
Calcitriol Decreases Expression of Importin α3
and Attenuates RelA Translocation in Human Bronchial
Smooth Muscle Cells

Tanupriya Agrawal & Gaurav K. Gupta &

Devendra K. Agrawal

Received: 18 January 2012 /Accepted: 9 April 2012 /Published online: 25 April 2012
# Springer Science+Business Media, LLC 2012

Abstract
Purpose A potent immunomodulatory role of Vitamin D in
both innate and adaptive immunity has recently been appre-
ciated. In allergic asthma, activation of NF-кB induces
transcription of various cytokines and chemokines involved
in allergic airway inflammation. The nuclear import of activated
NF-кB p50/RelA subunit is dependent on importin α3
(KPNA4) and importin α4 (KPNA3). In this study, we exam-
ined the role of importin α3 in immunomodulatory effect of
calcitriol in human bronchial smooth muscle cells (HBSMCs).
Methods Cultured HBSMCs were stimulated with calcitriol
in the presence and absence of cytokines, TNF-α, IL-1β, and
IL-10. The mRNA transcripts of importin α3 and α4 were
analyzed using qPCR while protein expression of importin
α3, α4 and nuclear RelAwas analyzed by immunoblotting.
Results Calcitriol significantly decreased mRNA and pro-
tein expression of importin α3 as well as nuclear protein

expression of NF-кB p65 (RelA). The decreased activation
of RelA by calcitriol was confirmed by decreased release of
RelA-inducible molecules, including IL-5, IL-6 and IL-8, by
HBSMCs upon calcitriol treatment. Calcitriol attenuated the
effect of TNF-α and IL-1β to upregulate mRNA and protein
expression of importin α3. IL-10 significantly decreased the
TNF-α induced expression of importin α3 and this effect
was further potentiated by calcitriol.
Conclusions These data suggest that under inflammatory
conditions, calcitriol decreases the expression of importin
α3 resulting in decreased nuclear import of activated RelA.
This could be a novel mechanism by which calcitriol could
exert its immunomodulatory effects to reduce allergic airway
inflammation and thus may alleviate the symptoms in allergic
asthma.
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Introduction

Asthma is a chronic airway disease characterized by airway
hyperresponsiveness (AHR), airway obstruction, airway
remodeling, and infiltration of eosinophils and T-helper type
2 (Th2) cells into the airway sub-mucosa, which leads to
inflammation and edema in the bronchial mucosa, and hyper-
secretion of mucous [1, 2]. Approximately 300 million people
are affected by asthma worldwide. Its prevalence has increased
significantly in developed countries and showing similar trends
in developing nations recently [3].

Bronchial smooth muscle cells (BSMCs) play essential
role in the pathogenesis of asthma [4]. There is narrowing of
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bronchial lumen due to increase in BSMC mass. BSMCs,
when activated in a sensitized state, behave in an autocrine
and paracrine manner by producing and responding to cyto-
kines and other pro-inflammatory molecules [4]. Some of
the main pro-inflammatory cytokines and chemokines secret-
ed by the smooth muscle cells in asthma are TNF-α, IL-1β,
IL-5, IL-6, IL-17, GM-CSF, TGF-β, IL-8, RANTES, eotaxin,
and MCP-1,2,3 [5, 6]. This synthetic role of smooth muscles
and the secretion of the cytokines are regulated by numerous
transcriptional factors that play an important role in the path-
ogenesis of asthma [7]. NF-κB is one of the central transcrip-
tional factor that co-ordinates the expression of various
immune and inflammatory genes [8, 9]. There is an enhanced
NF-κB activation pathway in asthmatic tissues [10]. NF-κB is
activated in response to a number of stimuli, including physical
and chemical stress, LPS, dsRNA, ssRNA, T and B cell mito-
gens and pro-inflammatory cytokines [10]. The cytokines
secreted by smooth muscle cells in asthma including TNF-α,
IL-1β and IL-17 are responsible for activation of NF-κB [11].
Activated NF-κB induces the rapid expression of multiple
genes that play a significant role in induction of airway hyper-
responsiveness, airway smooth muscle proliferation and inhi-
bition of cell apoptosis in asthma [11–14].

Under physiological conditions, NF-κB is sequestrated in
the cytoplasm in association with an inhibitory protein
called IκB which controls the activation and regulation of
NF-κB [15]. Upon activation, cytoplasmic NF-κB com-
plexes, especially p50-RelA, rapidly translocate to the nu-
cleus [16].

The transport of the molecules in and out of the cell is
monitored by nuclear pore complexes (NPC). Importins are
the proteins that help larger molecules to enter into the
nucleus and exportin to move back to the cytoplasm. Pro-
teins containing classical nuclear localizing sequence (NLS)
are imported in the nucleus by importin α/β heterodimers
[17]. Classical NLS are found in RelA (p65) and p50 sub-
units of NF-κB [17]. Importin α3 and importin α4 are
reported to be the main importin α isoforms responsible
for the nuclear translocation of NF-κB p50-RelA hetero-
dimer on stimulation with TNF-α [17–19]. The activation
of NF-κB subunits p50-RelA is detrimental in the patho-
genesis of asthma and results in severe airway inflammation
[18, 20]. Therefore, the inhibition of NF-κB activation or
translocation would be an important focus for the development
of new therapeutic modalities in asthma [20]. Thus, the drugs
specifically designed to target NF-κB activation or its translo-
cation would be clinically useful for the treatment of inflam-
matory diseases, including asthma [21].

Vitamin D has been known for the maintenance of calcium
and phosphate homeostasis in our body. In recent years,
growing body of literature suggest the role of Vitamin D in
cell growth, proliferation and differentiation, and in the immune
regulation of our body [22]. Calcitriol is an active metabolite of

Vitamin D3, exerts its action through Vitamin D receptor
(VDR), which is a member of the superfamily of high affinity
steroid nuclear receptors [23, 24]. VDR is a transcription factor
that interacts with its co-regulators and alters the transcription
of target gene which are involved in a wide spectrum of
biological responses [22].

VDR is constitutively expressed in immunologically rel-
evant cells, including antigen presenting cells like dendritic
cells and macrophages, and is induced in activated T lym-
phocytes indicating a central role of Vitamin D in immune
regulation [25, 26]. These observations support that Vitamin
D has immunosuppressive and immunomodulatory properties.
However the underlying cellular and molecular mechanisms
are unknown. In this study, we for the first time report the effect
of calcitriol on the expression of importin α3, RelA activation
and migration to the nucleus and demonstrate decreased ex-
pression and activity of importin α3 and RelA with calcitriol
treatment in HBSMCs.

Materials and Methods

Cell Culture

Primary human bronchial smooth muscle cells (HBMSC)
were obtained from ScienCell Research laboratories. Cells
were cultured in 25 cm2 cell culture flasks in Smooth Muscle
Cell Medium (SMCM) containing 10 % FBS and were main-
tained at 5 %CO2 at 37°C. Cells from passage 3–7maintained
their SMC phenotype and were used in all experiments. Cells
were characterized for smooth muscle cell markers including
smooth muscle α-actin and smooth muscle heavy chain by
immunofluorescence.

Cell Stimulation

All experiments were done in three biologically independent
samples. Cultured HBSMCs (70–80 % confluent cells) were
growth arrested by serum starvation for 24 h by replacing
the FBS containing SMCM with FBS free DMEM
(Dulbecco’s modified eagle’s medium). After 24 h cells
were stimulated with calcitriol (D1530 Sigma-Aldrich,
St. Louis, MO) at various concentrations (0.1–100 nM)
or ethanol (<0.05 %) as vehicle in fresh DMEM for
24 h. Recombinant TNF-α, IL-1β and IL-10 (PeproTech, Inc.
NJ) were used at a dose of 10 ng/ml. After 24 h of stimulation,
cells were harvested for RNA and protein. Each experiment
was done in triplicate.

Cytokine Measurements

After appropriate stimulation with calcitriol ± TNF-α ±
dexamethasone for 24 h the level of cytokines, IL-5, IL-6

1094 J Clin Immunol (2012) 32:1093–1103



and IL-8, secreted in the culture medium by HBSMCs was
determined by ELISA according to the manufacturer’s
instructions using ELISA Detection Ready-Set-Go kit
(eBioscience, San Diego, CA)

RNA Isolation, Reverse Transcription and Real Time PCR

Total cellular RNA was extracted and mRNA expression
was analyzed by Real Time PCR by methods described
previously [27]. Calculation of relative gene expression
was done based on the differences in the threshold cycles
(Ct). The results were normalized against glyceraldehyde
3-phosphate dehydrogenase (GAPDH).

The primer sequences used are as follows:

GAPDH Forward primer:
GGGAAGGTGAAGGTCGGAGT

Reverse primer:
TTGAGGTCAATGAAGGGGTCA

VDR Forward primer:
CTTCAGGCGAAGCATGAAGC

Reverse primer:
CCTTCATCATGCCGATGTCC

CYP24A1 Forward primer:
CAAACCGTGGAAGGCCTATC

Reverse primer:
AGTCTTCCCCTTCCAGGATCA

CYP27B1 Forward primer:
TGGCCCAGATCCTAACACATTT

Reverse primer:
GTCCGGGTCTTGGGTCTAACT

Importinα3
(KPNA4)

Forward primer:
TGTGAGCAAGCAGTGTGGGCA

Reverse primer:
TGGTGGTGGGTCTTTGTGGCG

Importin α4
(KPNA3)

Forward Primer:
ATCCCCCGCCGCCTATGGAG

Reverse Primer:
CTGGGTCTGCTCGTCGGTGC

Whole Cell and Nuclear Protein Extraction

The cell monolayer was washed with serum free medium
and the whole cell protein was extracted as described pre-
viously [28]. The Nuclear protein was extracted according
to the manufacture’s protocol (Active Motif, CA #40010).
The cell monolayer was washed with cold PBS/phosphatase
inhibitors. Cells were gently scraped with cell lifter, collected
in PBS/phosphatase inhibitor and centrifuged. The pellet was
gently resuspended in 150 μl 1× hypotonic buffer and 5 μl
detergent was added followed by vortex for 10 s, centrifuged
and supernatant was collected (cytoplasmic fraction). The
pellet was resuspended in 30 μl complete lysis buffer and

incubated for 30 min. After centrifugation the nuclear fraction
was collected.

Transfection of the Cells

To Knockdown VDR and importin α3 genes HBSMCs were
transfected with human (h)VDR-small interfering (si)RNA
oligonucleotides (sc-106692) (Santa Cruz Biotechnology,
CA), (h)KPNA4 siRNA (H00003840-R01) (Novus Biologicals,
LLC,CO) or scrambled siRNA oligonucleotides (sc-37007)
(Santa Cruz Biotechnology, CA) serving as a negative control
using FuGENE-HD Transfection reagent (Roche Applied Sci-
ence, Germany) according to manufacturer’s instruction. The
Transfection efficiency was measured using Green Fluorescent
Protein as a marker, which showed more than 85 % of the cells
expressing GFP and a viability of 95 % after 30 h. The knock-
down efficiency was analyzed by western blot analysis.

Luciferase Reporter Gene Assay

Human bronchial smooth muscle cells were seeded in 96-
well plate at the density of 1×104 cells/well. After 24 h, cells
were transfected with 100 ng of importin α3- responsive
firefly luciferase promoter reporter (Ori-gene, Rockville,
MD) or NF-κB-responsive firefly luciferase reporter and con-
stitutively expressing Renilla construct (40:1) (SA Biosciences,
Frederick, MD) using FuGENE-HD transfection reagent
(Roche Applied Science, Germany). Thirty hours after trans-
fection, cells were treated with calcitriol (100 nM) for 20 h
followed by treatment with TNF-α (10 ng/ml) for an additional
4 h. Luciferase activities were assessed using Dual-Glo®
Luciferase Assay System (Promega, Fitchburg, WI) fol-
lowing manufacturer’s protocol and the luminescence
was measured with Enspire 2300 multilabel plate reader
(PerkinElmer, Inc. CA).

Immunoblotting

Immunoblotting was done by methods as described previ-
ously [28]. The lysates were separated by gel electrophore-
sis and transferred onto nitrocellulose membranes (Bio-Rad
Laboratories, Hercules, CA). The following antibodies were
used in 1:500 dilutions: VDR (D-6,SC-13133) (mouse,
Santa Cruz Biotechnology, CA), CYP24A1 (H00001591,
Mouse, Abnova, CA), CYP27B1 (H-90,SC-67261) (rabbit,
Santa Cruz Biotechnology, CA), KPNA4 (ab6039) (goat,
Abcam MA), KPNA3 (ab6038) (goat, Abcam MA), NF-κB
p65 (sc-372)(rabbit, Santa Cruz Biotechnology, CA), and
Lamin B (sc-6216) (goat, Santa Cruz Biotechnology, CA).
Protein expression in whole cell lysate was normalized
against GAPDH. For nuclear extracts, results were normalized
by Lamin B.
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Statistical Analysis

Values of all measurements are reported as mean ± SEM.
The Graph Pad Prism 4.0 biochemical statistical package
(Graph Pad Software, Inc, San Diego, CA USA) software
was used to analyze data and plot graphs. Statistical analysis
was performed using one-way ANOVA to analyze statisti-
cally significant differences between groups. Post-hoc test
included either Dunnett or Bonferroni’s test. The level of
significance was calculated based on the P values (*P<0.05,
**P<0.01, ***P<0.001)

Results

Calcitriol Increases mRNA Transcripts and Protein
Expression of VDR in HBSMCs

The unstimulated HBSMCs express VDR. Following calci-
triol (0.1–100 nM) treatment, there was significant increase
in both mRNA and protein expression of VDR in HBSMCs
(Fig. 1a–b) Calcitriol increased mRNA transcripts and protein
expression of CYP24A1 and decreased the mRNA transcripts
and protein expression of CYP27B1 in HBSMCs (See Sup-
plementary data Figure S1A–D). The effect of calcitriol
(100 nM) on the mRNA expression of VDR was time-
dependent with the maximum expression at 18–36 h (See
Supplementary data Figure S2).

Calcitriol Decreases mRNA Transcripts and Protein
Expression of Importin α3 in HBSMCs

The unstimulated HBSMCs expressed both mRNA tran-
scripts and protein of importin α3 . Following calcitriol
(0.1–100 nM) treatment, there was significant decrease in
both mRNA and protein expression of importin α3 in

HBSMCs (Fig. 2a, b). However, there was no significant
effect of calcitriol on the mRNA and protein expression of
importin α4 (see Supplementary data Figure S4A,B). These
results show that active metabolite of vitamin D decreases
the expression of importin α3 with no effect on importin α4.
The effect of calcitriol on the mRNA expression of importin
α3 was time-dependent with a maximum decrease at 24 h
(See Supplementary data Figure S3).

VDR Knockdown Abolishes the Reduced Expression
of Importin α3 by Calcitriol in HBSMCs

To further explore the role of VDR in the regulation of
importin α3, we evaluated the effect of VDR reduction in
HBSMCs. VDR knockdown abolished calcitriol-induced
decreased expression of importin α3. The VDR expression
was reduced using hVDR -specific siRNA, with scrambled
siRNA as a control. As shown in Fig. 3a, 30 h after siRNA
transfection, the VDR protein expression was markedly
reduced and the knockdown efficiency was nearly 90 %.
The calcitriol treatment failed to reduce the expression of
importin α3 in the VDR-siRNA-transfected cells, in con-
trast to the scrambled siRNA-treated cells (Fig. 3b). These
data demonstrate that VDR knockdown abolishes calcitriol-
induced inhibition of importin α3. These results are consis-
tent with and support the data presented in Fig. 2a, b which
show that calcitriol significantly decreases the expression of
importin α3 in HBSMCs.

TNF-α Increases the Expression of Activated RelA
in the Nuclear Fraction of HBSMCs in a Dose-
and Time-Dependent Manner

Pro-inflammatory cytokines, IL-1β and TNF-α, have been
shown to play a prominent role in developing airway re-
sponsiveness and airway inflammation in bronchial asthma.

Fig. 1 Effect of Calcitriol
treatment on mRNA and
protein expression of VDR (a,
b), in HBSMCs: Cultured
HBSMCs were serum starved
for 24 h followed by treatment
with different doses of calcitriol
(0.1–100 nM) for 24 h. The
mRNA and protein were
isolated from cell lysates and
subjected to qPCR and
immunoblotting, respectively.
Data is shown as mean ± SEM
from three individual samples
in each experiment;
***p<0.001, **p<0.01
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HBSMCs were treated with different concentration of
TNF-α (1–100 ng/ml) for 20 min, as the half-life of activat-
ed RelA is less than 30 min [29]. There was a basal level of
RelA in the nucleus under unstimulated conditions. TNF-α
(10–100 ng/ml) significantly increased the nuclear protein
expression of RelA (Fig. 4a). However, the viability of the
cells was significantly affected at TNF-α (100 ng/ml).
Therefore, a dose of 10 ng/ml TNF-α was chosen in the
following experiments.

Next, HBSMCs were treated with TNF-α (10 ng/ml) at
different time periods (0–60 min). The nuclear protein expres-
sion of RelA in HBSMCs in response to TNF-α increased in a
time-dependent manner with the maximum expression at
15 min and returned to the baseline at 30 min and beyond
(Fig. 4b). Therefore, in the following nuclear experiments
HBSMCs were treated with a dose of 10 ng/ml of TNF-α
for 15 min.

Calcitriol Decreases Expression of Activated RelA
in the Nuclear Fraction of TNF-α Stimulated HBSMCs
and Importin α3 Knockdown Decreases the TNF-α Induced
Activation of RelA and Abolishes the Action of Calcitriol
on RelA Translocation in the Nuclear Fraction of HBSMCs

The importin α3 was knocked down using human importin
α3 specific siRNA, and scrambled siRNA was used as a
control. As shown in Fig. 4c, 30 h after siRNA transfection,
the importin α3 protein expression was markedly reduced
and knockdown efficiency was nearly 85 %.

On stimulation with TNF-α (10 ng/ml) for 15 min there
was a significantly increased nuclear translocation of RelA
and this effect was attenuated by calcitriol, indicating that
calcitriol decreases the translocation of RelA to the nucleus
(Fig. 4d). To verify the role of importin α3 to translocate
RelA from cytoplasm to the nucleus,, we evaluated the

Fig. 2 Effect of Calcitriol treatment on mRNA and protein expression
of importin α3 (a, b) and importin α4 (c, d) in HBSMCs: Cultured
HBSMCs were serum starved for 24 h followed by treatment with
different doses of calcitriol (0.1–100 nM) for 24 h. The mRNA and

protein were isolated from cell lysates and subjected to qPCR and
immunoblotting, respectively. Data is shown as mean ± SEM from
three individual samples in each experiment; ***p<0.001, **p<0.01

Fig. 3 Effect of VDR siRNA
on the expression of VDR (a)
and the effect of calcitriol
treatment on the protein
expression of importin α3 (b) in
VDR knockdown HBSMCs:
Cultured HBSMCs were
transfected with VDR siRNA or
scrambled siRNA and were
stimulated with calcitriol
(100 nM) for 24 h. Protein was
isolated from cell lysates and
subjected to immunoblotting.
Data is shown as mean ± SEM
from three individual samples
in each experiment;
***p<0.001
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effect of TNF-α to increase RelA expression in the nucleus
in importin α3 siRNA-transfected HBSMCs. Importin α3
knockdown decreased the translocation of RelA to the nu-
cleus in response to TNF-α. Since there was not complete
absence of RelA translocation to the nucleus, this suggests a
potential role of importin α4 [17].

In the TNF-α-treated importin α3-siRNA-transfected
cells, RelA expression was significantly downregulated
compared to TNF-α-treated non-transfected cells. Our
results are in accordance with previous studies con-
firming that importin α3 plays a major role in RelA
translocation to the nucleus [17, 30]. Concomitant
treatment of importin α3-siRNA-transfected cells with
TNF-α and calcitriol had no significant effect on RelA
expression compared to TNF-α treated importin α3-
siRNA transfected cells without calcitriol.

These data confirm that the action of calcitriol to reduce
RelA translocation is mediated by decrease in importin α3
expression.

Calcitriol Decreases TNF-α Induced RelA and Importin
α3 Transactivation

To confirm our observation on the decrease in TNF-α-
induced nuclear protein expression of RelA by calcitriol,
we examined the RelA transactivation by transfecting
HBSMCs with NF-κB-luciferase reporter vector. TNF-α
induced a 5-fold increase in relative luciferase gene expres-
sion that was significantly reduced by calcitriol. This sug-
gests that calcitriol attenuates the TNF-α induced NF-κB
transactivation (Fig. 5a). In order to validate whether the
decrease in the activation of NF-κB by calcitriol is because
of a decrease in the transactivation of importin α3, we exam-
ined the promoter activity of importin α3 with TNF-α ±
calcitriol. There was ~50 % reduction in the activation of
importin α3 with calcitriol, TNF-α induced the transactiva-
tion of importin α3 by more than 3-fold and this was signif-
icantly reduced by calcitriol (Fig. 5b). This suggests that
calcitriol specifically reduced the TNF-α mediated importin

Fig. 4 Effect of TNF-α on the
expression of activated-RelA in
the nuclear fraction of
HBSMCs in a dose and time
dependent manner(a,b),Effect
of importin α3 siRNA on the
expression of importin α3 (c) &
Effect of calcitriol on nuclear
protein expression in importin
α3 knockdown HBSMCs on
stimulation with TNF-α:
HBSMCs were treated with
different doses of TNF-α (1–
100 ng/ml) for 20 min (a) and
TNF-α (10 ng/ml) at 0–60 min
(b). The nuclear protein was
extracted and analyzed for RelA
by immunoblotting. HBSMCs
were treated with calcitriol
(100 nM) for 24 h followed by
TNF-α (10 ng/ml) for 15 min.
Cultured HBSMCs were trans-
fected with importin α3 siRNA
or scrambled siRNA and were
stimulated with calcitriol
(100 nM) and TNF-α (10 ng/
ml) for 24 h. The nuclear pro-
tein (d) was extracted for RelA
by Immunoblotting. Lamin B
was used as a housekeeping
gene for nuclear protein. Data is
shown as mean ± SEM from
three individual samples in each
experiment; **p<0.01,
***p<0.001
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α3 activation which further results in the reduction in the
TNF-α induced activation of RelA (NF-κB p65).

Calcitriol Decreases TNF-α- and IL-1β-Induced mRNA
Transcript and Protein Expression of Importin α3
in HBSMCs

The effect of the pro-inflammatory cytokines on the expres-
sion of importin α3 was examined. HBSMCs were treated
with calcitriol (100 nM) ± TNF-α (10 ng/ml)/IL-1β (10 ng/ml)
for 24 h, followed by RNA and protein isolation for qPCR and

immunoblotting, respectively. Following TNF-α treatment,
there was ~3-fold increase in mRNA expression (Fig. 6a)
and significant increase in protein expression (Fig. 6b) of
importin α3. However, calcitriol treatment attenuated the
TNF-α-induced increase in the expression of importin α3
(Fig. 6).

After IL-1β treatment, there was ~2-fold increase in
mRNA expression and significant increase in protein ex-
pression of importin α3 (Fig. 6c, d). However, calcitriol
treatment attenuated the IL-1β induced increase in the ex-
pression of importin α3.

Fig. 5 Effect of calcitriol on TNF-α Induced RelA (a) and importin
α3 (b) Transactivation: HBSMCs were seeded in 96-well plate for
24 h, followed by transfection with 100 ng NF-κB-responsive firefly
luciferase reporter (a) and importin α3 luciferase reporter (b) using
FuGENE-HD transfection reagent. Thirty hours after transfection, cells

were treated with calcitriol (100 nM) for 20 h followed by treatment
with TNF-α (10 ng/ml) for an additional 4 h. Luciferase activities were
assessed using Dual-Glo® Luciferase Assay System. Data is shown as
mean ± SEM from three individual samples in each experiment;
**p<0.01, ***p<0.001

Fig. 6 Effect of calcitriol ±
TNF-α/IL-1β on mRNA tran-
script and protein expression of
importin α3 in HBSMCs: Cul-
tured HBSMCs were serum
starved for 24 h followed by
treatment with TNF-α (10 ng/ml)
(a,b)/IL-1β (10 ng/ml) (c,d) ±
calcitriol (100 nM) for 24 h. The
mRNA and protein was isolated
from whole cell lysates and sub-
jected to qPCR and immuno-
blotting respectively. Data is
shown as mean ± SEM from
three individual samples in each
experiment *p<0.05, **p<0.01,
***p<0.001

J Clin Immunol (2012) 32:1093–1103 1099



IL-10 Decreases TNF-α Induced Expression of Importin α3
and This Effect is Potentiated by Calcitriol

HBSMCs were treated with calcitriol (100 nM) ± IL-10
(10 ng/ml) ± TNFα (10 ng/ml) for 24 h, followed by RNA
and protein isolation for qPCR and Western blotting. On
stimulation with IL-10, there was no significant change in
the mRNA and protein expression of importin α3 compared
to control. This led us to conclude that IL-10 might not exert
any effect on the expression of importin α3. However, IL-10
significantly attenuated the TNF-α- induced increase in the
expression of importin α3 and the effect of IL-10 on the
expression of importin α3 was further potentiated by addi-
tion of calcitriol (Fig. 7a, b).

Calcitriol Decreases TNF-α Induced IL-5, IL-6
and IL-8 Secretion Which was Further Decreased
by Dexamethasone Treatment

We analyzed the effect of calcitriol in the presence and
absence of dexamethasone on IL-5, IL-6, and IL-8 levels
secreted by TNF-α-stimulated smooth muscle cells.
HBSMCs were treated with TNF-α (10 ng/ml) ± calcitriol
(100 nM) ± dexamethasone (10 ng/ml) for 24 h. The protein
levels of inflammatory mediators were measured by ELISA
(Fig. 8a, b, c). TNF-α treatment markedly increased the
production of IL-5, IL-6, and IL-8. Calcitriol significantly
reduced the levels of these cytokines. However, a combina-
tion of calcitriol and dexamethasone additively decreased
the secretion of the cytokines compared to calcitriol alone.

Discussion

In this study, we for the first time, report the effect of
calcitriol on the mRNA and protein expression of importin
α3 and importin α4 in HBSMCs. We found that calcitriol

down-regulates the mRNA and protein expression of impor-
tin α3 with no significant effect on importin α4. This
decrease in importin α3 correlates with calcitriol-induced
decrease in the migration of activated RelA from the cyto-
plasm to the nucleus.

The importin and exportin transport system present the
mechanism involved in the nucleo-cytoplasmic transport
[19]. Any change in the expression of the components
involved in the nucleo-cytoplasmic transport machinery
may play a crucial role in gene transcription and translation
[19]. Currently, little is known about the regulation of
importins and exportins in the airway cells. Thus, our find-
ings on the effect of vitamin D to decrease both importin α3
and activation of NF-κB are significant.

The action of calcitriol is mediated via stimulation of
vitamin D receptor [23]. There is a direct involvement of
genes, CYP24A1 and CYP27B1, in the metabolism of Vita-
min D and hence these are the gene of interest in vitamin D
pathway [49]. CYP27B1 encodes for 1-α-hydroxylase,
which converts 25-hydroxy-vitamin D [25(OH)D] into the
active vitamin D metabolite 1,25(OH)2D. CYP24A1 enco-
des for 24-hydroxylase, the enzyme that catalyzes the inac-
tivation of 1,25(OH)2D [49]. In this study, we found that
calcitriol increased VDR and CYP24A1 expression and
decreased CYP27B1 expression in HBSMCs in a dose-
dependent manner. Our data is in accordance with previous
studies that revealed an increased expression of VDR and
CYP24A1 with vitamin D analogues in bronchial and tra-
cheal smooth muscle cells [4, 31]. The expression of VDR
and its metabolizing enzymes in airway smooth muscle cells
(ASM) suggests that ASM possesses the machinery to locally
metabolize vitamin D and HBSMCs functionally respond to
vitamin D [49].

In asthmatics, there is an increase in the levels of various
pro-inflammatory cytokines, including TNF-α, IL-1β, that
activate NF-κB. Indeed, the administration of TNF-α to a
normal subject can lead to the development of airway

Fig. 7 Effect of IL-10 ± TNF-
α ± calcitriol on mRNA tran-
script (a) and protein expression
(b) of importin α3 in HBSMCs:
Cultured HBSMCs were serum
starved for 24 h followed by
treatment with IL-10 (10 ng/ml) ±
TNF-α (10 ng/ml) ± calcitriol
(100 nM) for 24 h. mRNA and
protein was isolated from whole
cell lysates and subjected to
qPCR (a) and immunoblotting
(b), respectively. Data is shown as
mean ± SEM from three individ-
ual samples in each experiment
*p<0.05, **p<0.01,***p<0.001
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hyperresponsiveness and airway neutrophilia [4, 24, 31].
Thus, our findings in human cells could be directly relevant
to in-vivo in asthmatic subjects.

There are several studies examining the therapeutic role
of vitamin D in asthma. It has been postulated that the
deficiency of vitamin D may lead to the development of
asthma in the offspring of pregnant women since vitamin D
is required for the lung growth in utero [32–34] Supple-
menting pregnant women with high doses of Vitamin D
reduces the asthma risk by 40 % in children aged 3–5 years
[35]. In a study by Brehm and colleagues [36] on 616
children with asthma of Costa Rica low levels of vitamin
D were associated with more severity of asthma and allergy.
A lower serum vitamin D levels was associated with a
higher AHR and an increased levels of TNF-α [37]. Vitamin
D deficiency is associated with decreased lung volume,
decreased lung function and altered lung structure [38]. A
recent study concluded that the children with severe,
therapy-resistant asthma having lower Vitamin D levels
had increased airway smooth muscle (ASM) mass and
worse asthma control and lung function [39]. All of these
reports further support the clinical importance of our find-
ings in bronchial smooth muscle cells in regard to the anti-
inflammatory and immunomodulatory effect of vitamin D.

Recent studies also demonstrate that VDR is directly
involved in the regulation of NF-κB activation. In dendritic
cells calcitriol targets the NF-κB pathway by inhibiting IL-12
expression [40]. In human fibroblasts and keratinocytes,

calcitriol decreases the DNA binding capacity of NF-κB [41,
42]. Vitamin D is reported to significantly downregulate pro-
inflammatory chemokines in pancreatic islet cells, which is
associated with the up-regulation of IκBα transcription and
the arrest of NF-κB RelA nuclear translocation [43]. In mouse
embryonic fibroblasts VDR plays an inhibitory role in the
regulation of NF-κB activation [44]. Together, these studies
suggest that vitamin D has an inhibitory action on NF-κB
activation. However, the underlyingmechanisms are not clear.
Based on our findings in this study calcitriol inhibits nuclear
translocation of NF-κB by downregulating importin α3.
These results were confirmed by knocking down importin
α3 in HBSMCs. The decrease in NF-κB activation by calci-
triol was established by a decrease in the nuclear protein
expression of RelA when stimulated with TNF-α. Calcitriol
suppression on TNF-α induced transcriptional activation of
importin α3 and NF-κB p65 was confirmed by luciferase
assay. The downstream effect of calcitriol on NF-κB was
analyzed by measuring the levels of NF-κB-inducible genes,
IL-5, IL-6, and IL-8,that are secreted by smooth muscle cells
on stimulation with TNF-α. Calcitriol additively increased the
effect of dexamethasone that is the main stay in the treatment
of asthma. Our results are in accordance to previous studies
that showed that calcitriol exerts anti-inflammatory activity in
ASMs by modulating the expression of chemokines relevant
to the pathogenesis of asthma [31]. Calcitriol may be used as a
therapeutic agent in the prevention of airway remodeling
manifested as increases in ASM mass, as found in asthmatic

Fig. 8 Effect of calcitriol ±
Dexamethasone on TNF-α in-
duced IL-5, IL-6 and IL-8 se-
cretion: Cultured HBSMCs
were serum starved for 24 h
followed by treatment with
TNF-α (10 ng/ml) ± dexameth-
asone ± calcitriol for 24 h. The
secretion of cytokines- IL-5 (a),
IL-6 (b) and IL-8 (c) secretion
in the culture medium by
HBSMCs were determined by
ELISA. Data is shown as mean ±
SEM from three individual sam-
ples in each experiment *p<
0.05, **p<0.01, ***p<0.001
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subjects [24]. This further highlights the potential significance
of vitamin D in the modulation of ASM function in bronchial
asthma.

A study by Theiss and colleagues [18] revealed that in
colonic mucosal biopsies of moderately-to-severely in-
flamed Crohn’s disease patients there was an increased
expression of importin α3. TNF-α is known to play a
central role in the pathogenesis of inflammatory bowel
disease (IBD) and its concentration is increased in se-
rum and stool of IBD patients [18]. Our finding in
HBSMCs are in accordance with this study illustrating
that potent inflammatory cytokines, such as TNF-α and
IL-1β, increases the expression of importin α3 to in-
crease the import of NF-κB in the nucleus. Further, this
increase in importin α3 expression is attenuated by
calcitriol. Calcitriol acts through vitamin D receptor
since VDR knockdown by siRNA abolished the effect
of calcitriol on importin α3 downregulation. These data
show that calcitriol prevents TNF-α induced increase in
importin α3 and RelA through a process mediated by
the VDR.

Importin α3 knock down significantly reduced the TNF-α
induced expression of RelA and abolished the effect of calci-
triol on RelA expression. These data confirm that importin α3
mediates the translocation of RelA and that decrease in nucle-
ar translocation of RelA occurs through downregulation of
importin α3 by calcitriol.

IL-10, an anti-inflammatory cytokine inhibits NF-κB,
thereby inhibiting the transcription of various pro-
inflammatory cytokines including TNF-α, IL-1 and IL-6
[45, 46]. Vitamin D status is positively correlated to IL-10-
secreting T-regulatory cells [47]. IL-10 in allergic inflam-
mation is primarily released from T-regulatory cells and
these cells can decrease allergic airway inflammation and
airway hyperesponsiveness [46]. Calcitriol promotes the
production of IL-10 in human B-cells [48]. Our results
demonstrate that calcitriol potentiated the anti-inflammatory
effect of IL-10 when treated concomitantly with TNF-α.
However, the mechanisms by which IL-10 in presence of
TNF-α decreases the expression of importin α3 warrant fur-
ther studies.

Conclusion

These results support the immunomodulatory role of
vitamin D in allergic airway inflammation and thus,
could be potentially beneficial in the treatment of bron-
chial asthma. Further studies are needed to elucidate
underlying molecular mechanisms involved in the de-
creased expression of importin α3 on stimulation with
calcitriol.

Potential Limitations

One of the potential limitations is that these studies are in-
vitro, which requires confirmation under in vivo conditions
in a model of asthma. Secondly, potential role of endoge-
nous mediators, other than vitamin D, to regulate the action
of importin α3, cannot be ruled out. We are developing
vitamin D deficient, sufficient, and supplemented asthmatic
mice to further examine such questions in airway hyper-
responsiveness and allergic airway inflammation.
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