of

MKP-1 and Suppression of Mitogen-Induced

Cell Proliferation

Increasing serum vitamin D concentrations were associated
with enhanced GC response in vitro. In analyses restricted to
those individuals not treated with ICS (designed to exclude the
effect of exogenous GC exposure on response to DEX), ad-
justed (age, sex, BMI) least squares regression demonstrated
a positive correlation between increasing vitamin D concentra-
tions and increasing DEX-induced MKP-1 expression, with
a 0.05 (60.02)-fold increase (P 5 0.02; r 5 0.5) in MKP-1 ex-
pression observed for each unit increase in vitamin D concen-
tration. The relationship between vitamin D and MKP-1 re-
mained (Figure 5), but was weaker, when the entire study
population was analyzed irrespective of ICS use (effect of

Figure 1. Plot of serum vitamin D (25[OH]D, ng/ml) versus prebron-

chodilator FEV1 (L), representing an increase of 22.7 (69.3) ml in FEV1

for each nanogram per milliliter increase in vitamin D (P 5 0.02;
covariate adjusted r 5 0.8).

TABLE 2. MODELED EFFECT ESTIMATE, P VALUES, AND
r VALUES FOR RELATIONSHIP BETWEEN INCREASING
SERUM 25(OH)D AND PARAMETERS OF INTEREST

Parameter

Entire Cohort

(n 5 54)

ICS Untreated

(n 5 30)

ICS Treated

(n 5 24)

FEV1, L 122.7 6 9.3 134.6 6 11.3 212.0 6 17.4

P 5 0.02 P 5 0.005 P 5 0.5

r 5 0.8 r 5 0.8

BMI, kg/m2 20.71 6 0.17 20.86 6 0.23 20.56 6 0.34

P 5 0.0001 P 5 0.0009 P 5 0.1

r 5 20.5 r 5 20.6

DEX-induced

MKP-1 expression,

fold change

10.03 6 0.01 10.05 6 0.02 20.01 6 0.03

P 5 0.04 P 5 0.02 P 5 0.8

r 5 0.4 r 5 0.5

DEX-mediated

suppression of

mitogen-induced

PBMC proliferation

20.27 6 0.23 NS NS

P 5 0.2 — —

Baseline TNF-a expression 20.06 6 0.02 20.03 6 0.02 20.09 6 0.04

P 5 0.01 P 5 0.2 P 5 0.05

r 5 20.3 r 5 20.5

DEX-induced IL-10

expression, fold change

0.004 6 0.006 0.01 6 0.007 20.02 6 0.01

P 5 0.5 P 5 0.1 P 5 0. 1

Definition of abbreviations: BMI 5 body mass index; DEX 5 dexamethasone;

ICS 5 inhaled corticosteroids; MKP 5 mitogen-activated protein kinase phos-

phatase; NS 5 not significant; PBMC 5 peripheral blood mononuclear cell.

Modeled effect estimate values (6SE) are presented. Except for BMI, covariate

adjusted r values are presented (if P value is significant) for relationship between

increasing serum 25(OH)D (per ng/ml increase).
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0.03 6 0.01; P 5 0.04; r 5 0.4), and was not observed solely in
ICS-treated subjects (20.01 6 0.03; P 5 0.8).

When DEX-mediated suppression of mitogen-induced cell
proliferation was analyzed, significant relationships with vitamin
D were not observed in either of the two ICS treatment strata
(data not shown), or in the study population as a whole (effect
estimate, 20.27 6 0.23; P 5 0.2).

Serum Vitamin D Levels, IL-10 Expression, and Effects of DEX

Baseline expression of IL-10 by PBMCs was low, with a mean
standardized value of 0.01 (60.001). There was not an associ-
ation between serum vitamin D concentrations and baseline IL-
10 expression in the entire study population, with an effect
estimate of 1.9 3 1026 (60.0001) (P 5 1.0), a relationship that
was equally weak in ICS-treated and ICS-untreated partici-
pants. In vitro exposure to DEX did not significantly enhance
IL-10 production by PBMCs, either in the study population as
a whole (effect estimate, 0.004 6 0.006; P 5 0.5), or in ICS
treated (20.02 6 0.01; P 5 0. 1) or untreated (0.01 6 0.007; P 5

0.1) participants.

DISCUSSION

We report data demonstrating that, in adults with persistent
asthma, there is a significant and deleterious association be-
tween reduced serum vitamin D levels and lung function, AHR,
and GC sensitivity, which together constitute three important
biomarkers of asthma severity, impairment, and prognosis (1, 7,
24). In addition, reduced vitamin D levels are associated with
increased expression of TNF-a, suggesting that enhanced ex-
pression of this proinflammatory cytokine is one potential
pathway by which reduced vitamin D levels could exert a
proinflammatory effect in asthma (25–27). These observations
suggest that evaluation of serum vitamin D concentrations
should be considered in adult patients with asthma that responds
suboptimally to ICS, and they raise the underlying possibility
that vitamin D supplementation could result in improvement of
these phenotypic variables in the subset of subjects with asthma
who are vitamin D deficient.

Given that our study population incorporated both ICS-
untreated and ICS-treated (with concomitant LABA use in
some cases) participants, we were able to assess the impact of
ICS exposure on the relationship between vitamin D and the
aforementioned parameters. In the case of lung function, the

Figure 2. Airway hyperresponsiveness to methacholine, stratified by

serum vitamin D (25[OH]D, ng/ml) concentrations of 30 ng/ml. PC20

FEV1 5 provocative concentration of methacholine inducing a 20% fall
in FEV1.

Figure 3. Plot of body mass index (BMI; kg/m2) versus serum vitamin

D (25[OH]D, ng/ml), representing a reduction of 0.71 (60.17) ng/ml

in vitamin D for each unit increase in BMI (P 5 0.0001; r 5 20.5).

Figure 4. Plot of serum vitamin D (25[OH]D, ng/ml) versus baseline

TNF-a, representing a reduction of 0.06 (60.02) units TNF-a expres-
sion for each nanogram per milliliter increase in vitamin D (P 5 0.01;

covariate adjusted r 5 20.3). PBMC 5 peripheral blood mononuclear cell.

Figure 5. Plot of serum vitamin D (25[OH]D, ng/ml) versus dexa-

methasone-induced mitogen-activated protein kinase phosphatase

(MKP)-1 expression, representing an increase of MKP-1 of 0.03
(60.01)-fold for each nanogram per milliliter increase in vitamin D

(P 5 0.04; covariate adjusted r 5 0.4).
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correlation between higher vitamin D levels and improved lung
function was even stronger in those who were ICS untreated
than in the study population as a whole. In addition, the
relationship between vitamin D levels and in vitro GC response
was stronger in ICS-untreated participants than that observed in
all subjects with asthma, independent of treatment. This sug-
gests that, although the relationship between low vitamin D
levels and impaired GC response is pertinent to subjects with
asthma, independent of treatment, those who are not treated
with ICS appear to be more responsive to the beneficial effects
of higher vitamin D levels, and that vitamin D supplementation
could further enhance GC response in patients with asthma,
at least in vitro. It is interesting to note that, in our study
population, there was not a significant relationship between
vitamin D levels and baseline expression of IL-10 by PBMCs,
nor did DEX further enhance production of IL-10 by PBMCs,
indicating that IL-10 is not involved in pathways by which
vitamin D enhances of DEX-induced MKP-1 expression in
PBMCs.

Also of interest is the inverse relationship between BMI and
vitamin D levels observed in our study, a finding previously
reported in adults without asthma (28–30). Although obesity
has been reported to increase asthma risk (31), one of the most
significant effects of obesity on asthma relates to phenotype,
particularly its association with reduced response to GCs, both
clinically (32–34) and in vitro (19). This report suggests that
vitamin D, the levels of which are reduced in overweight and
obese subjects with asthma, may be one pathway by which
obesity and reduced steroid response are related. Finally, we
did not observe a relationship between vitamin D levels and
mitogen-induced cell proliferation, in contrast to previous
reports in which vitamin D has been reported to have inhibitory
effects on T cell proliferation (35, 36). However, these previous
data were generated in healthy human subjects, and it is
possible that this effect of vitamin D is attenuated in asthma.

In summary, in adults with persistent asthma, higher vitamin
D levels are associated with improved lung function, reduced
AHR, and improved in vitro response to GCs. These findings
suggest that supplementation of vitamin D in patients with
asthma, when appropriate, may result in improvements in
multiple parameters of asthma severity and treatment response.
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