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Abstract
Aims—Asthma is one of the most common chronic inflammatory diseases of the airways.
Calcitriol exerts its action through Vitamin D receptor (VDR), which is a high affinity nuclear
receptor. VDR is a transcription factor that alters the transcription of target genes which are
involved in a wide spectrum of biological responses. Lower serum vitamin D levels are associated
with airway hyperresponsiveness and increased asthma severity. Prohibitin is a ubiquitously
expressed protein localized to the cell and mitochondrial membranes and the nucleus.

Methods and results—HBSMCs were cultured and treated with calcitriol and/or TNF-α. The
mRNA and protein expression of prohibitin and VDR were analyzed using qPCR and
immunoblotting, respectively. In the in vivo studies, female BALB/c mice were fed with special
vitamin D-deficient or 2,000 IU/kg of vitamin D-supplemented diet for 13 weeks. Mouse model of
allergic airway inflammation was developed by OVA-sensitization and challenge. The expression
pattern of TNF-α, prohibitin and VDR in the lung of OVA-sensitized mice was analyzed using
immunofluorescence. Calcitriol significantly increased and TNF-α decreased the protein and
mRNA expression of prohibitin and VDR in HBSMCs. There was significantly increased
expression of TNF-α and decreased expression of VDR and prohibitin in the lung of vitamin D-
deficient mouse model of allergic airway inflammation.

Conclusion—These results suggest that under inflammatory conditions there is decreased
expression of VDR resulting in decreased expression of prohibitin, which is a vitamin D target
gene. Vitamin D deficiency causes increase in the expression of TNF-α, thereby increasing
inflammation and decreases the expression of VDR and prohibitin. Supplementation with vitamin
D reduces the levels of TNF-α, thereby increasing the expression of VDR and prohibitin that
could be responsible for reducing allergic airway inflammation.
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Introduction
Asthma is one of the most common chronic inflammatory diseases of the airways (Barnes,
2008). There is increase in the prevalence, mortality and morbidity of asthma within past 40
years in United States and world-wide (McGee et al, 2010). Nearly 300 million people in the
world are suffering from asthma, and every decade there is increase in nearly 50% of the
cases (Braman, 2006; Gupta and Agrawal, 2010).

Calcitriol, 1,25-Dihydroxyvitamin D3, is an active metabolite of Vitamin D3, and is
synthesized in a highly regulated multi-step process (Deeb et al., 2007). Calcitriol exerts its
action through vitamin D receptor (VDR), which is a high affinity nuclear receptor
(Carlberg and Seuter, 2007). VDR is a member of super-family of steroid nuclear receptors
(Damera et al., 2009). VDR is a transcription factor that interacts with its co-regulators and
alters the transcription of target gene which is involved in a wide spectrum of biological
responses (Bosse et al., 2009).

There is increasing evidence that vitamin D has a role in allergic airway diseases. Vitamin D
is required for the lung growth in utero and its deficiency may lead to the development of
asthma in the offspring of pregnant women (Edelson et al., 1994; Nguyen et al., 2004;
Nguyen et al., 1996). Low levels of serum 25(OH)D are associated with: (i) severity of
asthma and allergy in children, (ii) elevated total IgE and eosinophils count, (iii) increase
asthma-related hospitalization, (iv) more use of anti-inflammatory medications, and (v) high
AHR and increased levels of TNF-α in the BALF (Brehm et al., 2009; Sutherland et al.,
2010). Vitamin D deficiency leads to decreased lung volume, decreased lung function and
altered lung structure (Zosky et al., 2011). Children with therapy-resistant severe asthma
having lower vitamin D levels have increased airway smooth muscle (ASM) mass and worse
asthma control and lung function (Gupta et al., 2011). Vitamin D supplementation with high
doses in pregnant women reduces asthma risk by 40% in children aged 3-5 years (Litonjua
and Weiss, 2007). These studies emphasize a critical role of vitamin D in modulating the
immune response in allergic airway diseases.

Prohibitin (PHB) is a ubiquitously expressed protein localized to the cell and mitochondrial
membranes as well as the nucleus. PHB has been implicated in numerous functions
including regulation of proliferation, apoptosis, transcription and mitochondrial protein
folding (Theiss et al., 2009b). PHB interacts with tumor suppressor proteins and
transcription factors, inhibits oxidative stress and mitochondrial dysfunction, acts as a cell-
surface receptor for the vasculature of adipose tissue, and modulates cell proliferation and
apoptosis (Fusaro et al., 2003; Lee et al., 2010; Theiss et al., 2007; Wang et al., 1999). The
expression of PHB is decreased in patients with inflammatory bowel disease (Theiss et al.,
2007). PHB prevents inflammation-associated oxidative stress and may play an important
role in decreasing the severity of colitis by acting as a regulator of antioxidant response
(Theiss et al., 2009b). In breast cancer cells, PHB is up-regulated by 1α(OH)D5 treatment
recognizing prohibitin as a vitamin D target gene (Peng et al., 2006).

Tumor necrosis alpha (TNF-α) is a pro-inflammatory cytokine (Gupta et al., 2011) and has a
major role in airway inflammation and airway remodeling in asthma (Berry et al., 2006). In
mouse models of asthma, deficiencies in TNF-α or its receptor or treatment with anti-TNF-
α antibody results in the attenuation of antigen-induced airway hyperresponsiveness and
eosinophilic airway inflammation (Berry et al., 2007).

Immune modulating potential of Vitamin D has been implicated in various inflammatory
diseases. Given that TNF-α plays a major proinflammatory role in airway inflammation, in
the present study, we assessed the regulation of PHB and VDR expression by TNF-α. We
also examined the association between vitamin D deficiency and allergic asthma in a mouse
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model. Since PHB is identified as a vitamin D responsive gene and it has a role in reducing
inflammation, we determined if vitamin D deficiency and allergic asthma has an effect on
the expression of VDR, PHB and TNF-α in the lung.

Materials and Methods
Cell Culture and Cell Stimulation

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 maintained at 5% CO2 at 37°C. Cells
in passage 3-7 maintained 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. 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 hr 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 hr. Recombinant TNF-α (PeproTech,
Inc., NJ) was used at a dose of 10ng/ml. After stimulation, cells were harvested for RNA
and protein. Each experiment was run in triplicate.

Animals and diets
Female BALB/c mice were purchased from Harlan Laboratories (Indianapolis, IN). Mice
were maintained in a pathogen-free environment at Creighton University. Food and water
were provided ad libitum. Female mice were divided in two groups. The first group were fed
with vitamin D-deficient diet (n=7) (Harlan Laboratories, Madison, WI) and the second
group with vitamin D-sufficient diet (n=7) (Harlan Laboratories, Madison, WI). In the first
group, vitamin D deficient diet was given to breeding male and female mice. These were fed
on a special diet containing 1.2% calcium to prevent them from hypocalcemic tetany. The
diet was also fortified with vitamin A, E and K. Female offsprings were weaned on the same
diet. The second group of mice was fed on the purified diet containing 2,000 IU/kg of
vitamin D3 starting at day 21. The research protocol of this study was approved by the
Institutional Animal Care and Use Committee of Creighton University.

Induction of allergic airway inflammation
The sensitization protocol was started at six weeks of age, as established in our laboratory
(Makinde and Agrawal 2011; Shao et al., 2009). Briefly, mice were sensitized with 20 μg
i.p. injections of OVA (Sigma-Aldrich, St. Louis, MO) emulsified in 2.25 mg of Inject alum
(Pierce Biotechnology, Rockford, IL) on Days 0 and 14 (Figure 1). Animals were
challenged with 1% OVA for three consecutive days from day 28 to day 30 and with 5%
OVA on day 32. On day 33, airway hyperresponsiveness (AHR) and enhanced pause in
response to aerosolized acetyl β-methylcholine (Sigma-Aldrich) were measured in the all
mice using whole-body plethysmography (Buxco Electronics, Troy, NY). The mice with
established airway hyperresponsiveness (AHR) were then challenged with 5% OVA by
aerosol on day 44. On day 45, airway hyperresponsiveness (AHR) and enhanced pause in
response to aerosolized acetyl β-methylcholine (Sigma-Aldrich) was measured in all mice
(Figure 1).

RNA Isolation, Reverse Transcription and RT-PCR
Total cellular RNA was extracted from adherent cells and mice lung tissue for examining
VDR and prohibitin mRNA transcripts. The total RNA was isolated using the Trizol reagent
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(Sigma, St. Louis, MO) method and RNA was quantified using Nano Drop (Thermo
scientific, Rockford, IL). Total RNA (1 μg) was used for the synthesis of first strand of
cDNA with oligo-dT (1μg), 5× reaction buffer, MgCl2, dNTPmix and Improm II reverse
transcriptase as per Improm II reverse transcription kit (Promega, Madison, WI). With the
synthesis of first strand of cDNA quantitative PCR was done using 8 μl cDNA, 10 μl SYBR
green PCR master mix (Bio-Rad Lab, Hercules, CA) and forward and reverse primers (10
pmol/μl) (Integrated DNA Technologies, San Diego, CA) using a 7500 Real Time PCR
system (CFX96, Bio-Rad Labs, Hercules, CA). The following primer sequences were used
in PCR: GAPDH: Forward-5′GGGAAGGTGAAGGTCGGAGT3′,
Reverse-5′TTGAGGTCAATGAAGGGGTCA3′; Prohibitin (PHB): Forward-
5′GGGCACAGAGCTGTCATCTT3′, Reverse-5′TGACTGGCACATTACGTGGT3′;
VDR: Forward-5′CTTCAGGCGAAGCATGAAGC3′,
Reverse-5′CCTTCATCATGCCGATGTCC3′.

The PCR cycling conditions were 5 min at 95°C , 40 cycles of 30 sec at 95°C, 30 sec at
52-58°C (depending upon the primer annealing temperatures) and 30 sec at 72°C. Each real-
time PCR was carried out using 10 individual samples in duplicates and the threshold cycle
values were averaged. Calculation of relative normalized gene expression was done using
the BioRad CFX manager software based on the ΔΔCt method. The results were normalized
against housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Western Blot Analysis
The cell monolayer was washed with serum free medium and the cells were detached by
trypsinization and centrifuged at 300 g for 5 min. Cell lysis was done by the addition of 50
μl of ice-cold RIPA (radioimmunoprecipitation) buffer [0.05 min Tris buffer (pH 7.2), 0.15
min NaCl, 1% Triton X-100, 1% deoxycholate, 0.1% sodium dodecyl sulfate (SDS)] with
1% protease inhibitor (P8340, SIGMA) and the cell extract was kept on ice and vortexed
periodically for a total duration of 30 min. The lysate was sonicated and transferred to
eppendorf microcentrifuge tubes and centrifuged at 14,000 g for 10 min at 4°C. The pellet
was discarded, and the protein lysates were stored at −70°C for analysis of protein
expression.

The protein was quantified and 50 μg of each protein sample was resolved by
electrophoresis using 10-20% polyacryamide gels (BioRad, Hercules, CA), after mixing
with Laemmli loading buffer with 10% mercaptoethanol. The lysate was separated by gel
electrophoresis and transferred onto nitrocellulose membranes (Bio-Rad Laboratories,
Hercules, CA). Non-specific proteins were blocked by incubating the membranes in
blocking buffer (5% w/v nonfat dry milk, 0.05% Tween 20 in PBS). The membranes were
then blocked and probed with a specific primary antibody and incubated overnight at 4°C
with gentle rocking. The following antibodies (1:500 dilutions) were used: TNF-α (ab6671)
(rabbit; Abcam, MA), Prohibitin (ab28172) (rabbit; Abcam, MA), VDR (sc-1008) (rabbit;
SantaCruz Biotechnology, CA). Protein expression in whole cell lysate was normalized
against GAPDH. After 5-6 washes (10 minutes each) with washing buffer (0.05% Tween20
in PBS), HRP-conjugated secondary antibodies (1:2000) (Novus Biologicals, Littleton, CO)
was incubated with the membrane for 1 hr at room temperature with gentle rocking. The
membrane was washed three times with washing buffer and the immunoreactive bands were
visualized using ECL chemiluminescence detection reagents (Pierce, Rockford, IL). The
emission was detected in EpiChemi darkroom and the image was captured with BioChemi
CCD camera.
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Immunofluorescence
Lung lobes were fixed in 4% formalin and paraffin embedded. Thin sections of 5μm
thickness were cut from paraffin blocks and mounted on microscope slides. The sections
were also stained using specific antibodies to prohibitin, TNF-α and VDR for
immunofluorescence. The sections were treated with DAKO target retrieval solution in a
steamer for 20 min, then cooled for 20 min and washed with PBS. The non-specific binding
was blocked for 2 hr at room temperature by using a blocking solution of normal goat or
normal donkey serum (1:200 dilution), 0.25% Triton and PBS. The sections were incubated
with the primary antibody (1:200 dilution) in blocking solution overnight at 4°C. After
washing with PBS, the tissue sections were incubated with Cy3-conjugated secondary
antibody for 2 hr at room temp. They were washed with PBS and fixed using Vectashield
mounting media with DAPI. The tissues were observed using an Olympus inverted
fluorescence microscope (Olympus BX51). Negative controls of sections were run without
incubation with the primary antibody.

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) software was
used to analyze data and plot graphs. Statistical analysis was performed using one-way
ANOVA to analyze statistically significant differences between groups. The P value of
<0.05 was considered significant (*P < 0.05, **P < 0.01, ***P < 0.001).

Results
Serum vitamin D (25-OH D) levels

Serum vitamin D levels in deficient mice were 5.00 ± 0.25 ng/ml (n=7) and serum vitamin D
levels in mice supplemented with 2,000 IU of vitamin D3 were 31.00 ± 0.75 ng/ml (n=7) at
13 weeks of age.

Calcitriol increases the expression of prohibitin in HBSMCs in a time- and dose-dependent
manner

HBSMCs were treated with calcitriol (100nM) at different time periods (0 -36 hrs). The
mRNA and protein expression of prohibitin in HBSMCs in response to calcitriol increased
in a time-dependent manner with the maximum expression at 12 hr (Figure 1A, 1B).

HBSMCs were treated with different concentration of calcitriol (1-100 nM) for 12hr.
Calcitriol (10-100nM) significantly increased mRNA and protein expression of prohibitin
(Figure 1 C, 1D). Therefore, in the following experiments HBSMCs were treated with a
dose of 100nM of calcitriol for 12hr.

TNF-α decreases the calcitriol-induced mRNA transcript and protein expression of
prohibitin in HBSMCs

The effect of the pro-inflammatory cytokine, TNF-α, on the expression of prohibitin was
examined. HBSMCs were treated with calcitriol (100 nM) and/or TNF-α (10 ng/ml) for
12hr, followed by RNA and protein isolation for qPCR and immunoblotting, respectively.
Following calcitriol treatment there was ~8-fold increase in mRNA expression (Figure 2A)
and significant increase in protein expression of prohibitin (Figure 2B). On the other hand,
treatment of the cells with TNF-α alone decreased the expression of prohibitin. However,
stimulation with calcitriol abolished the TNF-α-induced downregulation of mRNA and
protein expression of prohibitin. The findings from the PCR and Western blot were
consistent with the immunocytochemical studies (Figure 2C).
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TNF-α- decreases the calcitriol-induced mRNA transcript and protein expression of VDR in
HBSMCs

HBSMCs were treated with calcitriol (100 nM) and/or TNF-α (10ng/ml) for 24hr, followed
by RNA and protein isolation for qPCR and immunoblotting, respectively. Calcitriol
treatment resulted in ~12-fold increase in mRNA expression (Figure 3A) and significant
increase in protein expression (Figure 3B) of VDR. However, TNF-α alone decreased the
expression of VDR. Calcitriol stimulation abolished the TNF-α-induced decreased mRNA
and protein expression of VDR. The findings from the PCR and Western blot results were
consistent with the immunocytochemical studies (Figure 3C).

Expression of TNF-α in the lung of vitamin D-deficient and vitamin D-sufficient OVA –
sensitized and challenged mice

Mild expression of TNF-α was observed in the lung of both vitamin D-sufficient and
vitamin D-deficient PBS control mice (Figure 4A, B). There was a significant increase in the
expression of TNF-α in vitamin D-sufficient OVA-sensitized and -challenged mice
compared to the PBS control mice (Figure 4C). However, the expression of TNF-α in OVA
sensitized and -challenged mice with vitamin D deficiency was significantly higher than in
the OVA sensitized and - challenged mice with vitamin D sufficiency (Figure 4D).

Expression of VDR in the lung of vitamin D-deficient and vitamin D-sufficient OVA–
sensitized and challenged mice

VDR was significantly expressed in vitamin D sufficient PBS control mice compared to
moderate expression of VDR in vitamin D-deficient PBS control mice. (Figure 5A, B).
There was a significant decrease in the expression of VDR in vitamin D-sufficient OVA-
sensitized and challenged mice compared to the PBS control mice (Figure 5C). Interestingly,
the expression of VDR in the vitamin D-deficient mice was further downregulated compared
to vitamin D-sufficient OVA-sensitized and challenged mice (Figure 5D).

Expression of prohibitin in the lung of vitamin D deficient and vitamin D sufficient OVA–
sensitized and challenged mice

A significant expression of prohibitin was observed in the lung tissue of both vitamin D
sufficient and vitamin D deficient PBS control mice (Figure 6A, B). There was a significant
decrease in the expression of prohibitin vitamin D sufficient OVA sensitized mice compared
to the PBS control mice (Figure 6C). However, the expression of prohibitin in OVA-
sensitized and challenged mice with vitamin D deficiency was significantly lower than in
vitamin D sufficient OVA-sensitized and challenged mice (Figure 6D).

Discussion
TNF-α is a deleterious pro-inflammatory cytokine that activates many potential genes
responsible for inflammation, production of inflammatory cytokines and increases the
severity of asthma (Berry et al., 2007). Asthma is associated with increased expression of
TNF-α (Berry et al., 2006). In our study, vitamin D deficiency increased the expression of
TNF-α in the lungs of mice with allergic airway inflammation. Our results support the
findings of Sutherland and colleagues that low vitamin D levels are associated with
increased levels of TNF-α in asthmatic human subjects (Sutherland et al., 2010).
Furthermore, our data suggest that vitamin D deficiency enhances airway inflammation in
bronchial asthma.

Immunomodulatory potential of vitamin D has been implicated in various inflammatory
diseases (Mathieu and Adorini, 2002). Vitamin D deficiency predisposes to many chronic
diseases, including type 1 diabetes, rheumatoid arthritis, Crohn’s disease, infectious
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diseases, and cancers (Wu and Sun, 2011). Calcitriol, the biologically active form of vitamin
D, exerts its effects through VDR (Carlberg and Seuter, 2007). Studies have established the
role of VDR in cell proliferation, differentiation, and immunomodulation (Nagpal et al.,
2005). VDR is present in most cell types of the immune system, particularly in antigen
presenting cells (APCs), including macrophages and dendritic cells, as well as in both CD4+
and CD8+ T cells (Mathieu and Adorini, 2002; Veldman et al., 2000). The expression of
VDR is considerably decreased in the colonic mucosa of patients with inflammatory bowel
disease compared to normal patients (Wada et al., 2009). Vitamin D3 deficiency together
with the dysfunction of VDR can cause poor bone development and health, and may
increase the risk of many chronic inflammatory diseases and cancers (Peterlik and Cross,
2005). In our study, we demonstrate that under inflammatory conditions there is decreased
expression of VDR in the lungs of OVA-sensitized and -challenged mice, supporting a
recent finding (Wada et al., 2009). These studies suggest the immunomodulatory and anti-
inflammatory function of vitamin D in various tissues. However, the molecular mechanism
underlying the role of vitamin D in the pathophysiology of asthma has not been elucidated.

PHB is a protein involved in diverse cellular processes, including transcriptional regulation
of various genes (Theiss and Sitaraman 2011). Increased expression of PHB harbors great
potential for the development of therapeutic agents for obesity, diabetes, cancer and
inflammatory diseases (Theiss and Sitaraman 2011). There is a decreased expression of PHB
in colonic mucosa in patients with inflammatory bowel disease (Hsieh et al., 2006).
Similarly, a study in Caco2-BBE human intestinal epithelial cell revealed decreased
expression of PHB on stimulation with TNF-α (Theiss et al., 2009a). Administration of
intraperitoneal injection of TNF-α in mice decreased the protein expression of PHB in colon
mucosa compared to mice injected with PBS as a control (Theiss et al., 2009a).

NF-κB is a key transcriptional factor that co-ordinates the expression of various immune
and inflammatory genes (Wertz and Dixit, 2010). Over-expression of PHB in human
intestinal epithelial cell and transgenic mice over-expressing PHB results in marked
decrease in TNF-α-induced nuclear translocation of the NF-κB resulting in decreased
colonic inflammation (Theiss et al., 2009a). Restoration of PHB levels represents a potential
therapeutic approach in IBD (Theiss et al., 2009b) suggesting anti-inflammatory properties
of PHB. In our study, we found that TNF-α significantly decreased the expression of PHB
in HBSMCs. In addition, treatment of HBSMCs with TNF-α and calcitriol, the decrease in
PHB expression was abolished confirming the previous studies that PHB is a vitamin D
target gene (Peng et al., 2006). In our in vivo studies, vitamin D deficiency resulted in
further increase in TNF-α expression and decreased expression of PHB compared to vitamin
D-sufficient mice lungs. There are potential VDR/RXR binding sites in the promoter region
of PHB gene which makes it a vitamin D responsive gene (Peng et al., 2006). In our study,
treatment with calcitriol increased the expression of PHB in HBSMCs. Our data is in
accordance with Peng and colleagues where vitamin D analogue 1α-Hydroxy-24-ethyl-
cholecalciferol [1α(OH)D5]1α(OH)D5 treatment significantly increased PHB expression
(Peng et al., 2006).

Conclusion
Based on our findings, we conclude that an inflammatory environment decreases the
expression of VDR and PHB. Vitamin D deficiency causes further increase in the expression
of TNF-α, thereby increasing airway inflammation and further decreasing the expression of
VDR and PHB in the lung. Supplementation with vitamin D in bronchial asthma might
reduce the levels of TNF-α, thereby increasing the expression of VDR and PHB and thus
could be therapeutically effective in preventing and/or reversing allergic airway
inflammation.
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Figure 1. Effect of calcitriol on mRNA and protein expression of prohibitin in a time (A,B) and
dose (C,D) -dependent manner in HBSMCs
Cultured HBSMCs were serum starved for 24 hr followed by treatment with calcitriol (100
nM) at different time periods (0-36hrs) (A,B) and with different doses of calcitriol
(0.1nM-100nM) for 12 hr (C,D). The mRNA and protein were isolated from whole cell
lysate and subjected to qPCR and immunoblotting, respectively. Data is shown as mean ±
SEM from three individual samples in each experiment; *p<0.05, **p<0.01, ***p<0.001.
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Figure 2. Effect of TNF-α in the absence and presence of calcitriol on mRNA and protein
expression of prohibitin in HBSMCs: A-B
Cultured HBSMCs were serum starved for 24 hours followed by treatment with TNF-α
(10ng/ml) ± calcitriol (100 nM) for 12 hours. The mRNA and protein were isolated from
whole cell lysates and subjected to qPCR and immunoblotting, respectively. Data is shown
as mean ± SEM from three individual samples in each experiment; *p <0.05, **p<0.01,
***p<0.001. C: HBSMCs cultured in chamber slides were quiesced before addition of TNF-
α (10 ng/ml) ± calcitriol (100 nM) for 12 hr. HBSMCs were fixed, permeabilized and
stained with rabbit anti-prohibitin and goat anti-rabbit cy3 as secondary antibody. Red color
indicates prohibitin expression and nuclei are stained blue with DAPI.
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Figure 3. Effect of TNF-α + Calcitriol on mRNA and protein expression of VDR in HBSMCs: A-
B
Cultured HBSMCs were serum starved for 24 hr followed by treatment with TNF-α (10ng/
ml) ± calcitriol (100 nM) for 24 hr. The mRNA and protein were isolated from whole cell
lysate and subjected to qPCR and immunoblotting, respectively. Data is shown as mean ±
SEM from three individual samples in each experiment; *p <0.05, **p<0.01, ***p<0.001.
C: HBSMCs cultured in chamber slides were quiesced before addition of TNF-α (10ng/ml)
± calcitriol (100 nM) for 24 hours. HBSMCs were fixed, permeabilized and stained with
rabbit anti-VDR and goat anti-rabbit cy3 as secondary antibody. Red color indicates VDR
expression and nuclei are stained blue with DAPI.
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Figure 4. TNF-α expression in lung tissue
Immunofluorescence of TNF-α expression in the lung of vitamin D-sufficient (C) and
vitamin D-deficient (D) OVA-sensitized and challenged mice compared to PBS control
vitamin D-sufficient (A) and vitamin D-deficient (B) OVA-sensitized and challenged mice,
respectively (600× magnification). Sections were stained using rabbit anti-TNF-α antibody
and goat anti-rabbit cy3 as secondary antibody. DAPI was used to stain the nuclei.
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Figure 5. VDR expression in lung tissue
Immunofluorescence of VDR expression in the lung of vitamin D-sufficient OVA (C) and
vitamin D-deficient (D) OVA-sensitized and challenged mice compared to PBS control
vitamin D-sufficient (A) and vitamin D-deficient (B) OVA-sensitized and challenged mice,
respectively (600× magnification). Sections were stained using rabbit anti-VDR antibody
and goat anti-rabbit cy3 as secondary antibody. DAPI was used to stain the nuclei.
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Figure 6. PHB expression in lung tissue
Immunofluorescence of prohibitin (PHB) expression in the lung of vitamin D-sufficient
OVA (C) and vitamin D-deficient (D) OVA-sensitized and challenged mice compared to
PBS control vitamin D-sufficient (A) and vitamin D-deficient (B) OVA-sensitized and
challenged mice, respectively (600× magnification). Sections were stained using rabbit anti-
VDR antibody and goat anti-rabbit cy3 as secondary antibody. DAPI was used to stain the
nuclei.
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