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Abstract

Asthma in the pediatric population remains a significant contributor to morbidity and increasing 

healthcare costs. Vitamin D3 insufficiency and deficiency have been associated with development 

of asthma. Recent studies in models of adult airway diseases suggest that the bioactive Vitamin D3 

metabolite, calcitriol (1,25-dihydroxyvitamin D3; 1,25(OH)2D3), modulates responses to 

inflammation; however this concept has not been explored in developing airways in the context of 

pediatric asthma. We used human fetal airway smooth muscle (ASM) cells as a model of the early 

postnatal airway to explore how calcitriol modulates remodeling induced by pro-inflammatory 

cytokines. Cells were pre-treated with calcitriol and then exposed to TNFα or TGFβ for up to 72 h. 

Matrix metalloproteinase (MMP) activity, production of extracellular matrix (ECM), and cell 

proliferation were assessed. Calcitriol attenuated TNFα enhancement of MMP-9 expression and 

activity. Additionally, calcitriol attenuated TNFα and TGFβ-induced collagen III expression and 

deposition, and separately, inhibited proliferation of fetal ASM cells induced by either 

inflammatory mediator. Analysis of signaling pathways suggested that calcitriol effects in fetal 

ASM involve ERK signaling, but not other major inflammatory pathways. Overall, our data 

demonstrate that calcitriol can blunt multiple effects of TNFα and TGFβ in developing airway, 
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and point to a potentially novel approach to alleviating structural changes in inflammatory airway 

diseases of childhood.
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Introduction

Recurrent wheezing and asthma remain a significant clinical burden and are leading 

contributors to lung morbidity in children making this an important public health concern 

(Asher et al., 2006). Multiple factors contribute to the development of wheezing and asthma 

including genetics, in utero exposure to inflammation, environmental exposures, and 

maternal and neonatal nutritional status (Britt et al., 2013; Bush and Menzies-Gow, 2009). 

Akin to adult patient populations (Sutherland et al., 2010), deficiency of Vitamin D in 

children is strongly associated with development of asthmatic symptoms (Brehm et al., 

2012; Freishtat et al., 2010). Recent studies show that lack of Vitamin D is linked to reduced 

lung function (Choi et al., 2013; Li et al., 2011) and airway remodeling (Gupta et al., 2011). 

Additionally, there is evidence that higher Vitamin D intake in pregnant women is 

associated with decreased rates of wheezing and asthma in their offspring (Camargo et al., 

2007; Devereux et al., 2007; Zosky et al., 2014). While the topic of whether Vitamin D 

supplementation is of any benefit in healthy individuals has received much recent attention, 

these previous data suggest that in the setting of lung disease, reduction in Vitamin D levels 

enhances disease. Accordingly, it becomes important to understand the mechanisms by 

which Vitamin D influences airway structure or function in the context of neonatal and 

pediatric lung disease.

Children with asthma exhibit airway obstruction (Saglani et al., 2005) and increased airway 

hyperresponsiveness (Palmer et al., 2001). From a pathophysiologic perspective, these 

functional deficiencies are induced and maintained by inflammation. Inflammatory 

cytokines and growth factors promote airway remodeling through increased extracellular 

matrix (ECM) deposition, immune cell infiltration, and airway smooth muscle (ASM) cell 

proliferation (Malmstrom et al., 2013). Children with asthma have increased cytokine levels 

in bronchoalveolar lavage fluid, including tumor necrosis factor-α (TNFα) and transforming 

growth factor-β (TGFβ) (Barbato et al., 2003; Brown et al., 2012; Puthothu et al., 2009). 

Accordingly, understanding whether and how Vitamin D can influence the effects of such 

mediators in the inflamed airway becomes relevant to understanding the role of Vitamin D 

during childhood lung development, and in identification of novel strategies for alleviating 

inflammatory effects.

Vitamin D3 (cholecalciferol), is the inactive form of Vitamin D, while calcitriol 

(1,25(OH)2D3) is the hormonally active form of Vitamin D3. Calcitriol exerts its effects 

through binding the Vitamin D receptor (VDR), inducing genomic or non-genomic effects 

(Deeb et al., 2007). Upon calcitriol binding, VDR translocates from the plasma membrane to 

the nucleus where it transcriptionally activates genes via the VDR response element 
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(VDRE), thereby affecting transcription of other genes (Deeb et al., 2007). VDR interacts 

with multiple proteins including the retinoid X receptor-α (RXRα) to mediate its 

transcriptional effects (Bettoun et al., 2003; Prufer and Barsony, 2002). The effects of VDR 

can also be through activities within the cytoplasm (Deeb et al., 2007). Thus far, these 

signaling mechanisms remain largely undefined in ASM.

Prior in vivo and in vitro studies suggest that calcitriol is a key regulator of inflammatory 

responses and airway remodeling in the adult lung. Early investigations in 50 day old rats 

born to mothers deprived of dietary Vitamin D3 showed reduced lung compliance in contrast 

to rats born to mothers whose diet was supplemented with Vitamin D (Gaultier et al., 1984). 

Additionally, VDR knockout mice prematurely develop pulmonary inflammation and an 

emphysematous phenotype by 4 months of age (Sundar et al., 2011). Vitamin D3 deficiency 

in mice challenged with ovalbumin show increased cytokine production by lymphocytes 

isolated from lung lymph nodes (Gorman et al., 2012). In adult human ASM, Vitamin D3 

has been shown to reduce cytokine-induced chemokine secretion (Banerjee et al., 2008) and 

proliferation (Damera et al., 2009; Song et al., 2007). However, the effects of Vitamin D on 

remodeling beyond proliferation have not been examined, and not at all in the developing 

airway.

In the present study, using human fetal ASM cells as a model of developing airway, we 

tested the hypothesis that the VDR agonist calcitriol reduces TNFα and TGFβ-induced 

remodeling. We show that calcitriol attenuates the pro-inflammatory and pro-fibrotic effects 

of TNFα and TGFβ in terms of ECM formation and cell proliferation via specific signaling 

pathways. The relevance of this work lies in furthering our understanding of the role of 

calcitriol in perinatal lung inflammation and its consequences for pediatric airway diseases.

Materials and Methods

Materials

Cell culture reagents including fetal bovine serum (FBS), and Dulbecco’s Modified Eagle’s 

Medium F/12 (DMEM/F12) were purchased from Invitrogen (Carlsbad, CA). Chemicals 

and supplies were from Sigma (St. Louis, MO) unless otherwise specified. Human 

recombinant TNFα and TGFβ were from R&D Systems (Minneapolis, MN). Primary 

antibodies were from Cell Signaling Technology (Danvers, MA) unless otherwise noted.

Isolation of Human Fetal Airway Smooth Muscle Cells

De-identified fetal human ASM cells from the canalicular stage (18–22 weeks gestation) 

were provided by Dr. Pandya from the University of Leicester, England or were purchased 

from Novogenix (Los Angeles, CA) under protocols approved and considered exempt by the 

Mayo Institutional Review Board and Ethics Committees in the UK. As previously 

described, cells were isolated from fetal tracheobronchial tissue through enzymatic 

dissociation (Hartman et al., 2012; Pandya et al., 2002). Cells were grown using standard 

techniques in a 95% air/5% CO2 humidified incubator in phenol red free DMEM/F12 with 

10% FBS. All cells were serum deprived to arrest growth in 0.5% FBS media for at least 24 

h prior to treatments. ASM phenotype in these samples was verified by expression of a 
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number of smooth muscle markers such as smooth muscle myosin and actin, calponin, 

caldesmon, receptors for bronchoconstrictor agonists, and Ca2+ regulatory mechanisms 

(Figure 1). Expression of these markers were consistent with the pattern previously reported 

in other fetal ASM cells samples (Hartman et al., 2012), and justified the use of this in vitro 

cell model for the remainder of the study. Furthermore, the expression pattern was 

comparable to that adult human ASM cells (de-identifed samples from bronchi of normal 

lung areas from surgical samples of patients undergoing lung surgery for non-infectious, 

focal neoplasms; approved by Mayo IRB). In pilot studies, we determined that 

characteristics of fetal ASM cells in terms of [Ca2+]i responses to bronchoconstrictor agonist 

and cell proliferation were comparable for cells from the UK vs. those from Novogenix. 

Accordingly, data from these samples were pooled.

Cell Treatments

Fetal ASM cells were pre-treated with vehicle (DMSO), 100 nM calcitriol or 100 nM of 

Vitamin D3 (Tocris, Bristol, United Kingdom) for 1 h and then exposed to control (media 

only), 10 ng/mL TNFα, or 0.5 ng/mL TGFβ for 24–72 h in the continued presence of 

calcitriol or Vitamin D3.

Proliferation

Human fetal ASM cells were treated with vehicle (DMSO) or 100 nM calcitriol, and then 

media only, 10 ng/mL TNFα, or 0.5 ng/mL TGFβ in media containing 1% fetal bovine 

serum for 48 h. Similar to previous studies (Hartman et al., 2012), cell proliferation was 

determined using a CyQuant fluorescence assay (Invitrogen) and following manufacturer’s 

protocol. Fluorescence was detected at 480 nm excitation using a Flexstation 3 plate reader 

(Molecular Devices, Sunnyvale, CA). For calculations, cell number was determined using a 

calibration curve and data was normalized to control treated cells (Hartman et al., 2012).

Western Blot Analysis

Cells were harvested using standard techniques (cell lysis buffer containing protease 

inhibitors). Using a Lowry protein assay (Bio-Rad, Hercules, CA) cell protein concentration 

was determined and ~30 µg total protein was loaded onto 10% or 4–15% gradient gels 

(Criterion Gel System; Bio-Rad, Hercules, CA). Proteins were transferred to nitrocellulose 

membranes using a Bio-Rad Trans-Blot Turbo rapid transfer system (Bio-Rad, Hercules, 

CA). Membranes were blocked with either Odyssey Blocking buffer (Li-Cor Biosciences, 

Lincoln, NE) or 5% milk in Tris-buffered saline with 0.1% Tween (TBST) for 1 h at room 

temperature. Membranes were incubated overnight in 1 µg/mL of primary antibody of 

interest at 4°C. Primary antibodies included: VDR (Santa Cruz Biotechnology, Santa Cruz, 

Dallas, TX), phosphorylated and total extracellular signal-regulated kinase 1/2 (ERK 1/2), 

phosphorylated and total c-Jun N-terminal kinase (JNK), phosphorylated and total p38, 

phosphorylated and total smad 2, p50 (Santa Cruz), p65 (Santa Cruz), and GAPDH. 

Following three washes with TBST, infrared dye-conjugated secondary antibody (LiCor 

Biosciences) was added. Membranes were imaged on a Li-Cor OdysseyXL system and 

densitometry was quantified with Image Studio software. Protein blots were normalized to 

GAPDH unless otherwise specified.
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In-Cell Western

A previously described semi-quantitative immunofluorescence-based technique was 

modified for use with fetal ASM (Theiss et al., 2005). Upon reaching 70% confluence, 

human fetal ASM cells grown in black bottom 96-well plates (Corning Incorporated; 

Corning NY) were serum deprived for 24 h. The cells were then pre-treated with vehicle or 

100 nM calcitriol and subsequently treated with vehicle, 10 ng/mL TNFα, or 0.5 ng/mL 

TGFβ for 72 h. Next, 0.016 N NH4OH was applied for 40 min in order to lyse and lift the 

cells from the plate. The plate was then washed three times with PBS and blocked with Li-

Cor Odyssey Blocking Buffer for 60 min prior to overnight incubation in primary antibody 

with a concentration of 10 µg/mL at 4°C. Primary antibodies included: Collagen I (Abcam, 

Cambridge, MA), Collagen III (Abcam), and Fibronectin (Santa Cruz). Wells were then 

washed again and incubated for 60 min with infrared dye-conjugated secondary antibodies 

at 5 µg/mL. Plates were imaged using a Li-Cor Odyssey XL system with densitometry 

quantification. Data was normalized to cell count using CyQuant cell fluorescence assays 

performed on each plate prior to NH4OH cell lysis.

Gelatin Zymography

MMP-2 and MMP-9 activity in human fetal ASM was measured by gelatin zymography. 

Following cell treatments, media was collected from each group and concentrated using 

centrifugal filter units (Millipore, Beverly, MA). Concentrated media was combined with 4× 

SDS buffer (40% glycerol, 240 mM Tris-HCl pH 6.8, 8% SDS, 0.05% bromphenol) in a 4:1 

ratio of concentrated media to SDS, respectively. Samples were then loaded onto a SDS-

PAGE 10% gelatin gel (Bio-Rad Criterion). Following electrophoresis (100 V, 3 h), the gel 

was rinsed with deionized water, and then incubated at room temperature with gentle 

rocking in 1× zymogram renaturation buffer (Bio-Rad). The gel was then rinsed again with 

deionized water before being incubated for 36 h at 37°C in 1× zymogram developing buffer 

(Bio-Rad). The gels were stained with Coomassie blue for 1 h at room temperature, and 

subsequently de-stained (50% methanol, 40% deionized water, 10% acetic acid) for 30 min. 

Enzymatic activity was demonstrated by clear or unstained zones on the gel, representing 

the degrading action of the enzyme on the gelatin substrate. Enyzmatic activity of pro- and 

cleaved MMPs were quantified by imaging the gel on the Li-Cor OdysseyXL system, and 

standardizing to the cell lysate protein concentration. Data were normalized to vehicle 

control where appropriate.

Real-time PCR

Total RNA was extracted from cells using the RNeasy Mini Kit (Qiagen) following 

manufacturer’s protocol. Standard techniques were used to synthesize and amplify cDNA 

optimized for a Roche LightCycler 480. Real-time PCR was performed in triplicates per 

cDNA template. Primer sequences are summarized in Table 1 and product formation was 

confirmed by gel electrophoresis (Supplementary Figure S1). Expression of mRNA was 

calculated by the normalization of cycle threshold [C(t)] values of target gene to reference 

gene (GAPDH). The relative fold change was calculated using the ΔΔCt method.
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siRNA Transfection

Fetal ASM were transfected at 60–70% confluence using Lipofectamine as vehicle and 

scrambled or VDR siRNA (50 nM; Life Technologies, Grand Island, NY) under serum- and 

antibiotic-free conditions. After 6 h, 20% FBS was added to incubate cells in 10% FBS 

overnight. The following day, cells were treated with calcitriol and/or TNF-α for 24 h. 

Efficacy of siRNA knockdown was determined by assessing VDR expression 24 h post-

transfection by Western blot.

Statistical Analysis

Experiments were performed using cells from at least 3 different fetal ASM samples, where 

each sample is from one individual. Multiple repetitions per sample were used for each 

experiment. Data were analyzed using unpaired t test. Values are expressed as mean ± 

standard error (SE) and statistical significance was established at p<0.05.

Results

Vitamin D reduces cytokine enhancement of ASM proliferation

Fetal ASM cells showed robust proliferation at baseline in minimal amounts of FBS, 

consistent with our previous report (Hartman et al., 2012). Exposure to TNFα or TGFβ for 

48 h significantly increased cell proliferation (Figure 1; p<0.05). Pre-treatment with 

calcitriol blunted the effects of either cytokine on cell proliferation (Figure 1; p<0.05). The 

inactive form Vitamin D3 was without effect on proliferation under baseline conditions (not 

shown).

Vitamin D attenuates MMP-9 expression and activity

Pro-inflammatory cytokines such as TNFα modulate expression of a number of ECM 

regulatory proteins including the gelatinases MMP-2 and MMP-9 (Labrie and St-Pierre, 

2013). Real-time PCR for mRNA expression of MMP-2 and MMP-9 showed that TNFα 

significantly increased MMP-9 mRNA levels (Figure 2A; p<0.05, functional threshold of 

>2-fold change represented by dotted line), while calcitriol blunted such effects. In contrast, 

calcitriol and TNFα did not affect MMP-2 mRNA levels (Figure 2B).

In addition to MMPs, tissue inhibitor of metalloproteinases (TIMPs) regulate ECM 

composition by inhibiting MMP activity (Visse and Nagase, 2003). We evaluated the effect 

of TNFα and calcitriol on TIMP-1 and TIMP-2 expression and found that TIMP-1 but not 

TIMP-2 mRNA levels were significantly increased in cells treated with both calcitriol and 

TNFα (Figure 2C–D; p<0.05), while exposure to either agent alone was without effect. 

However, it should also be noted that these changes were below the 2-fold threshold, 

suggesting that although statistically significant, may not represent functional importance.

Based on the above findings, we explored MMP activity in the context of calcitriol and 

TNFα exposure using gelatin zymography. Pro-MMP-9 and cleaved MMP-9 exhibited 

gelatinase activity. Exposure to TNFα increased activity of total MMP-9 (pro and cleaved 

forms), although the extracellular pro-MMP-9 levels (and activity) were generally greater 

than that of cleaved MMP-9. Nonetheless, these data indicated increased MMP-9 secretion 
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and activity (Figure 3A, summary bar graph shows cleaved MMP-9 p<0.05). Pre-treatment 

with calcitriol blunted TNFα-induced increase in both pro- and active MMP-9 in the 

extracellular medium (Figure 3A; p<0.05). Calcitriol by itself was without effect. In contrast 

to these observations, there was no effect of TNFα or calcitriol on MMP-2 activity (Figure 

3B). Furthermore, the inactive Vitamin D3 did not attenuate TNFα induced enhancement of 

MMP-9 activity (Figure 3C).

Vitamin D attenuates ECM protein expression and deposition

To determine if calcitriol modulates TNFα-induced ECM protein production at the 

transcriptional level, fetal ASM cells were pre-treated with either vehicle or calcitriol for 1 

h, and then exposed to TNFα or TGFβ for 6 h. TGFβ significantly increased pro-collagen I 

and fibronectin, while TNFα increased fibronectin mRNA expression (Figure 4A–C). These 

effects were not significantly affected by calcitriol, although there was a trend towards 

decreased fibronectin by calcitriol in TNFα-treated cells. Pro-collagen III mRNA expression 

was not significantly altered by calcitriol, TNFα, or TGFβ (Figure 4B).

Although there were no early transcriptional changes, semi-quantitative In-Cell Western 

analysis of native ECM deposition showed that TNFα and TGFβ increased deposition of 

collagen I, collagen III and fibronectin (Figure 5A–C; p<0.05) while calcitriol attenuated 

these effects across all three ECM proteins, albeit not for both cytokines. For example, 

calcitriol reduced TGFβ-induced collagen III deposition, but did not affect increased 

deposition of collagen I and fibronectin (Figure 5).

Mechanisms of calcitriol effect in fetal ASM

To determine if the effects of calcitriol were mediated through VDR, we first examined 

VDR mRNA and protein expression in fetal ASM cells, both of which were detectable. 

Calcitriol and TNFα did not significantly affect VDR mRNA levels (Figure 6A), but did 

increase VDR protein levels after 24 h (Figure 6B; p<0.05). VDR knockdown, via siRNA, 

blunted the ability of calcitriol and TNFα to increase VDR protein levels (Figure 6B; 

p<0.05). In cells treated with VDR siRNA, the ability of calcitriol to attenuate TNFα-

induced MMP-9 activity was diminished (Figure 6C; p<0.05).

To explore potential effects of calcitriol on signaling mechanisms mediated by TNFα and 

TGFβ, we examined MAP kinase pathway phosphorylation, p50 and p65 nuclear 

translocation, and Smad2 phosphorylation. Human fetal ASM were pre-treated with vehicle 

or calcitriol for 1 h prior to treatment with vehicle, TNFα, or TGFβ for 30 min. Cells were 

harvested and phosphorylation of p38, ERK, and JNK were assessed by Western blot. TNFα 

stimulated phosphorylation of p38, ERK, and JNK, while calcitriol pre-treatment inhibited 

ERK phosphorylation but did not affect p38 and JNK (Figure 7A–C). We also assessed the 

effect of calcitriol on TNFα-induced nuclear translocation of the NFκB subunit p50 and 

p65. Calcitriol pretreatment did not prevent TNFα-induced p50 and p65 nuclear 

translocation (Figure 7D). Additionally, calcitriol did not inhibit TGFβ-induced Smad2 

phosphorylation (Figure 7E).
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Discussion

Recent clinical studies suggest that Vitamin D3 may be important for maintaining the 

structural integrity and caliber of the airway in children with asthma (Choi et al., 2013; 

Gupta et al., 2011; Sutherland et al., 2010). However, the role of bioactive Vitamin D3 

metabolites in the developing airway, particularly in ASM, remains undefined. Using human 

fetal ASM cells as a model, we evaluated the role of calcitriol and its receptor, VDR, in cell 

proliferation, MMP activity, and ECM deposition following stimulation with TNFα and 

TGFβ: two inflammatory mediators that can contribute to airway remodeling in the context 

of perinatal inflammation that may occur in the setting of prenatal maternal infection, and 

postnatal infection and inflammation, predisposing the growing lung to diseases such as 

asthma (Britt et al., 2013). Our findings that calcitriol may have a suppressive effect on 

features of inflammation-induced airway remodeling suggest the importance of calcitriol in 

preventing detrimental structural changes in the growing lung, and thus to the need for better 

understanding of Vitamin D levels in infants and children at risk for asthma.

In adults, phenotypic changes to ASM, mediated by pro-inflammatory cytokines, are 

important for the airway remodeling process (Doherty and Broide, 2007). While the 

cytokines and other factors involved in the remodeling process may differ in infants and 

children, it is likely that features such as increased cell proliferation and altered or increased 

ECM (and fibrosis) does occur. With the hypothesis that such changes would be blunted by 

calcitriol, we evaluated the effects of calcitriol on fetal ASM proliferation and ECM 

production induced by TNFα and TGFβ. Our findings of blunting effects of calcitriol on the 

increased fetal ASM proliferation and ECM by TNFα and TGFβ are consistent with 

previous studies in adult human ASM demonstrating that calcitriol reduces serum and 

platelet derived growth factor-induced proliferation (Damera et al., 2009; Song et al., 2007). 

Damera et al. reported that calcitriol inhibits cell cycle progression but did not induce 

apoptosis in human ASM (Damera et al., 2009).

Altered and/or enhanced ECM composition is a key aspect of structural remodeling in the 

asthmatic airway. While resident fibroblasts are well-known to produce a number of ECM 

proteins, there is now increasing recognition in adults that the ASM is also a major source of 

ECM proteins (Black et al., 2003; Burgess et al., 2009). In this regard, there is currently no 

information on whether human fetal ASM produces ECM, and the data presented in this 

study are novel in themselves. However, given the rapid postnatal growth of the lung, a 

proliferative and ECM-producing phenotype of the developing ASM is to be expected. 

Accordingly, we expected that calcitriol would blunt ECM production by fetal ASM. TNFα 

significantly increased fibronectin mRNA expression, in contrast, TGFβ increased pro-

collagen I mRNA expression which was not altered by calcitriol. Interestingly, pro-collagen 

III mRNA expression levels were not significantly altered by calcitriol, TNFα, or TGFβ, at 

least 6 h after treatment. However, TNFα and TGFβ did result in increased extracellular 

deposition of all three ECM proteins. We suspect that mRNA levels of ECM proteins are 

upregulated by TNFα and TGFβ at a time point later than 6 h. Nonetheless, calcitriol 

reduced deposition of collagen I, collagen III, and fibronectin induced by TNFα. 

Conversely, calcitriol reduced TGFβ-induced collagen III deposition, but not collagen I and 

fibronectin.

Britt et al. Page 8

J Cell Physiol. Author manuscript; available in PMC 2016 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



In addition to collagens and fibronectin, MMPs are key mediators of airway inflammation 

and contributors to ECM composition and immune cell infiltration in airway diseases 

(McKleroy et al., 2013). MMP-2 and MMP-9 are gelatinases that target collagens and 

gelatins for degradation to regulate ECM composition. Mouse models of VDR deletion and 

Vitamin D3 deficiency suggest that Vitamin D3 regulates MMP-9 expression and activity in 

the lung (Sundar et al., 2011). We observed that TNFα increased MMP-9 but not MMP-2 

mRNA levels and activity in human fetal ASM. These effects were reduced by calcitriol but 

not by the biologically inactive Vitamin D3. In contrast, TGFβ did not affect MMP-2 and 

MMP-9 activity (data not shown). These findings are similar to previous studies in adult 

human ASM demonstrating that calcitriol reduces asthmatic serum-induced enhancement of 

MMP-9 protein and mRNA expression (Song et al., 2007). Using siRNA against VDR, we 

demonstrated that the effect of calcitriol on TNFα-induced MMP-9 activity is mediated by 

this receptor. These differential effects on TNFα- vs. TGFβ-induced ECM deposition and 

MMPs suggest that calcitriol may interfere with upstream signaling pathways specific to 

these cytokines, or differentially affect transcription of specific ECM proteins via co-

activators and more nuanced mechanisms that were not explored here.

Tissue inhibitors of matrix metalloproteinases (TIMPs) inhibit MMP activity and have 

notable anti-fibrotic effects in the lung (Visse and Nagase, 2003). Based on the effects of 

calcitriol on MMP-9 activity, we assessed the effects of calcitriol on mRNA expression of 

TIMP-1 and TIMP-2 which negatively regulate MMP-9 activity. Our data show that 

decreased MMP-9 activity was associated with increased mRNA levels of TIMP-1 in cells 

treated with both TNFα and calcitriol. Although calcitriol treatment independently did not 

increase TIMP-1, we speculate that calcitriol could increase its transcription in the presence 

of TNFα. Calcitriol increased TIMP-1 expression in stimulated peripheral blood 

mononuclear cells from patients with tuberculosis (Anand and Selvaraj, 2009). Vitamin D3 

deficiency in mice increased MMP-9/TIMP-1 ratio in the lung following cigarette exposure 

(Crane-Godreau et al., 2013). Although these data suggest that calcitriol could regulate 

TIMP-1 expression, their effects in ASM per se have not been established, and further 

studies are needed to determine underlying mechanisms by which calcitriol regulates 

TIMP-1 expression vs. MMP-9 activity.

To determine potential mechanisms by which calcitriol can modulate pro-inflammatory 

responses in fetal ASM, we evaluated expression of VDR and found it expressed to 

substantial levels at baseline. Expression of VDR mRNA per se was not significantly altered 

by calcitriol and TNFα. However, and interestingly, both calcitriol and TNFα did increase 

VDR protein levels, suggesting a crosstalk between the VDR and TNFα-mediated pathways 

that help maintain VDR levels even in the presence of inflammation. This further supports 

the idea that calcitriol may be used to benefit under these conditions.

MAP kinase, NFκB, and Smad signaling pathways regulate airway remodeling including 

proliferation, ECM deposition, and MMP-9 activity (Doherty and Broide, 2007; Pera et al., 

2010). While the mechanisms by which cytokines influence developing ASM are not well-

known, we found that TNFα increased phosphorylation of ERK, JNK, and p38. Nuclear 

translocation of NFκB subunit, p50 and p65, was induced by TNFα, while TGFβ stimulated 

Smad2 phosphorylation, suggesting that the same mechanisms may play a role in developing 
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ASM. Interestingly, calcitriol did reduce ERK phosphorylation stimulated by TNFα, but did 

not affect p38 and Smad2 phosphorylation, or p50 and p65 nuclear translocation. Previous 

studies using adult human ASM have shown that calcitriol can disrupt p65 nuclear 

translocation through enhancing p65 export from the nucleus (Agrawal et al., 2012). 

Surprisingly, we were unable to detect such an effect in fetal ASM. These contrasting 

observations may be due to variations in treatment protocols or could represent intrinsic 

differences between fetal and adult ASM. Nonetheless, it appears that calcitriol interactions 

with pro-inflammatory signaling pathways in developing ASM may differ from the adult.

Modulation of pro-inflammatory signaling mechanisms by VDR remains undefined in ASM. 

It has been postulated that VDR can induce its anti-proliferative effects via non-genomic 

effects in the cytoplasm and transcriptional activation and/or repression (Deeb et al., 2007). 

These effects include inhibition of the ERK and Akt pathways, which are key regulators of 

cell proliferation (Deeb et al., 2007). The anti-proliferative effects of calcitriol in ASM have 

been attributed to inhibition of the ERK signaling pathway (Damera et al., 2009). Our data 

demonstrate that unlike in adult ASM, calcitriol may have inhibitory effects on only some 

pathways, but the ERK inhibition at least suggests an effect on cellular proliferation and 

potentially the transcription factors, AP-1 and cFos. Future studies will be needed to 

determine how VDR regulates the ERK pathway via genomic and non-genomic 

mechanisms.

Remodeling of the airway is a central feature of asthma and influences disease severity. 

Children with moderate to severe asthma demonstrate airway obstruction and 

hyperresponsiveness, corresponding to thickening of airway smooth muscle and reticular 

basement membrane (Barbato et al., 2003; Saglani et al., 2005). The present studies 

demonstrate that calcitriol can regulate multiple aspects of airway remodeling in a model of 

developing ASM. Future studies are needed to examine the mechanistic actions of calcitriol 

and its therapeutic potential for the developing lung. Such strategies could lead to clinical 

advances in the treatment of young children with asthmatic symptoms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Effect of calcitriol on proliferation in fetal airway smooth muscle (ASM) treated with tumor 

necrosis factor (TNFα) and transforming growth factor (TGFβ). (A) ASM cells were from 

18–22 week old gestational age fetal lung tissue. The ASM phenotype in serum-deprived 

samples was verified by Western analysis for expression of smooth muscle actin and 

myosin, calponin, caldesmon, ACh receptor and other calcium regulatory proteins (stromal 

interaction molecule STIM1 shown here). Such expression was largely comparable to that 

observed in adult ASM cells. (B) Fetal ASM were treated with vehicle or calcitriol, and then 
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TNFα or TGFβ. Cellular proliferation was determined by Invitrogen Cyquant fluorescence 

assay. Data were normalized to vehicle treated cells. Both TNFα and TGFβ increased 

proliferation, and these effects were blunted by calcitriol. Data are presented as mean ± 

SEM, n=4 samples, p<0.05. * indicates significant difference from vehicle control; $ 

indicates significant difference from TNFα; # indicates significant difference from TGFβ.
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Figure 2. 
Matrix metalloproteinase (MMP) and tissue inhibitor of metalloproteinase (TIMP) mRNA 

expression in fetal ASM. Cells were treated with vehicle or calcitriol, then TNF-α. (A) 

MMP-9, (B) MMP-2, (C) TIMP-1 and (D) TIMP-2 mRNA levels were measured by real 

time PCR. Calcitriol blunted cytokine-induced increase in MMP-9 mRNA but did not 

substantially influence MMP-2. Conversely, calcitriol increased TIMP-1 mRNA in the 

presence of TNFα. However, note that the dotted lines represent 2-fold change used to 

assess potential functional importance, and changes in TIMP-1 value were below this line. 

Data are presented as mean ± SEM, n=4 samples, p<0.05. * indicates significant difference 

from vehicle control; $ indicates significant difference from TNFα.
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Figure 3. 
Effect of calcitriol and Vitamin D3 on TNF-α-induced MMP-2 and MMP-9 activity. Fetal 

ASM were treated with vehicle, (A, B) calcitriol, or (C) Vitamin D3, followed by media only 

or TNFα. MMP-2 and MMP-9 activity in cell culture media was determined by 

zymography. Calcitriol blunted TNFα-induced increase in MMP-9 activity, but had no 

effect on MMP-2. Furthermore, the inactive Vitamin D3 was without effect on MMP-9 

activity. Gels are representative results from independent experiments using at least 3 

individual samples. For summary bar graphs, pro-and cleaved MMP data were quantified 

together and normalized to vehicle control. Data are presented as mean ± SEM, n=4 

samples, p<0.05. * indicates significant difference from vehicle control; $ indicates 

significant difference from TNFα.
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Figure 4. 
Effect of calcitriol on mRNA expression of extracellular matrix (ECM) proteins. Fetal ASM 

were treated with vehicle or calcitriol, followed by TNF-α or TGF-β. (A) collagen I, (B) 

collagen III, and (C) fibronectin mRNA levels were measured by real time PCR. Data are 

normalized to vehicle control cells and presented as mean ± SEM, n=4 samples, p<0.05. * 

indicates significant difference from vehicle control
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Figure 5. 
Effect of calcitriol on ECM deposition. (A) collagen I, (B) collagen III, and (C) fibronectin 

deposition by fetal ASM was evaluated by In-Cell Western (representative examples of 

wells are shown in panel D), with normalization to control. Both TNFα and TGFβ increased 

ECM deposition, and calcitriol blunted these effects, albeit not for every ECM protein and 

cytokine. Wells are representative results from independent experiments using at least 3 

individual samples. Data are presented as mean ± SEM, n=4 samples, p<0.05. * indicates 

significant difference from vehicle control; $ indicates significant difference from TNFα; # 

indicates significant difference from TGFβ.
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Figure 6. 
Role of Vitamin D receptor (VDR) in calcitriol effects in fetal ASM. (A) Fetal ASM cells 

expressed VDR mRNA, which was not substantially altered by exposure to calcitriol or 

TNF-α. (B) Western analysis showed that VDR protein levels were maintained following 

calcitriol or TNFα treatment. (C) siRNA knockdown of VDR (verified by Western analysis 

(B)) blunted calcitriol effects on MMP-9 activity in the presence of TNFα, as assessed by 

zymography. Western blots are representative results from independent experiments using at 

least 3 individual samples. Data are presented as mean ± SEM, n=at least 3 samples, p<0.05. 

* indicates significant difference from vehicle control; $ indicates significant difference from 

TNFα.
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Figure 7. 
Mechanisms of calcitriol action in fetal ASM. Calcitriol blunted TNFα-induced 

phosphorylation of (A) ERK but not (B) p38, (C) JNK phosphorylation, (D) nuclear 

translocation of the p50 and p65 NFκB subunits, and TGFβ-induced (E) Smad2 

phosphorylation. Western blots are representative results from independent experiments 

using at least 3 individual samples. Data are presented as mean ± SEM, n=3 samples, 

p<0.05. * indicates significant difference from control.
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Table 1

Primers used for Quantitative real time PCR.

Gene Forward Primer Reverse Primer

Fibronectin AGGAAGCCGAGGTTTTAACTG AGGACGCTCATAAGTGTCACC

GAPDH AAGGTGAAGGTCGGAGTCAACGGATT CCATGGAATTTGCCATGGGAGGAATC

MMP-2 GATACCCCTTTGACGGTAAGGA CCTTCTCCCAAGGTCCATAGC

MMP-9 TGTACCGCTATGGTTACACTCG GGCAGGGACAGTTGCTTCT

Procollagen I GAGGGCCAAGACGAAGACATC CAGATCACGTCATCGCACAAC

Procollagen III TTGAAGGAGGATGTTCCCATCT ACAGACACATATTTGGCATGGTT

TIMP-1 CTTCTGCAATTCCGACCTCGT ACGCTGGTATAAGGTGGTCTG

TIMP-2 GCTGCGAGTGCAAGATCAC TGGTGCCCGTTGATGTTCTTC

VDR TGCTATGACCTGTGAAGGCTGCAAAG CCTCTGCACTTCCTCATCTGTCAGAA
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