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ABSTRACT  

The first line of defense from environmental factors in the host is the epithelium. 

In the lung, the epithelial layer provides not only a passive physical barrier, but also acts 

as an active protector through the release of antimicrobial agents, cytokines, and other 

factors which can activate the innate and adaptive immune system. Patients that suffer 

from asthma, a chronic inflammatory disease of the airways, show pathological changes 

in the airways, including airway remodeling, basement membrane thickening, and 

epithelial damage with large immune cell infiltrate. How the epithelium contributes to 

airway remodeling and subepithelial fibrosis is unknown. However, it has been proposed 

that in inflammatory conditions, epithelial cells can undergo modifications that contribute 

to the pathophysiology of asthma. Epithelial-mesenchymal transition (EMT) is a process 

by which epithelial cells transition into a myofibroblast cell with enhanced migratory 

ability to secrete connective tissue.  

Vitamin D has been shown to have immunomodulatory properties in both innate 

and adaptive immunity. The relationship between asthma and vitamin D deficiency has 

been linked with increased asthma pathogenesis. The active form of vitamin D, calcitriol, 

exerts its actions through the vitamin D receptor (VDR) inducing a number of biological 

processes.  

To better understand the mechanisms underlying EMT and the nature of vitamin 

D modulation in the airway epithelium, human bronchial epithelial cells were stimulated 

with both calcitriol and transforming growth factor (TGF)-β1 or TGF-β2. These cells 

were analyzed for their expression of EMT markers and their functional invasive and 

migratory properties. Both TGF-β1 and TGF-β2 increased the expression of EMT 
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markers, Snail, N-cadherin, and vimentin, and decreased the expression of E-cadherin. 

Calcitriol inhibited the effect of both TGF-β1 and TGF-β2 on the expression of EMT 

markers. Calcitriol also prevented the migratory and invasive actions of the cells 

following exposure to TGF-β1 and TGF-β2. In order to examine the in vivo significance 

of these findings, an allergic airway inflammatory mouse model of asthma was utilized to 

examine the expression of the EMT markers. Mice were sensitized and challenged with a 

combination of clinically relevant allergens house dust mite, ragweed, and Alternaria 

alternata (HRA), and fed a special vitamin D-sufficient or vitamin D-supplemented diet. 

HRA-vitamin D-supplemented mice had increased pulmonary function, as measured by 

airway hyperresponsiveness, increased cellular infiltrate in their bronchoalveolar lavage 

fluid, decreased vimentin and N-cadherin with increased expression in E-cadherin in the 

epithelium compared to HRA mice on a vitamin D-sufficient diet.  Finally, vitamin D-

deficient HRA mice were analyzed for the effect of vitamin D on airway 

hyperresponsiveness, airway remodeling, and markers associated with the regulation of 

vitamin D and EMT. Vitamin D-deficient HRA mice had decreased pulmonary function, 

increased eosinophils and lymphocytes in the bronchoalveolar lavage fluid, decreased 

VDR expression, and increased phosphorylated glycogen synthase kinase (GSK)-3β. The 

effect of vitamin D on VDR and pGSK-3β was also analyzed in human bronchial 

epithelial cells treated with TGF-β1 or TGF-β2. Inflammatory conditions used to mimic 

EMT resulted in the decreased expression of VDR along with increased pGSK-3β.  

The findings of this study suggest that epithelial changes in the airway may be 

mediated through EMT mechanisms and could be modulated by vitamin D. Therefore, 

vitamin D may provide a therapeutic role in attenuating allergic airway inflammation.  
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1.1 Epidemiology of Asthma 

1.1.1 Defining asthma 

Asthma is a chronic disease of the airways that results in reversible airway 

obstruction, airway inflammation, and hyperresponsiveness. The airway becomes 

blocked when subjected to allergens, irritants, cold air, and viral infections (1). This 

results in difficulty in breathing, chest tightening, coughing and wheezing. These 

symptoms are episodic and are usually controlled by medications. 

1.1.2 Prevalence, Morbidity, and Mortality 

 Asthma is one of the most common chronic inflammatory diseases that affects an 

estimated 300 million people worldwide with 8.4% of the US population afflicted with 

asthma (2). While asthma can be managed by medications, the cost of these medications 

is around $50.1 billion a year in 2007 (3). The burden of asthma is not limited to physical 

and financial challenges; it is estimated that there are 46.7 lost school, work, and activity 

days missed due to asthma (2). The asthma death rate has been in a steady decline since 

1999, however, in 2009 there were 3,388 deaths due to asthma (2).   

 Risk factors that induce asthma attacks are tobacco smoking, air pollutants, and 

allergens (4). In 2008-2010, 51.2% of persons with asthma had at least one asthma attack 

during the previous 12 months. This has steadily been increasing since 2003, with 2.6% 

more per year with 13.9 million in 2010. Children, females, black persons, and persons 

living below the poverty level had higher prevalence of asthma and had higher asthma 

attack rates (2). The etiology of asthma has both a genetic and environmental component. 
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Genetic factors determine if a patient is predisposed to atopy or an IgE-sensitivity to 

allergens while environmental exposure to dust, pollen, or other allergens can induce an 

allergic response in the airway. Immune and allergic response-associated genes together 

with genes linked to smooth muscle and vascular remodeling have been found in asthma-

gene linkage studies (5). This, along with single nucleotide polymorphisms, have also 

been found in asthma association studies, making the understanding of the genetic 

component to asthma a complex problem (6).  

1.2 Pathophysiology and Development of Asthma 

1.2.1 Classification of Asthma 

Asthma is classified as either allergic or non-allergic (7). Allergic asthma is 

classified as having early age of onset, high serum IgE, high antigen-specific IgE, and a 

positive skin prick test. Non-allergic asthma is described to have a late age of onset, 

lower serum levels of IgE compared to allergic asthma, lack of antigen-specific IgE, and 

a negative positive skin prick test to common allergens (8). While the number of non-

allergic asthma patients make up about 10% of all asthmatic patients, their asthma is 

usually more severe and difficult to control than allergic asthma (9). Allergic and non-

allergic asthma have distinct clinical characteristics, however they share many common 

immunopathological mechanisms and symptoms of rhinitis. They are dissimilar in that 

non-allergic patients have increased tissue macrophages in the lung (10).  

1.2.2 Pathophysiology of Allergic Asthma 
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The mechanisms underlying the cause of all forms of asthma are characterized by 

the accumulation of eosinophils, mast cells, and CD4+ T lymphocytes producing IL-4 

and/or IL-5 in the epithelium and lamina propria [3]. Upon initial exposure to allergens, 

the allergens are phagocytized by mucosal dendritic cells (DC), which then travel to the 

regional draining lymph node and present the antigen to naive helper T-cells (Th0). The 

mechanisms underlying the differentiation of Th0 to type-2 helper T (Th2) cells are not 

well described, however it is hypothesized that the environment of the lymph node as 

well as cytokines released by the dendritic cells, cause the differentiation of Th0 cells 

into Th2 cells (11, 12). The Th2 cells then travel back to the bronchial mucosa where 

they can drive class switching and IgE production by B cells at the site of allergic 

inflammation through secretion of IL-4, IL-5, and IL-13 (13). IgE binds to the Fcε 

receptor I (FcεRI) on mast cells and basophils in the airway. This sensitization event 

primes the airway tissue so that upon secondary exposure, the allergen binds to the 

basophil and mast cell-bound IgE, causing IgE receptor cross linking to an allergen, 

which causes release of their cellular contents consisting of histamine, leukotrienes, 

prostaglandins, reactive oxygen species, and cytokines (14). Prolonged exposure to these 

factors results in the physiological changes observed in the asthmatic airway including 

AHR, increased immune cell infiltration, airway remodeling, increased vascular 

permeability, goblet cell hyperplasia, and sub-epithelial fibrosis (Figure 1).  
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Figure 1: The normal and asthmatic lung. The normal lung has few immune cells, 

undisturbed epithelium, thin layers of elastin, and smooth muscle cells. The asthmatic 

lung has increased immune cells in the airway lumen and surrounding the airway. After 

allergen challenge or epithelial injury, cytokines released by both the epithelium and 

macrophages provide chemotactic forces that allow Th2 cells into the airway (15, 16). 

Th2 cells will promote the maturation and recruitment of eosinophils and mast cells into 

the airway through the release of IL-4, IL-5, IL-9, and IL-13 (17, 18). A specific lineage 

of CD4+ effector T lymphocytes, expressing IL-17 (Th17 cells), appears to play a key role 

in airway neutrophilia (18). Eosinophils penetrate and disrupt the basement membrane 

causing epithelial damage (19, 20). Continued exposure to cytokines causes goblet cells 

within the epithelial layer to produce excessive amounts of mucus. Cytokines such as 

TGF-β1 released from eosinophils supports the development of myofibroblasts from 

epithelial cells via Epithelial Mesenchymal Transition mechanisms (21, 22). 
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The epithelium has been shown to be involved in asthma with more disruption 

occurring in asthmatics bronchial epithelium (23). A common allergen, house dust mite 

(HDM), has been shown to have enzymatic activity allowing crossing of the epithelium 

to the underlying dendritic cells. This suggests that the loss of cell-to-cell connections 

may be the initial step in the development of asthma (24). The epithelium demonstrates 

few differences between intrinsic and extrinsic asthma (25).   

1.2.3 Therapeutic Management of Asthma  

Current asthma therapies include corticosteroids, long acting β2 agonists (LABA), 

and leukotriene antagonists (26). Combined corticosteroid/LABA therapy may provide 

increased anti-inflammatory and anti-remodeling effects, however this may not be useful 

to those suffering from long-term chronic allergic asthma and may not reverse some of 

the effects (27). A table summarizing the effects of asthma therapies on the epithelium 

and immune cells can be seen in Table 1.  
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Table 1: Role of asthma therapies on epithelium and immune cells 

Therapy Strategy 
 

Drug 
Classification 

 

Effect on the 
Epithelium 

 

Effect on Immune Cells 
 Reference 

Fluticasone propionate 
and montelukast 

 

 
ICS and 

leukotriene 
receptor 

antagonist 
 

No decrease in the 
lamina reticularis 

or thickness 
 

Decreased number of 
CD3+, CD4+, CD8+ T-
cells, mast cells and 
eosinophils in the 
submucosa and 

epithelium 

(28) 

Budesonide/formoterol 
combination therapy 

 

ICS/LABA 
 

Myofibroblasts in 
found in the 
epithelium 

 
Decreased sputum 
eosinophils with 

combined treatment 
compared to budesonide 

alone 
 

Decreased eosinophils 
with budesonide 

treatment in 
intraepithelial 

eosinophils compared to 
placebo 

 

(22) 

Omalizumab 
 

Anti-IgE 
 

Reduced airway 
thickness and 

airway 
inflammation 

 

Decreased sputum 
eosinophils with 

omalizumab 

(29) 

Fluticasone 
propionate/salmeterol 

or fluticasone 
propionate 

 

ICS/LABA 
 

or ICS 
 

No difference in 
lamina reticularis 

thickness 
 

 
Decreased Mast cells in 

submucosa with ICS 
compared to baseline 

 

(30) 

Low and high dose 
fluticasone propionate 

 

ICS 
 

No difference in 
basement 
membrane 
thickening 

 

 
Increase in alveolar 
macrophage activity 

following LPS 
stimulation 

 

(31) 
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Therapy Strategy Drug 
Classification 

Effect on the 
Epithelium 

 Effect on Immune 
Cells 

Reference 

Different dosing 
strategies of ICS 

 

ICS 
 

No difference in 
basement 
membrane 

thickening as 
measured by 

collagen I and 
collagen III 

 

Following sputum 
strategy: decrease in 

mucosal lymphocytes 
and eosinophils 

 
Following clinical 
strategy: decreased 

activated neutrophil and 
eosinophil 

 

(32) 

Budesonide/formoterol 
plus additional 

inhalations as needed 
 

Both 
budesonide/formoterol 
and budesonide with  

terbutaline for 
maintenance 

 

ICS/LABA 
 

ICS/LABA 
with SABA 

for 
maintenance 

 

RBM decrease in 
ICS/LABA/SABA 

group between 
baseline 

measurements and 
final treatment 

 

Decrease mast cells and 
eosinophils cells in 
ICS/LABA group 

 
Increase in eosinophils 
in ICS/LABA/SABA 

group 
 

Less eosinophils and 
mast cells in ICS/LABA 

compared to 
ICS/LABA/SABA 

(33) 

Omalizumab Anti-IgE 

WA% (percentage 
of wall area equal 

to outer area of 
bronchus 

multiplied by 100) 
was decreased at 

48 weeks 
compared to 

baseline 

Sputum eosinophil 
proportions decreased at 
48 weeks compared to 

baseline 
 

(34) 

1.3 Inflammation and the Role of Epithelial Cells in Asthma 

1.3.1 The Epithelium 

Airway epithelial cells provide a barrier between the host and external 

environment, protect the host from microorganisms, dust, and other allergens. In healthy 

tissues, epithelial cells provide a barrier for keeping out unwanted microorganisms 
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thereby effectively protecting the underlying mucosa (35). Epithelial cells also express 

receptors that recognize pathogen-associated molecular patterns (PAMPs) unique to 

microorganisms, and damage-associated molecular patterns (DAMPs), which are released 

upon tissue damage, cell death or cellular stress. These pattern recognition receptors 

(PRRs) are activated by PAMPS or DAMPs leading to the release of cytokines, 

chemokines, and antimicrobial peptides that activate the innate and adaptive immune 

system. The airway epithelium is the first line of defense in protecting the respiratory 

mucosa from environmental pathogens, allergens, and other potential harmful substances.  

The role of the epithelium in airway remodeling is not well understood. Current 

concepts include a paradigm shift in that structural changes in the airway predate asthma, 

suggesting that the damaged airway offers an environment more susceptible in the 

initiation of asthma (36). While others suggest that changes in the epithelium occur from 

constant inflammation (37). This implores the question if changes seen in the epithelium 

are a consequence or a symptom of airway remodeling. 

1.3.2 Role of TGF-β 

 In the asthmatic lung, immune cells release a number of different cytokines that 

can affect the nearby epithelium. These cytokines can further act upon the underlying 

epithelium, smooth muscle cells. One of the key cytokines involved in the airway 

remodeling process is TGF-β, which is released from degranulated eosinophils, mast 

cells, epithelial cells, macrophages, and fibroblasts to induce multiple localized effects 

resulting in airway remodeling (14, 38, 39). There are three different isoforms of TGF-β 

that share common cell surface receptors and cellular targets, but are encoded by different 
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genes (40). TGF-β1 and TGF-β2 are involved in inflammation, cell growth and 

differentiation (41), while TGF-β3 is involved in cell differentiation, embryogenesis, and 

development (42, 43).  

TGF-β is produced as an inactive latent complex made up of latency-associated 

peptide (LAP) and latent TGF-β-binding protein (LTBP). TGF-β becomes active from 

inflammatory markers released when extracellular matrix is degraded such as αvβ6 

integrin, plasmin, thrombospodin-1, and calpains (44). Additionally, LAP is a substrate 

for matrix metalloproteinases (MMP)-2, MMP-9, MMP-13, and MMP-14 (40). TGF-β 

binds to its receptors TGF-R1, -R2, and -R3 phosphorylating intracellular 

threonine/serine domains upon activation (44). 

Significant concentrations of TGF-β1 have been correlated with reduced airflow 

in children with asthma, even after controlling for other variables. This increased level of 

active TGF-β1 was found in the epithelial lining fluid and BALF of asthmatic children as 

compared to atopic adult controls (45). Higher amounts of TGF-β1 (46) and TGF-β2 (47) 

have been found in the BAL fluid of asthmatics compared to control patients. In a mouse 

allergic airway inflammation model, the localization of the TGF-β isoforms appears to be 

similar to that observed in humans (48). TGF-β1 was localized to the bronchial 

epithelium and macrophages in control lungs. At 3-7 days post-allergen challenge, 

bronchial epithelium TGF-β1 expression was decreased, but enhanced in the sub-

epithelial extracellular matrix. Increased numbers of PMN cells were present but were 

negative for TGF-β1. TGF-β2 in control animals was localized to the epithelium, but was 

increased in the smooth muscle layer. At 3-7 days post allergen challenge, epithelial cells 

had decreased TGF-β2 expression. PMNs cells and the subepithelial extracellular matrix 
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showed increased positive staining for TGF-β2 after allergen challenge (48). TGF-β3 was 

predominately associated with bronchial epithelial cells in the control lung, while the 

allergic lung showed macrophages that were positively stained for the cytokine (48). 

Both TGF-β1 and TGF-β2 contribute to the increased number of eosinophils and 

lymphocytes and the sub-epithelial deposition of collagen in Ovalbumin sensitized and 

challenged mice (48). Eosinophils are a major contributor to the pool of TGF-β in the 

asthmatic lung (49) and are found to be increased in bronchial biopsies of asthmatic 

patients (50) and BAL fluid in mice (51). Both TGF-β1 and TGF-β2 were found to be 

expressed by eosinophils and contribute to the increased number of eosinophils in the 

airway (48, 49, 52). The contribution of each TGF-β isoform in airway remodeling 

remains undetermined. 

1.3.3 Epithelial Mesenchymal Transition 

TGF-β has been suggested to initiate fibrosis in the airway epithelial cell through 

activation of epithelial mesenchymal transition (EMT) signals (53,54). Injury to the 

normal epithelium leads to the release of soluble factors including cytokines, 

chemokines, prostaglandins, TGF, epidermal growth factor (EGF), fibroblast growth 

factor (FGF), and MMPs, which can all promote cell adhesion junction remodeling and 

migration during wound repair (41). Activation of fibroblasts and myofibroblasts is 

important for wound closure and healing, but may become aberrant in the presence of 

increased inflammation (55). During EMT, an epithelial cell will go through architectural 

rearrangement to enable spreading, migration and secretion of extracellular matrix 

(ECM) (41, 55). Cell-cell and cell-adhesion contacts are remodeled with loss of epithelial 
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markers such as E-cadherin and β-catenin and increased expression of mesenchymal 

markers of vimentin, N-cadherin, and α-smooth muscle actin (α-SMA) (56) (Figure 2). 

Additionally, epithelial cells also secrete MMPs in response TGF-β1, indicating a 

possible role in migration of epithelial cells through the basement membrane and produce 

α-SMA and collagen I. (57).  

 

 

 

 

 

Figure 2: Induction of EMT. The normal lung epithelium is a barrier that protects from 

outside contaminants. Activation of myofibroblasts derived from epithelial cells through 

EMT signaling occurs with interactions with allergens, growth factors, and cytokines 

released from immune cells. E-cadherin is a major component of adherens junctions, and 

its expression is reduced in biopsies from subjects with asthma (37). E-cadherin is linked 

to the actin cytoskeleton through association with β-catenin, stabilizing cell-cell contacts. 

Loss of desmosomal junctions are also observed in asthma (20, 58). The columnar 

epithelial cells depend on the underlying basal cells for anchorage through 

hemidesmosome attachment to the basement membrane (59, 60). Induction of vimentin 

expression (53, 61), N-cadherin expression (61), and enhanced epithelial cell motility 

(62) are involved in EMT. 



13 
 

Airway remodeling and hyperresponsiveness in asthma may be driven by repeated 

exposures to allergens,  environmental toxins, or inflammatory cytokines released by 

immune cells leading to the inappropriate repair of airway epithelial cells (63, 64). In 

general, epithelial stress will initiate the generation of mesenchymal cells for tissue 

generation and tissue closure, with attenuation of EMT following the completion of 

repair.  

Additional evidence suggests the initiation of EMT occurs following long term 

exposure to allergen (62). Support for EMT in asthma consists of asthmatic bronchial 

epithelial tissues that express EMT markers including increased α-SMA and vimentin 

with decreased E-cadherin (53, 54). In addition, elevated growth factors in asthma such 

as TGF-β and EGF lead to decreased structural proteins including E-cadherin. EMT 

contribution to airway remodeling has been demonstrated recently in mice exposed to the 

common allergen, house dust mite (HDM). Long term exposure to HDM resulted in 

characteristics of EMT in the airway and increased eosinophils, neutrophils and TGF-β in 

the BALF. Major structural changes to the airways including epithelial cell migration into 

the sub-epithelial regions of the airway following 15 weeks of exposure to HDM were 

also observed (62). It has been suggested that structural and functional abnormalities may 

lead to enhanced signaling between the epithelium and underlying immune cells leading 

to increased allergic sensitization, airway hyperresponsiveness, and airway remodeling 

(65). 

1.3.3.1 Signaling Pathways of EMT 
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One of the main transcription factors involved in this process is Snail. It has been 

demonstrated that the transcription factor Snail forms a transcriptional repressor with 

Smad3 and Smad4 to promote EMT (66). Activation of EMT signaling permits the cells 

to differentiate into myofibroblasts, enabling invasion and migration of the cells outside 

of the epithelium. Increased myofibroblasts in the submucosa secrete collagen and 

extracellular matrix contribute to the subepithelial fibrosis in airway remodeling (62). 

The subepithelial layer in asthmatic lungs correlates with the number of fibroblasts and 

the expression of TGF-β1 (67). TGF-β1 has been demonstrated to have both anti- and 

pro-apoptotic effects on airway epithelial cells. The protective anti-apoptotic effect is 

mediated by the Smad 2/3 pathway while the pro-apoptotic effect is facilitated by the p38 

MAPK signaling pathway (68). In primary airway epithelial cells treated with TGF-β1, 

use of a Smad 3 inhibitor was found to inhibit TGF-β1-EMT, while a MAPK inhibitor 

did not (54).  

 HDM can accentuate downregulation of E-cadherin in the bronchial epithelial cell 

line when exposed to TGF-β1 thus inducing EMT (53). EMT can be simulated in vitro by 

adding TGF-β1 to cultured human bronchial epithelial cells. Following stimulation with 

TGF-β1, human bronchial epithelial cells went through structural changes, adopting 

elongated fibroblast-like shape and induced de novo expression of α-SMA, increased 

stress fiber F-actin reorganization, increase in N-cadherin, and loss of E-cadherin (61). 

Increase in collagen I levels and endogenous TGF-β1 release from bronchial epithelial 

cells was also observed. TGF-β1 is responsible for differentiation of bronchial epithelial 

cells into myofibroblasts and this effect was not abrogated by corticosteroid treatment 

(69, 70). Additionally, when HDM was added to TGF-β primed bronchial epithelial cells, 
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HDM induced E-cadherin internalization and enhanced β-catenin dependent transcription 

and EGF enhanced disruption of the epithelial barrier (53, 71). Further mechanisms 

mediating TGF-β induced EMT may be dependent on Smad signaling. EMT may be 

increased in the presence of cytokines such as TNF-α (57), IL-22 (61), IL-4 and IL-17 

(72). Johnson et al. observed increased expression and nuclear translocation of Snail, 

which also acts a transcriptional repressor of E-cadherin, in the airway epithelial cells of 

HDM-exposed mice and increased TGF-β upregulation following allergen challenge. 

Furthermore, the authors also found increased phosphorylated-Smad3 and Snail in TGF-

β/EGF-induced EMT (62). TGF-β1 also induced nuclear translocation of relA/p65 of NF-

κB, inducing NF-kB gene activity and downregulating PTEN promoter activity and 

protein expression via NF-kB (73). The pathways in which TGF-β can assert its function 

on EMT pathways is summarized in Figure 3. 
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Figure 3: Three pathways of TGF-β that can lead to EMT.  

I. Activated TGF-β1 binds to a heterodimeric receptor complex composed by two 

subunits, endowed with a tyrosine kinase activity. TGF-β forms a large complex 

made up of two TGF-β molecules and two molecules each of the serine-threonine 

receptors TGF-R1 and TGF-R2. This leads to subsequent phosphorylation of the 

TGF-R1. Smad protein interacts with TGF-Rs through its highly conserved MAD-

homology-2 domain. The Smad pathway can lead to stimulatory as well as 

inhibitory effects. After TGF-β binds, TGF-R1 phosphorylates Smad2 and Smad3. 

This allows oligomerization with Smad4 permitting the Smad complex to 

translocate into the nucleus and leads to the production of molecules associated 

with EMT and suppression of E-cadherin.  

II. TGF-β1 can initiate the PI3K/GSK/AKT pathway. Once activated, PI3K converts 

PIP2 into PIP3. This in turn activates PDK1 which is responsible for 

phosphorylation of Akt (protein kinase B) (74). Akt negatively regulates GSK-3β 

through phosphorylation at serine 9. Inhibition of GSK-3β induces upregulation 

of Snail. Many upstream pathways can regulate the activity of GSK-3β, which 

controls the phosphorylation of Snail, and thus regulates its protein stability and 

subcellular localization. Phosphorylation of Snail allows for nuclear localization 

to occur allowing for Snail to exert its function (75). Inhibition of GSK-3β 

stabilizes Snail and initiates downregulation of E-cadherin. Under normal 

cellular conditions, Snail will be degraded by GSK-3β. However, in the presence 

of TGF-β, GSK-3β is inactivated through phosphorylation by Akt, allowing for 

activation of Snail to occur. Snail can bind to the E-cadherin promoter (76) and 
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VDR promoter (77) preventing gene expression of E-cadherin and VDR to occur. 

Snail can induce expression of N-cadherin (78), vimentin (79), MMP2 (80), and 

MMP9 (81). 

III. TGF-β signaling activates the NF-κB pathway through activation of TAK1. IKK-α 

and IKK-β phosphorylate the IκB proteins, marking them for degradation via 

ubiquitination and allowing NF-κB transcription factors to go into the nucleus. 

TGF-β1 induces nuclear translocation of relA/p65 of NF-κB, inducing NF-κB 

gene activity and downregulating PTEN promoter activity and protein expression 

via NF-κB. Snail is upregulated by NF-κB, and NF-κB will repress PTEN, which 

will increase myofibroblast differentiation. Repression of E-cadherin expression 

occurs by Snail blocking transcription. TGF-β treatment causes increased NF-κB 

nuclear translocation by a yet undefined mechanism.  

 A full understanding of the mechanisms underlying the contribution of EMT to 

airway remodeling in asthma remains unknown. While growth factors released by the 

epithelium during repair mechanisms are imperative to induction of EMT; how this 

process is commandeered by allergens such as house dust mite is still unknown. A 

potential mechanism for allergen induced EMT may be determined by activation of toll-

like receptors (TLRs). TLRs can be activated by lipopolysaccharide (LPS). LPS is a 

common contaminant found in HDM and environmental pollution. The absence 

of TLR4 on structural cells abolished HDM-driven allergic airway inflammation (82). 

These data suggest that LPS contaminated HDM induces TLR4 activation on epithelial 

cells. Activation of TLR4 by LPS results in the phosphorylation of Akt by PI3K (83). 

Additionally, deficiency in the PI3K inhibitor phosphatase and tensin homolog (PTEN), 
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has been associated with increased myofibroblast differentiation (84). Activation of Akt 

results in the phosphorylation and inhibition of GSK-3β and activation of NF-κB 

resulting in the increased expression of Snail leading to decreased expression of E-

cadherin thereby initiating EMT (85). Under normal circumstances, free β-catenin is 

phosphorylated and degraded by the proteasome. Under inflammatory conditions, 

signaling is activated, most β-catenin is unphosphorylated, leading to β-catenin 

accumulation in the cytoplasm, entry into the nucleus in combination with T cells nuclear 

factor/lymphatic enhancement factors (TCF/LEF), and modulation of the expression of 

target genes involved in a variety of physiological mechanisms (86, 87) (Figure 4). While 

this offers a mechanism by which pathogens could initiate EMT through TLR activation, 

further studies are needed.  
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 Figure 4: Allergen activation results in an inflammatory state. TLR molecules dimerize 

upon ligand binding and MyD88 is recruited to the membrane by binding to PIP2. PI3K 

is activated after stimulation through TLRs. Once activated, PI3K converts PIP2 to PIP3, 

which through subsequent phosphorylation events eventually inhibits GSK-3β. Inhibition 

of GSK-3β results in NF-κB activation and prevents the degradation of β-catenin. Free β-

catenin can promote adherens junction disassembly through activation of Snail. Snail 

activates MMPs involved in the degradation of E-cadherin and also decreases the 

transcription of E-cadherin. TGF-β has also been found to induce NF-kB gene activity 

and downregulate PTEN promoter activity and protein expression via NF-κB.   

 Cytokines such as TNF-α can also induce EMT through Snail stabilization and 

increased migration and invasion of tumor cells. The cytokine IL-6 was recently shown to 
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induce migration of bronchial epithelial cells in PI3K/Akt/GSK-3β/β-catenin dependent 

manner suggesting that this pathway may be contributing to the mesenchymal population 

of cells often found in asthma through induction of EMT signals (87, 88). The underlying 

EMT and its involvement in airway remodeling in the airway need further elucidation 

and may be a point of therapeutic interest.  

 While allergens may instigate changes in the airway organization, damage to the 

airway following viral infection or particulate matter could also induce structural 

changes. Damage to the epithelium results in release of high-mobility group box 1 protein 

(HMGB1), which is a nuclear protein that is release during times of stress. Many 

observations indicate that HMGB1 is increased in the sputum of asthmatic patients 

compared to their non-asthmatic controls (89, 90). This increase was also found in the 

BAL fluid, lung tissue, and immune cells in OVA sensitized and challenged mice (89, 

91). Treatment with anti-HMGB1 reduced TGF-β1 and VEGF in OVA-immunized mice 

and decreased expression of TLR4 in bronchial epithelial cells (91). HMGB1 may be 

involved in the pathogenesis of allergic inflammation through its involvement in 

mediating allergic airway sensitization and airway inflammation. Neutralizing anti-

HMGB1 treatment in a mouse model of HDM-induced allergic airway inflammation 

caused a decrease in eosinophils, serum IgE, BALF IL-5 and BALF IL-13 compared to 

HDM mice (92). Further studies are needed however to unravel the underlying role of 

HMGB1 in asthma.   

1.4 Role of Vitamin D in Asthma 

1.4.1 Vitamin D and Asthma  
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 Recently, vitamin D has received more attention as an effective immunomodulator 

in extra-musculoskeletal tissues (93). Vitamin D is a steroid hormone that is synthesized 

from 7-dehydrocholesterol to previtamin D3 in the skin, or can be ingested through 

dietary sources (93, 94). Previtamin D3 is then converted to vitamin D3 by a temperature 

and membrane dependent process (93). Vitamin D goes through sequential hydroxylation 

steps in the liver and kidney resulting in its final active form, 1,25(OH)2D3 or calcitriol 

(94). Calcitriol regulates bone, calcium, and phosphate metabolism through vitamin D 

receptor (VDR) (95). The VDR forms a heterodimer with the retinoid X receptor and 

regulates gene expression in the nucleus (96). The 1,25(OH)2D3 can also bind to the 

VDR on the plasma membrane to exert rapid responses via production of second 

messengers (95). The increased incidence of asthma (97) associated with increased 

vitamin D deficiency might suggest a link between the two in the pathogenesis of asthma 

(98, 99, 100). Previous studies suggest that vitamin D status is a strong predictor of 

childhood asthma, with deficiency more frequent in children suffering from asthma 

compared to non-asthmatic controls (101, 102). This association of vitamin D deficiency 

and asthma is not limited to children and includes prospective studies that suggest 

vitamin D insufficiency and deficiency are linked with severe and uncontrolled adult 

asthma (103). While these data suggest that vitamin D deficiency results in an increased 

risk for asthma and allergy, the amount of vitamin D that might be required to prevent or 

lessen the severity of an asthma attack is still unknown. A prospective study found that 

vitamin D supplementation in asthmatic children prevented asthma exacerbation 

triggered by acute respiratory infection (104). However, other reports do not suggest a 

role for vitamin D supplementation. In two recent studies vitamin D supplementation in 
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asthma patients did not result in significant difference compared to the placebo group 

(105, 106). These reports unfortunately did not identify the effects of vitamin D on 

inflammatory biomarkers or may not have had large enough numbers to make these 

conclusions. Ultimately, these conflicting reports further highlight the need for further 

understanding of the role of vitamin D supplementation and how vitamin D works at the 

cellular level.  

1.4.2 Vitamin D as a Potential Therapeutic Agent 

Airway remodeling, a consequence of long-standing asthma, reduces lung 

function and is not regulated well with current therapies (107). Decreased levels of 

vitamin D have been found to be associated with increased inflammatory respiratory 

diseases such as asthma (102, 108).  Previous work has demonstrated that vitamin D 

plays a role in airway smooth muscle, (109, 110) and immunomodulatory properties in 

immune cells (103). At the cellular level, vitamin D stimulation was found to inhibit the 

effects of TGF-β1 mediated EMT (111). Additionally, the active form of vitamin D, 

calcitriol,  has been shown to be present in bronchial epithelial cells (112). However, the 

properties of vitamin D in epithelial cells are currently lacking. There is currently limited 

information on the role of vitamin D as a potential inhibitor of airway remodeling in 

asthma in addition to how it might affect the epithelium (98). Therefore, understanding 

the beneficial effects of vitamin D is important.  

1.5 Hypothesis and Specific Aims 
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The central hypothesis was generated given the potential role for vitamin D in the 

management of asthma through the regulation of EMT signaling in bronchial epithelial 

cells.  

Central Hypothesis 

Vitamin D reduces epithelial-mesenchymal transition in bronchial epithelial cells thereby 

decreasing airway remodeling in asthma  

Specific aims 

1. Determine the functional response of bronchial epithelial cells in the presence of TGF-

β and calcitriol.  

 

2. Elucidate the contribution of vitamin D supplementation on AHR, allergic airway 

inflammation, and expression of EMT markers in the airway epithelium in an allergic 

airway inflammatory mouse model.  

 

3. Identify the effect of vitamin D deficiency on AHR, allergic airway inflammation, and 

EMT signaling molecules in an allergic airway inflammatory mouse model.  
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Chapter 2 

Vitamin D Regulating TGF-β Induced Epithelial-Mesenchymal Transition 

Based upon previously published data: Respiratory Research 2014, 15:146 
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2.1 Abstract 

Subepithelial fibrosis is a characteristic hallmark of airway remodeling in asthma. 

A critical regulator of fibrosis, transforming growth factor β (TGF-β), can induce airway 

remodeling in epithelial cells through induction of epithelial-mesenchymal transition 

(EMT). Vitamin D has immunomodulatory functions, however, its effect on controlling 

subepithelial fibrosis is not known. The objective for this project was to determine the 

role of calcitriol in the regulation of TGF-β1- and TGF-β2-mediated EMT in bronchial 

epithelial cells. In order to achieve this, human bronchial epithelial cells (BEAS-2B) were 

exposed to calcitriol followed by stimulation with TGF-β1 or TGF-β2. The protein 

expression and mRNA transcripts for E-cadherin, Snail, vimentin, and N-cadherin were 

analyzed by Western blot and qPCR. An invasion assay and scratch wound assay were 

performed to identify the migratory properties of the cells following treatments. TGF-β1 

decreased E-cadherin expression and increased protein expression and mRNA transcripts 

of Snail, vimentin, and N-cadherin together with increased cell invasion and migration. 

TGF-β2 elicited migratory response similar to TGF-β1 but induced the expression of 

EMT markers differently from that by TGF-β1. Calcitriol attenuated TGF-β1- and TGF-

β2-induced cell motility. Also, calcitriol inhibited the expression of EMT markers in 

TGF-β1-treated epithelial cells with less effect on TGF-β2. These data suggest that 

calcitriol inhibits both migration and invasion induced by TGF-β1 and TGF-β2 in human 
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airway epithelial cells. However, the regulatory effect of vitamin D in epithelial-

mesenchymal transition was more effective to TGF-β1-induced changes. Thus, calcitriol 

could be a potential therapeutic agent in the prevention and management of subepithelial 

fibrosis and airway remodeling. 

2.2 Introduction 

Asthma afflicts more than 300 million people worldwide and is one of the most 

common chronic disorders of childhood that affects an estimated 6.2 million children 

under the age of 18 (113). Asthma is a chronic inflammatory disease that results in the 

narrowing of the airways, tightening of the chest, shortness of breath, and coughing. The 

hallmarks of asthma include airway obstruction, chronic wheezing, airway 

hyperresponsiveness, airway remodeling, inflammation, and mucus hypersecretion (37). 

While current treatments include corticosteroids, leukotriene antagonists, and long-acting 

β2 agonists, these therapies are not effective in preventing or reversing airway 

remodeling in patients suffering from chronic allergic asthma (27). In addition, the 

beneficial anti-inflammatory effect of corticosteroids is not without many adverse effects. 

Therefore, further understanding of the mechanisms underlying airway remodeling is 

required to develop therapies that target the molecules involved in structural changes, 

including fibrosis and epithelial thickening. 

 Vitamin D has been suggested to be an effective immunomodulator in extra-

musculoskeletal tissues (93). Vitamin D is a steroid hormone that is obtained through 

dietary sources or is synthesized from 7-dehydrocholesterol to previtamin D3 in the skin 

(93, 94). Previtamin D3 is then converted to vitamin D3 by a temperature and membrane 
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dependent process (93). Vitamin D goes through sequential hydroxylation steps in the 

liver and kidney resulting in its final active form, 1,25(OH)2D3 or calcitriol (94). 

Calcitriol regulates bone, calcium, and phosphate metabolism through vitamin D receptor 

(VDR) (95). The VDR forms a heterodimer with the retinoid X receptor and regulates 

gene expression in the nucleus (96). The 1,25(OH)2D3 can also bind to the VDR on the 

plasma membrane to exert rapid responses via production of second messengers (95). 

The increased incidence of asthma (97) associated with increased vitamin D deficiency 

might suggest a link between the two in the pathogenesis of asthma (98, 99, 100). 

Previous studies suggest that vitamin D status is a strong predictor of childhood asthma, 

with deficiency more frequent in children suffering from asthma compared to non-

asthmatic controls (101, 102). This association of vitamin D deficiency and asthma is not 

limited to children and includes prospective studies that suggest vitamin D insufficiency 

and deficiency are linked with severe and uncontrolled adult asthma (103). While these 

data suggests that vitamin D deficiency results in an increased risk for asthma and 

allergy, the amount of vitamin D that might be required to prevent or lessen the severity 

of an asthma attack is still unknown. A prospective study found that vitamin D 

supplementation in asthmatic children prevented asthma exacerbation triggered by acute 

respiratory infection (104). However, other reports do not suggest a role for vitamin D 

supplementation. In two recent studies vitamin D supplementation in asthma patients did 

not result in significant difference compared to the placebo group (105, 106).  

Airway remodeling, a consequence of long-standing asthma, reduces lung 

function and is not regulated well with current therapies (107). There is currently limited 

information on the role of vitamin D as a potential inhibitor of airway remodeling in 
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asthma. Previous work has demonstrated that vitamin D plays a role in airway smooth 

muscle, but the role of vitamin D in the epithelium is not well understood (109, 110). 

Gene expression profiles of primary and immortalized human bronchial epithelial cells 

found large amounts of VDR transcripts in all of the cells tested, including BEAS-2B 

cells (114). One of the key cytokines involved in the airway remodeling process is TGF-

β, which is released from degranulated eosinophils and mast cells to induce multiple 

localized effects resulting in airway remodeling (14, 38, 39).  

Airway epithelial cells are located between the host and external environment, 

designating their key role in the protection of the host against microorganisms, dust, and 

other allergens (64, 115). TGF-β has been suggested to initiate fibrosis in the airway 

epithelial cell through activation of epithelial mesenchymal transition (EMT) signals (53,  

54). One of the main transcription factors involved in this process is Snail. Snail forms a 

transcriptional repressor with Smad3 and Smad4 to promote EMT (66). Activation of 

EMT signaling permits the cells to differentiate into myofibroblasts, enabling invasion 

and migration outside of the epithelium. Increased myofibroblasts in the submucosa 

secrete collagen and extracellular matrix, thereby, contributing to the subepithelial 

fibrosis in airway remodeling (62).  

While vitamin D has been shown to have immunomodulatory properties in 

immune cells (103) and airway smooth muscle cells (110), the properties of vitamin D in 

epithelial cells are currently lacking. Here, we investigated the effect of active form of 

vitamin D, calcitriol, and TGF-β on EMT markers in bronchial epithelial cells. While 

most studies examining EMT in vitro utilize TGF-β1 (70, 116) , there is little information 

on the effect of TGF-β2, which has also been identified as a contributor to the 
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development of asthma (47, 52). Our findings suggest that calcitriol can inhibit epithelial 

cell motility induced by both TGF-β isoforms, but calcitriol-induced inhibition of EMT 

characteristics in response to TGF-β1 and TGF-β2 could involve different molecular 

mechanisms. 

2.3 Materials and Methods 

2.3.1 Cell Culture 

Bronchial epithelial cells, BEAS-2B cells (ATCC, Manassas, VA) were seeded on 

6-well culture dishes at 1.5 × 105 cells/ml and cultured in BepiCM media (ScienCell, 

Carlsbad, CA) supplemented with 10% FBS. When cells reached 50% confluence, the 

media was changed and cells received serum-free media for 24 hours. Cells were then 

subjected to stimulation with either 0.1% 95% ethanol (vehicle) or 100 nM calcitriol 

(Sigma-Aldrich, St. Louis, MO) for 24 hours. TGF-β1 or TGF-β2 (PeproTech, Rocky 

Hill, NJ) were then added to the cells for an additional 48 hours. 

2.3.2 RNA isolation and qPCR  

Total RNA was isolated using the RNeasy Plus Mini kit (Qiagen, Valencia, CA) 

according to manufacturer’s instructions. RNA concentration was quantified using a 

Nanodrop (Thermo‐Scientific, Rockford, IL). First-strand cDNA synthesis was 

performed using 1 μg total RNA with oligo dT, 5X reaction buffer, MgCl2, dNTP mix, 

RNAse inhibitor and Improm II reverse transcriptase as per manufacturer’s instructions 

in the Improm II reverse transcription kit (Promega, Madison, WI). Following the first 

strand synthesis, real time PCR was performed using 3.2 ng of cDNA, 10 μl SYBR Green 
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PCR Master Mix (Bio-Rad Laboratories, Hercules, CA) and forward and reverse primers 

(10 pmol/μl) (Integrated DNA Technologies, Coralville, IA) using a real time PCR 

system (CFX96, Bio-Rad Laboratories). Relative mRNA transcripts levels were 

normalized against an internal housekeeping gene and sample differences determined 

using ΔΔCt relative method. A complete list of the primers and their sequences is provided 

in Table 2. 

Table 2: Primer sequences used for qPCR experiments 

Gene Sequence 

E-cadherin Forward AAG AAG CTG GCT GAC ATG TAC GGA 

 Reverse CCA CCA GCA ACG TGA TTT CTG CAT 

Snail Forward TTT CTG GTT CTG TGT CCT CTG CCT 

 Reverse TGA GTC TGT CAG CCT TTG TCC TGT 

MMP2 Forward AGA AGG ATG GCA AGT ACG GCT TCT 

 Reverse AGT GGT GCA GCT GTC ATA GGA TGT 

MMP9 Forward ATT TCT GCC AGG ACC GCT TCT ACT 

 Reverse CAG TTT GTA TCC GGC AAA CTG GCT 

18S Forward TCA ACT TTC GAT GGT AGT CGC CGT 

 Reverse TCC TTG GAT GTG GTA GCC GTT TCT 

GAPDH Forward TCG ACA GTC AGC CGC ATC TTC TTT 

 Reverse ACC AAA TCG GTT GAC TCC GAC CTT 

N-cadherin Forward TGT GGG AAT CCG ACG AAT GGA TGA 
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 Reverse TGG AGC CAC TGC CTT CAT AGT CAA 

Vimentin Forward AGA ACC TGC AGG AGG CAG AAG AAT 

 Reverse TTC CAT TTC ACG CAT CTG GCG TT 

2.3.3 Western Blot  

BEAS-2B cells were washed with ice-cold PBS and incubated with 0.15 ml of 

modified RIPA lysis buffer with protease and phosphatase inhibitor cocktails 1 and 2 

(Sigma-Aldrich, St. Louis, MO). Protein concentration was determined by the BCA 

protein assay kit (Sigma-Aldrich) according to the manufacturer’s instructions. Each 

sample of protein containing 15 μg of protein was mixed with equal volume of Laemmli 

buffer containing 10% 2-mercaptoethanol. Proteins were resolved on 10-20% 

polyacrylamide gel (Bio-Rad Laboratories, Hercules, CA). Proteins were transferred onto 

a nitrocellulose membrane (Bio-Rad Laboratories), which were subsequently blocked 

with 5% non-fat dry milk for one hour. The membrane was then incubated overnight at 

4°C with E-cadherin (ab15148, Abcam, Cambridge, MA, 1/1000 dilution), Snail (NBP1-

19529, Novus, Littleton, CO, 1/5000 dilution), and Vimentin (sc-6260, Santa Cruz, 

Dallas, Texas, 1/2000 dilution). Following, a horseradish peroxidase-conjugated 

secondary antibody (Novus, 1/2000 dilution) was added to the membrane. The protein 

expression was detected by ECL chemiluminescence detection reagents (Bio-Rad 

Laboratories). The immunoreactivity was captured by the ChemiDoc™ MP System (Bio-

Rad Laboratories). Membranes were stripped and reprobed for N-cadherin (BD 

Pharmingen, San Jose, CA, 1/1000 dilution) and GAPDH (Novus, 1/5000 dilution). 

Results were normalized against GAPDH.  
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2.3.4 Zymography  

Supernatant from the stimulated BEAS-2B cells were collected, centrifuged to 

remove debris, and subjected to gelatin zymography. An equal volume of conditioned 

media from each sample was then run on an 8% SDSPAGE containing gelatin (1.0 

mg/ml). Following electrophoresis, the gels were washed in Triton X-100 and incubated 

for 18 hours in 50 mM Tris–HCl buffer containing 0.2 mol/L NaCl and 10 mmol/L 

CaCl2. Gels were stained with Brilliant Blue R250 and destained. MMP activity was 

assessed by observing white bands against a dark background. 

2.3.5 Invasion Assay 

Following stimulation with calcitriol and/or TGF-β1/TGF-β2, BEAS-2B cells 

were isolated and reseeded onto 250 μg/ml of growth factor reduced Matrigel™ coated 

transwell inserts at 1.5 × 105 cells/ml. Supernatant from these cells was used as the 

chemoattractant. After 48 hours, cells on the top of the inserts were removed and the 

remaining cells on the bottom were fixed and stained with the Diff-Quick stain kit (Fisher 

Scientific, Waltham, MA). The density of the invasive cells on the bottom of the insert 

was examined by counting the cells in five fields per insert locations under a light 

microscope at 20x magnification.  

2.3.6 Scratch Wound Healing Assay 

BEAS-2B cells were seeded, allowed to reach 75% confluency, and serum starved 

for 24 hours and subsequently stimulated with 100 nM calcitriol for 24 hr. A wound line 

was generated by using a sterile 10 μl pipette tip followed by the addition of 10 ng/ml 
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TGF-β1 or TGF-β2 for an additional 48 hours. Images were obtained at 0 and 48 hours 

using a light microscope at 20x magnification with a digital camera under bright field 

illumination using an Olympus CKX41 microscope. The distance between the edges of 

the wound was measured at six different areas from the wound edge-to-edge using 

ImageJ software. The area between the wound edges was measured at each time point 

using ImageJ software (as described previously by Dr. Kees Straatman, Advanced 

Imaging Facilities, University of Leicester, Leicester, UK). The measurements were then 

converted into a percentage using the formula: % of wound closure = (measurement at 48 

h/measurement at time 0 h) * 100; then to obtain the % of wound closure: 100% - % of 

wound remaining (117). 

2.3.7 Data Analysis 

Data is expressed as mean ± SEM from three or four independent experiments. 

Multiple group comparison was performed using one-way analysis of variance with a 

Dunnett or Tukey post–hoc test. GraphPad Prism v5.0 was used to analyze data with a p 

value of <0.05 considered significant.  

2.4 Results 

2.4.1 TGF-β1 Induces EMT Characteristics   

EMT is defined by changes in gene expression in which epithelial markers such 

as E-cadherin decrease while mesenchymal markers such as N-cadherin and vimentin 

increase (57). BEAS-2B cells were stimulated with increasing doses of TGF-β1 ranging 

from 0.1 ng/ml up 50 ng/ml. E-cadherin, Snail, vimentin, and N-cadherin mRNA and 
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protein expression were quantified by real time qPCR and Western blotting, respectively. 

TGF-β1 significantly reduced E-cadherin mRNA at 10 ng/ml and 50 ng/ml and protein 

levels at 5, 10, and 50 ng/ml (Figure 5A). A significant increase in Snail mRNA 

expression was observed at 5, 10, and 50 ng/ml and an increase in protein expression was 

observed at 10 and 50 ng/ml (Figure 5B). Enhanced vimentin mRNA expression was 

detected at 5, 10, and 50 ng/ml in which a notable increase in protein expression was 

observed following treatment with 5, 10, and 50 ng/ml of TGF-β1 (Figure 5C). A 

noteworthy increase in N-cadherin mRNA expression was noted at 10 ng/ml and 50 

ng/ml. This was associated with a significant increase in N-cadherin protein expression 

observed at 10 ng/ml (Figure 5D). Based on these observations, a concentration of 10 

ng/ml was chosen for future experiments. In comparison, basal physiological levels of 

TGF-β1 in BAL fluid were 8 pg/ml in asthmatic subjects and 5 pg/ml in control subjects. 

TGF-β1 BAL fluid levels were 46 pg/ml in asthmatic subjects and 21.5 pg/ml in control 

subjects as measured following bronchoprovocation (118). While these physiological 

levels are lower than the amounts used in the following experiments, they do not 

represent the local amounts of TGF-β1 that may be found near the epithelial cell. 
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Figure 5: Dose-response effect of TGF-β1 on mRNA and protein expression changes 

in BEAS-2B cells. BEAS-2B cells were stimulated with increasing doses of TGF-β1 

starting from 0.1 ng/ml and up to 50 ng/ml for 72 hours. Total RNA and protein were 

isolated and assessed for the expression of A: E-cadherin, B: Snail, C: Vimentin, D: N-

cadherin, by quantitative real-time PCR and western blot respectively. Protein and 

mRNA expression levels were normalized to GAPDH and calculated as the fold change 

in comparison to control untreated cells. Data is presented as mean ± SEM n = 4, *p 

<0.05, **p <0.01, and ***p <0.001 by one-way ANOVA. 

Time course responses to TGF-β1 were tested as well on the markers of EMT. 

Significant decrease in E-cadherin mRNA was observed at 12, 24, 48, and 72 hours while 

significant changes in E-cadherin protein expression were found at 48 and 72 hours post 

TGF-β1 stimulation (Figure 6A). An increase in Snail mRNA transcripts was observed 2, 

24, 48, and 72 hours post TGF-β1 stimulation. Noteworthy increases in Snail protein 

expression were noticed at 48 and 72 hours post TGF-β1 stimulation (Figure 6B). 

Vimentin mRNA expression was increased at 12, 24, 48, and 72 hours while the increase 

in vimentin protein was prominent at 48 and 72 hours only (Figure 6C). Significant 

increases in N-cadherin mRNA transcript levels were seen at 12, 24, 48, and 72 hours, 

while increase in N-cadherin protein levels were observed at 12, 24, 48, and 72 hours 

(Figure 6D). Based on these findings, a time of 48 hours was chosen for subsequent 

experiments.  
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Figure 6: Time course effect of TGF-β1 on mRNA and protein expression changes in 

BEAS-2B cells. BEAS-2B cells were stimulated with 10 ng/ml of TGF-β1 at 72, 48, 24, 

12, and 2 hours. Untreated control cells were used as a control. Total RNA was isolated 

and assessed for the expression of A: E-cadherin, B: Snail, C: Vimentin, D: N-cadherin, 



38 
 

and using quantitative real-time PCR. Expression levels were normalized to the level of 

18x ribosomal RNA and calculated as mean level of induction in comparison to control 

untreated cells. Data is presented as mean ± SEM n = 3, *p <0.05, **p <0.01, and ***p 

<0.001 by one-way ANOVA. Total protein was isolated and assessed for the expression 

of E-cadherin, Snail, N-cadherin, Vimentin, and GAPDH by means of western blot 

analysis. Expression levels were normalized to GAPDH protein and calculated as mean 

level of induction in comparison to control untreated cells. Data is presented as mean ± 

SEM n = 4, *p <0.05, **p <0.01, and ***p <0.001 by one-way ANOVA. 

2.4.2 Calcitriol Induces E-cadherin mRNA Expression Changes in BEAS-2B Cells 

BEAS-2B cells stimulated with calcitriol had increased levels of E-cadherin 

mRNA transcripts following treatment with 100 nM calcitriol from 2 to 48 hours, with a 

significant increase observed at 24 hours (Figure 7A). E-cadherin mRNA levels were 

then detected following treatment with increasing doses of calcitriol following a 24 hours 

stimulation. Significant increases in E-cadherin mRNA levels were noted at 50 nM and 

100 nM of calcitriol (Figure 7B). 
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Figure 7: Time course and dose-response effect of calcitriol on mRNA expression 

changes in BEAS-2B cells. Calcitriol (100 nM) was added to BEAS-2B cells for 2, 6, 12, 

24 and 48 hours. Total RNA was isolated and analyzed for the expression of E-cadherin 

by qPCR. Expression levels were normalized to 18s ribosomal RNA and calculated as 

mean level of induction in comparison to control untreated cells (A). Data is presented as 

mean ± SEM n = 3, *p <0.05, by one-way ANOVA. For calcitriol dose response, 

response treatment BEAS-2B cells were stimulated with increasing doses of calcitriol 

starting from 0.1 nM and up to 100 nM for 24 hours. Total RNA and protein were 

isolated and assessed for the expression of E-cadherin (B). Data are presented as ± SEM 

n = 3, *p <0.05, **p <0.01 one-way ANOVA. 

2.4.3 Morphological Changes Induced by TGF-β1, TGF-β2, and Calcitriol 

Stimulation with TGF-β1 and TGF-β2 induced morphological changes in BEAS-

2B cells consistent with EMT (Figure 8). Cells stimulated with either TGF-β1 or TGF-β2 

developed an elongated, spindle fibroblast-like morphology with reduced cell-cell contact 
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(Figure 4). Such changes in the morphology of the cells were prevented by the addition of 

calcitriol prior to the stimulation with TGF-β1 and TGF-β2. The morphology of the cells 

in the presence of calcitriol was similar to that in the control cells maintaining the typical 

epithelial cobblestone pattern. 

 

 

 

 

 

 

 

 

 

 

 

 

 



41 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Morphological changes induced by TGF-β1, TGF-β2, and calcitriol. BEAS-

2B cells were treated with 0.1% vehicle or 100 nM calcitriol for 24 hours. 10 ng/ml of 
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TGF-β1 or 10 ng/ml of TGF-β2 was added for an additional 48 hours. Pictures were 

taken with bright field illumination using an Olympus CKX41 microscope. 

2.4.4 Calcitriol Regulates TGF-β-mediated changes in EMT markers mRNA and 

Protein Expression in BEAS-2B Cells 

Calcitriol has been shown to be a potential inhibitor of fibrosis (119). Here, we 

addressed the potential of calcitriol as therapeutic agent to prevent the actions of TGF-β1 

or TGF-β2 as determined by EMT markers. BEAS-2B cells were pretreated with 100 nM 

calcitriol for 24 hours and subsequently stimulated with TGF-β1 or TGF-β2 for an 

additional 48 hours. Analysis of the EMT markers determined that a decrease in E-

cadherin mRNA was observed after TGF-β1 and TGF-β2 treatment (Figure 9A left 

panel). Calcitriol prevented TGF-β1-mediated decreases in E-cadherin protein expression 

as E-cadherin protein levels were kept at basal levels (Figure 9A right panel). Snail 

protein expression was increased following TGF-β1 stimulation which was impeded by 

the presence of calcitriol (Figure 5B right panel). This was not reflected in the mRNA 

data for Snail, however TGF-β2 increased Snail mRNA transcript levels, which was 

inhibited by calcitriol treatment (Figure 9B left panel). While no significant TGF-β1 

mediated changes in vimentin or N-cadherin were observed in the mRNA (Figures 9C 

and 9D left panel), significant decreases in vimentin and N-cadherin were found 

following calcitriol pretreatment and subsequent TGF-β1 stimulation (Figures 9C and 9D 

right panel). Calcitriol also prevented the TGF-β2 mediated increase in N-cadherin 

protein expression (Figure 9D right panel).  
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Figure 9: Calcitriol regulates TGF-β-mediated EMT mRNA and protein expression 

changes in BEAS-2B cells. BEAS-2B cells were stimulated with the active form of 

Vitamin D, calcitriol (100 nM). After 24 hours, TGF-β1 (10 ng/ml) or TGF-β2 (10 ng/ml) 

was added to the cells for an additional 48 hours. Total RNA was isolated and assessed 

for the expression of A: E-cadherin, B: Snail, C: Vimentin, D: N-cadherin (left panels) by 

quantitative real-time PCR. Expression levels were normalized to the level of 18s 

ribosomal RNA and calculated as mean level of induction in comparison to 0.1% vehicle 

control cells. Data is presented as mean ± SEM n = 4. Total protein was isolated and 

assessed for the expression of A: E-cadherin, B: Snail, C: Vimentin, D: N-cadherin (right 

panels), and GAPDH by western blot analysis. Expression levels were normalized to 

GAPDH and calculated as mean level of induction in comparison to 0.1% vehicle control 

cells. Data are presented as mean ± SEM n = 3. Both qRT-PCR and western blot data 

were analyzed by one-way ANOVA *p <0.05, **p <0.01, and ***p <0.001 compared to 

control, #p <0.05, ##p <0.01, and ###p <0.001 compared to calcitriol, §p <0.05, §§p 

<0.01, and §§§p <0.001. 
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2.4.5 Calcitriol Prevents TGF-β-mediated EMT: MMP2 and MMP9 mRNA and 

Protein Expression Changes in BEAS-2B Cells 

EMT is involved in cellular migration and invasion, processes directed by MMPs 

(41). Treatment of BEAS-2B cells with TGF-β1 and TGF-β2 resulted in a significant 

increase in MMP2 and MMP9 mRNA expression (Figure 10A and Figure 10B). 

Pretreatment of BEAS-2B cells with calcitriol prevented TGF-β2 facilitated increase in 

MMP2 expression (Figure 10A) and TGF-β1-mediated increase in MMP9 (Figure 10B), 

as determined using gelatin zymography. Supernatants from TGF-β1 and TGF-β2 

stimulated cells show an upregulated pro-MMP2 protein (latent MMP2) and an increase 

in active MMP9 (Figure 10C).  



46 
 

Figure 10: Calcitriol prevents TGF-β-mediated EMT: MMP2 and MMP9 mRNA and 

protein expression changes in BEAS-2B cells. BEAS-2B cells were stimulated with the 

active form of Vitamin D, calcitriol (100 nM). After 24 hours, TGF-β1 (10 ng/ml) or 

TGF-β2 (10 ng/ml) was added to the cells for an additional 48 hours. Total RNA was 

isolated and assessed for the expression of A: MMP2 (n = 4) and B: MMP9 (n = 4) by 

quantitative real-time PCR. Expression levels were normalized to 18s ribosomal RNA 

and calculated as mean level of induction in comparison to 0.1% vehicle control cells. 

Data are presented as mean ± SEM *p <0.05, **p <0.01, and ***p <0.001 compared to 

control, #p <0.05, ##p <0.01, and ###p <0.001 compared to calcitriol, §p <0.05, §§p 

<0.01, and §§§p <0.001 by one-way ANOVA. C: Conditioned supernatants from BEAS-

2B cells stimulated with TGF-β1, TGF-β2 and/or 100 nM calcitriol were subject to 

gelatin zymography. Results are representative of 3 separate experiments. 

2.4.6 Calcitriol Inhibits TGF-β-induced Invasiveness and Migration of BEAS-2B 

Cells  

To assess the ability of TGF-β-treated BEAS-2B cells to undergo another EMT 

characteristic, mobility, an invasion assay and scratch wound healing assay were utilized. 

BEAS-2B cells were stimulated with 100 nM calcitriol for 24 hours followed by 

treatment with 10 ng/ml TGF-β1 or TGF-β2 for 48 hours. BEAS-2B cells were isolated 

and reseeded onto 250 μg/ml of MatrigelTM Growth Factor Reduced Basement Membrane 

Matrix coated transwell inserts at 1.5 × 105 cells/ml. Conditioned supernatant from these 

cells was used as the chemoattractant. After 48 hours, cells on the top of the inserts were 

removed and the remaining cells on the bottom were fixed and stained with the Diff-

Quick stain kit and the number of cells invading through the inserts were counted 
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(representative images Figure 11A). Cells treated with TGF-β1 and TGF-β2 had a 70% 

increase in invasion compared to unstimulated and calcitriol stimulated BEAS-2B cells. 

Pretreatment of cells with calcitriol decreased cell invasion to around 40% (Figure 11B). 

Calcitriol also prevented TGF-β1 and TGF-β2 mediated BEAS-2B cell migration as 

noted in the scratch wound healing assay (Figure 12A). Pretreatment with calcitriol 

significantly decreased the effects of TGF-β1 and TGF-β2 by approximately 50% (Figure 

12B). 

 

 

 

 

 

 

 

Figure 11: Calcitriol inhibits TGF-β-induced invasiveness of BEAS-2B cells. BEAS-2B 

cells were stimulated with 100 nM calcitriol for 24 hours followed by 48 hours of 

stimulation by 10 ng/ml of TGF-β1 or TGF-β2. BEAS-2B cells were isolated and 

reseeded onto 250 ug/ml of MatrigelTM Growth Factor Reduced Basement Membrane 

Matrix coated transwell inserts at 1.5 × 105 cells/ml. Conditioned supernatant from these 

cells was used as the chemoattractant. After 48 hours, cells on the top of the inserts were 
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removed and the remaining cells on the bottom were fixed and stained with the Diff-

Quick stain kit. A: Representative images of BEAS-2B cells which had migrated through 

the inserts in response to TGF-β treatment. B: Data represent an average of cells 

counted in 5 random fields. Data are presented as mean ± SEM (n = 4), **p <0.01 and 

***p <0.001 compared to control, #p <0.05, p## <0.01, and ###p <0.001 compared to 

calcitriol treated cells, and §p <0.05 analyzed by one-way ANOVA. 

 

 

 

 

 

 

 

 

 

 

Figure 12: Calcitriol inhibits the migration of TGF-β stimulated BEAS-2B cells. 

BEAS-2B cells were stimulated with 100 nM calcitriol for 24 hours followed by 48 hours 

of stimulation by 10 ng/ml of TGF-β1 or TGF-β2. A: Representative images of a wound 
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healing scratch assay. Pictures of the same area were taken at 0 and 48 hours at 20x 

magnification. The area of the wound was measured using the NIH ImageJ program. B: 

The percent wound closure was calculated and means of groups were compared by one-

way ANOVA. Data are presented as mean ± SEM (n = 4), *p <0.05 and **p <0.01 

compared to control, ##p <0.01 compared to calcitriol treated cells, §p <0.05, §§p 

<0.01. 

2.5 Discussion 

In normal epithelium, injury to the epithelium leads to the release of soluble 

factors including cytokines, chemokines, prostaglandins, transforming growth factor 

TGF, EGF, fibroblast growth factor (FGF), MMP, which can all promote cell adhesion 

junction remodeling and migration during wound repair (41). Activation of fibroblasts 

and myofibroblasts is important for wound closure and healing, but may become aberrant 

in the presence of increased inflammation (55). Myofibroblasts can originate from 

different precursor cells including fibroblasts, mesenchymal stem cells, bone marrow-

derived mesenchymal stem cells, smooth muscle cells, and epithelial cells which are 

derived through induction of EMT (120). Following injury to the epithelium, an epithelial 

cell will go through architectural rearrangement to enable spreading, migration and 

secretion of extracellular matrix (ECM) (41, 55). 

Chronic asthma is characterized by structural changes in the lung termed airway 

remodeling resulting in a decline in lung function regardless of anti-inflammatory 

treatment (27). The airway epithelial cells are at the frontlines of protection in the airway. 

Following damage from pollutants or allergens, the epithelium can repair itself through 
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initiation of the EMT process (121). In general, epithelial stress will initiate the 

generation of mesenchymal cells for tissue generation and tissue closure, with attenuation 

of EMT following the completion of repair. However, it is thought in the context of 

inflammation in the asthmatic airway, the release of EMT signaling is not discontinued, 

but amplified (121). During the repair process, cell-cell and cell-adhesion contacts are 

remodeled with loss of the epithelial marker such as E-cadherin and increased expression 

of mesenchymal markers of vimentin, N-cadherin, and α-smooth muscle actin (α-SMA). 

Additionally, epithelial cells will also secrete MMPs in response TGF-β1, indicating a 

possible role in migration of epithelial cells through the basement membrane (57). These 

changes in the polarized epithelial cell result in functional changes, allowing the 

epithelial cells to become motile and degrade the underlying ECM and move below the 

epithelium. There is evidence to suggest that airway remodeling and hyperresponsiveness 

in asthma may be driven by repeated exposures to allergens or environmental toxins, 

leading to the inappropriate repair of airway epithelial cells (63, 64).  

Eosinophils commonly secrete TGF-β. However other cells including 

macrophages, lymphocytes, fibroblasts, epithelial cells, and mast cells can also secrete 

TGF-β (44). The number of eosinophils found in the asthmatic lung has been found to be 

increased in bronchial biopsies of asthmatic patients (50) and BAL fluid in mice (51). 

One of the major cytokines secreted by eosinophils is that of TGF-β (49). TGF-β has also 

been found to be increased in the BAL fluid and tissue of asthmatic patients. However, 

which isoform of TGF-β is expressed as well as the source of the TGF-β is debatable. 

Overall, TGF-β1 (122) and TGF-β2 (47) were found to be in higher amounts in the BAL 

fluid of asthmatics compared to control patients. Both TGF-β1 and TGF-β2 were found 
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to be expressed by eosinophils and contribute to increase number of eosinophils in the 

airway, (48, 49, 52). The pathogenesis of airway remodeling has been thought to be an 

activation of the epithelial-mesenchymal trophic unit in which increased levels of TGF-β 

contribute to the activation of epithelial cells to transform into myofibroblasts (23). While 

TGF-β1 is involved in the EMT process, it has not been established whether TGF-β2 has 

the same effect. Our results are consistent with previous contributions (69, 70, 123) in 

that we observe BEAS-2B cells treated with TGF-β1 have increased markers of EMT 

with a loss of E-cadherin. Conversely, TGF-β2 treatment of BEAS-2B cells presented an 

expression pattern of EMT markers which was different from that induced by TGF-β1. 

These results suggests that TGF-β1 and TGF-β2 are both involved in ET, but may 

utilized different cellular processes.  

Although the contribution of EMT in asthma is still highly debated, there is 

evidence that epithelial cells contribute to the pool of myofibroblasts (62). This increase 

in myofibroblasts may be a part of the airway remodeling process as noted in chronic 

asthma. TGF-β1 has been demonstrated to be responsible for differentiation into 

myofibroblasts and this effect was found not be abrogated by corticosteroid treatment 

(69, 70). Therefore, finding an effective alternative therapy to anti-inflammatory drugs is 

of great significance. Calcitriol was shown to prevent the effects of EMT in rat lung and 

mouse lung fibroblasts treated with TGF-β (111). Anti-inflammatory effect of vitamin D 

on a steroid resistant gene was also observed in airway smooth muscle cells treated with 

TNFα and IFNγ (124). We were, therefore, interested in observing the effects of calcitriol 

on TGF-β treated BEAS-2B cells. Markers of EMT, such as loss of E-cadherin, increased 

expression of N-cadherin, and vimentin, were observed at the mRNA and protein level 
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following treatment with TGF-β1. This increase in TGF-β was impeded by pre-

stimulation with calcitriol, as indicated by qPCR and Western blot. Our data suggest that 

both TGF-β1 and TGF-β2 enhance BEAS-2B cell invasion and MMP2 mRNA 

expression and that this process is abrogated by calcitriol. 

A recent study included adult asthma patients on the inhaled ciclesonide and 

levalbuterol combined with an initial dose of 100,000 IU of vitamin D3 followed by a 

daily dose of 4,000 IU. In this study, there were no differences in the indices of asthma 

control, asthma attacks, or improved quality of life in adult asthmatics compared to the 

placebo group. Sputum eosinophilia, lung function, or airway hyperreactivity were also 

not improved following treatment with Vitamin D3 (105).  However, in patients that had 

responded well to the vitamin D3 treatment or had reached a 25-hydroxyvitmain D level 

of 30 ng/ml or greater, these patients had a lower rate of first exacerbation rates, and 

lower overall rates of exacerbation and treatment failures (104). Unfortunately, the 

authors did not determine if vitamin D treatment modified sputum or blood inflammatory 

biomarkers. Nonetheless, these results support the therapeutic benefit of vitamin D in 

allergic asthma, perhaps as an adjunct therapy. Another recent study investigated the role 

of vitamin D supplementation in asthmatic children aged 6–18 years with mild asthma 

and insufficient vitamin D levels. Following 6 weeks of 2,000 IU of vitamin D daily, 

there was no difference in the effect of vitamin D compared to placebo on methacholine 

challenge test, IgE levels, airway cytokines, and eosinophilia although there was a 

significant increase in serum vitamin D levels. However, the relatively small sample size 

of 36 patients of this study prevents any discernable conclusions (106).  
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The Institute of Medicine recommendations for adequate vitamin D intake to 

maintain 25(OH)D3 serum value at 20 ng/ml or 50 nM. However, many clinical 

laboratories continue to routinely report a value of 20 ng/ml as inadequate and that value 

21–29 ng/ml (52.5-72.5 nM) are insufficient (125). Vitamin D supplemented in the diet 

of OVA-sensitized mice resulted in a decreased severity of airway remodeling. These 

mice, supplemented with 10,000 IU/kg or 2,000 IU/kg of vitamin D ended up with serum 

25(OH)D levels of 67.13 ng/ml and 31.00 ng/ml, respectively (126). Vitamin D 

supplementation reduced airway hyperresponsiveness, airway remodeling, and BALF 

cytokine levels. However, vitamin D supplementation did not fully reverse the effects of 

allergic airway inflammation (126). The physiological range of calcitriol has been 

observed to be around 0.05 to 0.16 nmol/L. The ability of bronchial epithelial cells to 

convert inactive vitamin D to its active form has recently been demonstrated, indicating 

that the local concentration of calcitriol is much higher at the local cellular level (112). 

Therefore, to address the difference between sufficient and supplementation values, 

higher calcitriol levels of 100 nM were used in this study. While the results of clinical 

trials utilizing vitamin D in asthma patients have inconsistent results, vitamin D 

supplementation may still prove to be beneficial to those suffering with asthma 

Additional careful and controlled studies are warranted to address the controversy on the 

role of vitamin D deficiency in the pathogenesis of asthma. 

The differences in mRNA and protein levels following TGF-β1 or TGF-β2 

stimulation suggest that the induction of N-cadherin, Snail, and vimentin may occur 

through different receptors. TGF-β binds to heterodimeric type I and type II TGF-β 

receptors. There are seven type I receptors and five type II receptors, of which the 
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heterodimeric association of these serine/threonine receptors determines the specificity of 

the ligand signaling (127). Co-receptors, such as betaglycan, can also modulate TGF-β1 

signaling which is imperative for TGF-β2 signaling (128). The mechanisms mediating 

EMT may be dependent on Smad when stimulated with TGF-β1. This process may be 

increased in the presence of cytokines, including TNF-α (57), IL-22 (61), IL-4 and IL-17 

(72). Johnson et al. (62) observed increased expression and nuclear translocation of Snail, 

a transcriptional repressor of E-cadherin and a potent inducer of EMT, in the airway 

epithelial cells of HDM exposed mice and increased TGF-β upregulation following 

allergen challenge. Furthermore, the authors also found increased phosphorylated-Smad3 

and Snail in TGF-β/EGF-induced EMT (62). Additionally, deficiency in the PI3K 

inhibitor phosphatase and tensin homolog (PTEN), has been associated with increased 

myofibroblast differentiation. Cytokines such as TNF-α could also induce EMT through 

Snail stabilization and increased migration and invasion of tumor cells. The cytokine IL-6 

was recently shown to induce migration of bronchial epithelial cells in PI3K/Akt/GSK-

3β/β-catenin dependent manner suggesting that this pathway may contribute to the 

mesenchymal population of cells often found in asthma through induction of EMT 

signals (87,88). TGF-β1 also induces nuclear translocation of relA/p65 of NF-κB, 

inducing NF-kB gene activity and downregulating PTEN promoter activity and protein 

expression via NF-kB (129). 

The findings in this study suggest that calcitriol prevents the migration and 

invasion of TGF-β-treated bronchial epithelial cells. The differences in mRNA and 

protein data (Figure 9) indicate that calcitriol mediates this process through different 

mechanisms. Calcitriol inhibits NF-κB nuclear translocation into human bronchial 
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smooth muscle cells by decreasing importin α3 expression via VDR (110). VDR 

expression was found to be decreased in OVA-sensitized and challenged mice fed with a 

vitamin D deficient diet (130). Therefore, importins represent a potential target for 

vitamin D in alleviating allergic immune responses (131). Also, deletion of VDR in 

mouse embryonic fibroblasts reduced the levels of NF-κB p65 protein and the activity of 

translation regulators eIF2α and protein kinase R (132). Therefore, the underlying 

mechanisms of vitamin D regulation and EMT and its involvement in airway remodeling 

in the airway need further elucidation and may be a point of therapeutic interest. 

2.6 Conclusions 

This data suggests that calcitriol regulates TGF-β1- and TGF-β2-mediated EMT 

in bronchial epithelial cells. Given the difference in EMT marker expression for TGF-β1 

and TGF-β2 treatment, calcitriol may be inhibiting TGF-β1/β2-mediated-migration and 

invasion by different and yet undefined cellular processes. Calcitriol may also be 

initiating its effects both at the mRNA transcript and protein levels. Our results indicate a 

role for bronchial epithelial cells in myofibroblast formation and thereby airway 

remodeling which may be inhibited by calcitriol. 
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Chapter 3 

Vitamin D Supplementation Reduces Induction of Epithelial-Mesenchymal 

Transition in House Dust Mite, Ragweed, and Alternaria-Sensitized and Challenged 

Mice 
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3.1 Abstract 

Asthma is a chronic disease of the lung associated with airway 

hyperresponsiveness (AHR), airway obstruction and airway remodeling. Airway 

epithelial cells contribute to airway remodeling through differentiation into 

myofibroblasts that intensify the degree of subepithelial fibrosis. The process of epithelial 

cell differentiation occurs through epithelial-mesenchymal transition (EMT). EMT 

involves loss in E-cadherin with an increase in mesenchymal markers, such as vimentin 

and N-cadherin. There is growing evidence that vitamin D has immunomodulator and 

anti-inflammatory properties. However, the underlying molecular mechanisms of these 

properties are still unclear. The objective of this study was to identify the contribution of 

vitamin D on the expression of EMT markers in the airway while utilizing clinically 

relevant allergens in a mouse model of allergic airway inflammation. The effect of 

vitamin D status on airway hyperresponsiveness and airway inflammation in female 

Balb/c mice fed vitamin D-sufficient (2000 IU/kg) or vitamin D-supplemented (10,000 

IU/kg) diet was examined. Mice sensitized and challenged with a combination of house 

dust mite, ragweed, and Alternaria were evaluated for AHR and airway inflammation, as 

determined by the level of cells in the bronchoalveolar lavage fluid and lung histology, 

and expression of EMT markers by immunofluorescence. Vitamin D-supplemented mice 

were associated with decreased AHR, decreased airway inflammation in the BAL fluid, 

and reduced signs of airway remodeling compared to vitamin D-sufficient diet HRA 

mice. This was accompanied with increased expression of E-cadherin and decreased 

vimentin and N-cadherin expression in the airway. These results indicate that vitamin D 

may be a beneficial adjunct in the treatment regime in allergic asthma.   
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3.2 Introduction  

Chronic inflammation in the airways causes structural and functional changes in 

the lungs that may result in asthma. Physiological changes in asthma include increased 

narrowing of the airways following exposure to allergens or other bronchoconstrictors, 

leading to airway hyperresponsiveness (AHR). Structural changes feature the 

characteristics of airway remodeling including epithelial cell shedding, goblet cell 

hyperplasia/metaplasia, subepithelial fibrosis, smooth muscle cell hyperplasia, edema, 

and angiogenesis (133). Current therapies such as corticosteroids, leukotriene antagonists, 

and long-acting β2 agonists, may be effective in dampening inflammation, but are 

ineffective in preventing or reversing airway remodeling (27, 134). Additionally, 

therapies such as corticosteroids may induce apoptosis in epithelial cells, thereby 

contributing to epithelial shedding (107). Thus, additional consideration must be taken to 

understand the cause of airway remodeling in order to acquire therapies that target 

molecules involved in structural alterations, including subepithelial fibrosis and epithelial 

thickening. The process of airway remodeling involves the release of inflammatory 

mediators from immune cells in the airway, including transforming growth factor (TGF)-

β, tumor necrosis factor (TNF)-α, interleukin (IL)-4, and IL-13 with the disruption of the 

epithelium and subepithelial fibrosis (37).  

Initiation of subepithelial fibrosis in the airway epithelial cell can occur through 

activation of epithelial mesenchymal transition (EMT) signals. Activation of EMT 

signaling permits the cells to differentiate into myofibroblasts, enabling invasion and 

migration outside of the epithelium. Increased myofibroblasts in the submucosa secrete 
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collagen and extracellular matrix, thereby contributing to the subepithelial fibrosis in 

airway remodeling (135).  

  A number of studies have examined the relationship between vitamin D and 

asthma with a growing body of evidence suggesting that vitamin D deficiency is linked 

with the pathogenesis of asthma (98). Treatment of asthma through oral supplementation 

of vitamin D has been not well studied and has given mixed results in terms of patient 

outcomes as recently reviewed by Yawn and colleagues (136). Further understanding of 

how vitamin D functions is necessary to provide therapeutic guidelines for the level of 

vitamin D required to impact the development of asthma. 

  Animal models used to study usually involve the use of the mouse. The allergen 

usually used in the mouse model of allergic airway inflammation is ovalbumin (OVA). 

OVA has extensively been used in animal models of asthma for a number of years, but is 

rarely associated in human asthma (137). Therefore, it is imperative to utilize allergens 

that are implicated in humans. Such allergens have been used sparingly in allergic 

inflammation animal models. House dust mite (62), ragweed (138), and Alternaria 

alternata extracts (139) have been used individually, but never in combination with one 

another. This study utilizes the combination of these allergens in a mouse model of 

asthma while evaluating the induction of EMT protein markers in the lung. 

3.3 Materials and Methods 

3.3.1 Animals and Diets 
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Female and male BALB/c mice were purchased from Harlan Laboratories 

(Indianapolis, IN). Mice were maintained in a specific pathogen-free environment at the 

Animal Resource Facility of Creighton University. The Institutional Animal Care and 

Use Committee of Creighton University approved the research protocol of this study. 

Food and water were provided ad libitum. Vitamin D supplemented feed and normal 

mouse feed containing sufficient vitamin D levels were given to breeding male and 

female mice. Female offspring were weaned on the same diets consisting of normal 

vitamin D levels of 2,000 IU/kg and vitamin D-supplemented diet levels of 10,000 IU/kg 

(Harlan Laboratories, Madison, WI).  

3.3.2 Induction of Allergic Airway Disease 

  Mice 3-4 weeks in age were divided into sensitized and non-sensitized groups. 

HRA sensitized and challenged model of allergic airway inflammation was established 

by intranasal installation of 200 allergic units of HDM, 50 μg of Alternaria alternata 

extract, and 100 μg of ragweed allergen extract (Jubilant HollisterStier Allergy, Spokane, 

WA). Animals received aerosol challenges of 5% HDM, 0.1% Alternaria, and 0.5% 

ragweed 3 days a week for 3 weeks from days 14-30 (Figure 13A). On day 31, airway 

hyperresponsiveness to methacholine was measured by whole body plethysmography 

(Buxco® FinePointe Data Sciences International St. Paul, MN.). On day 32, anesthetized, 

tracheostomized mice were placed in a plethysmograph single chamber (Buxco® 

FinePointe Series Resistance and Compliance (RC) Buxco Electronics, Troy, NY). 

Specific lung specific resistance (RL) was measured with increasing doses of nebulized 

methacholine to measure AHR as previously described (140).  
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3.3.3 Bronchoalveolar Lavage Fluid and Cytokine Measurement 

 After mice were euthanized, samples of blood and bronchoalveolar lavage fluid 

(BALF) were collected from the mice. Blood was collected from the left ventricle of 

mice, allowed to coagulate, serum separated, and stored at -80°C for future analysis. 

Mouse lungs were then gently lavaged with 1 ml of PBS, centrifuged at 400 × g for 10 

minutes, and the supernatants stored at −80°C. Total cell counts were performed using 

the Countess® Automated Cell Counter (Invitrogen, Grand Island, NY). Cytospin slides 

were obtained using a Shandon Cytospin 4 centrifuge machine (Thermo Electron, 

Waltham, MA). The slides were dried and the cells were fixed and stained using Diff-

Quik® staining reagent (StatLab Medical Products, Lewisville, TX) according to the 

manufacturer's instructions. A minimum of 300 cells were examined per cytospin slide 

and absolute cell numbers for each cell type were calculated according to the total 

leukocyte counts in BALF and the percentage of each individual cell type on the slide.   

 ELISA measured the IgE levels in both serum and BALF according to the 

manufacturer's instructions using mouse IgE ELISA Detection Ready-Set-Go kit 

(eBioscience, San Diego, CA). 

3.3.4 Preparation and Staining of Lung Tissue 

  Lung lobes were fixed in 4% formalin and paraffin embedded. Lung lobes were 

removed, fixed in 4% formalin and embedded in paraffin in an automatic tissue 

processer. Lung tissues were sectioned to 4 μm thickness, rehydrated, and stained with 

hematoxylin and eosin (H&E) following manufacturer’s instructions (Fisher 

HealthCare™ PROTOCOL™, Waltham, MA). Mucus secretion was identified by 
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periodic acid-Schiff (PAS) reaction (Sigma-Aldrich, St. Louis, MO). Trichrome staining 

(Thermo Scientific™ Richard-Allan Scientific™, Waltham, MA) was used to identify 

collagen deposition. 

3.3.5 Immunofluorescence 

 Paraffin embedded lung section slides deparaffinization, rehydration, and 

underwent antigen retrieval before immunostaining. Non-specific binding was blocked 

using a solution of 5% normal goat serum, with 0.25% Triton X-100 in PBS. The lung 

sections were incubated with primary antibodies to E-cadherin [(ab15148) rabbit, Abcam, 

Cambridge, MA, 1/500 dilution], N-cadherin [(ab18203) rabbit, Abcam, Cambridge, MA, 

1/100 dilution], and vimentin [(ab92547) rabbit, Abcam, Cambridge, MA, 1/200 

dilution]. The sections were washed and incubated with Alexa Fluor-594 goat anti-rabbit 

IgG secondary antibody [(DI-1549) Vector Laboratories, Burlingame, CA, 1/500 

dilution] and nuclei were counterstained with DAPI.  

Fluorescent analysis was performed using an Olympus inverted fluorescence 

microscope (Olympus BX51) and mean fluorescent intensity was measured using ImageJ 

software (http://rsbweb.nih.gov/ij/). Intensity measurements were performed by analyzing 

the region of interest specifically to the airway and setting a threshold according to the 

established guidelines (141). Specifically, images were opened in ImageJ, a line was 

drawn across the scale bar in one image. The scale was set by opening ‘Set Scale’ under 

the ‘Analyze’ tab and entering the units (μm) in the ‘Known Distance’ box. The ‘Global’ 

box is also checked to that all subsequent images are calibrated in micrometers. Each 

image was then opened and converted to only the red image by selecting the ‘Color’ tab 
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then ‘Split Channel’. The red image had its threshold adjusted by selecting the ‘Image’ 

tab, then ‘Adjust’ and then ‘Threshold’, selecting for the expression of E-cadherin, N-

cadherin, or vimentin highlighted in red. A circle was then drawn around the airway, 

followed by the selection of ‘Analyze’ and then ‘Measurement’ in ImageJ. The mean 

fluorescent intensity from the airway was analyzed using the equation: Corrected Total 

fluorescence (CTF) = integrated density-(area of region of interest x mean fluorescence 

of background readings) (142, 143). Negative controls of tissue sections were run without 

incubation with the primary antibody. 

3.3.6 Measurement of serum 25(OH) D levels 

Blood was collected from the left ventricle of vitamin D-deficient and vitamin D-

sufficient mice. Serum was separated and the samples were analyzed for the 

measurement of 25(OH)D levels by ELISA according to the manufacturer's instructions 

using mouse 25(OH)D kit (MyBioSource, Inc, San Diego, CA). 

3.3.7 Statistical Analysis 

Values of all measurements are reported as mean ± SEM. Multiple group 

comparison was performed using one-way analysis of variance with a Tukey post–hoc 

test. GraphPad Prism v6.0 was used to analyze data with a p value of <0.05 considered 

significant.  

3.4 Results 

3.4.1 Effect of Vitamin D on AHR and Inflammatory Cells in HRA-sensitized and 

Challenged Mice  
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Following the protocol shown in Figure 13A, HRA-sensitized and challenged 

mice demonstrated AHR to methacholine as determined by noninvasive whole-body 

plethysmography (Figure 13B) and invasively (Figure 13C) by measuring specific airway 

resistance via tracheostomy. Vitamin D-sufficient HRA-sensitized and challenged mice 

demonstrated significantly elevated AHR to methacholine compared to PBS control mice 

on a vitamin D-sufficient diet as demonstrated via WBP (Figure 13B) and RL (Figure 

13C) for doses 25-100 mg/ml and 12.5-100 mg/ml respectively. HRA-sensitized mice fed 

a vitamin D-supplemented diet exhibited significant reduction in AHR compared to 

vitamin D-sufficient HRA-sensitized mice at 25 mg/ml (Figure 13B) and 100 mg/ml 

(Figure 13C). There was no significant difference in AHR among PBS control vitamin D-

sufficient, and PBS control vitamin D-supplemented groups. Aerosolized administration 

of 100 mg/ml methacholine at day 31 had the following Penh values: 6.223 ± 0.6265 in 

vitamin D-sufficient HRA-sensitized and challenged mice; 3.172 ± 0.6265 in vitamin D-

sufficient PBS-sensitized and challenged mice; 4.75 ± 0.5951 in vitamin D- 

supplemented HRA-sensitized and challenged mice; 5.481 ± 0.4100 in vitamin D- 

supplemented PBS-sensitized and challenged mice (n = 7 in each group) (Figure 13B).  
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Figure 13: Protocol for HRA-sensitization and challenge in mice and pulmonary 

function analysis. (A) Mice were divided into vitamin D-sufficient and supplemented 

groups and then further divided into sensitized and non-sensitized groups. HRA sensitized 

and challenged model of allergic airway inflammation was established by intranasal 

installation of 200 allergy units of HDM, 20 μg of Alternaria extract, and 100 μg of 

ragweed extract. Animals received aerosol challenges of 5% HDM, 0.1% Alternaria, and 

0.5% ragweed 3 days a week for 3 weeks from days 14-30. On day 31, airway hyper-

responsiveness (AHR) to methacholine was measured by whole body plethysmography 

(WBP). On day 32, specific lung resistance (RL) was measured by tracheostomy. (B) 

Graph showing the results of enhanced pause (Penh), a measurement of AHR by WBP. 

The results are expressed as a percentage of baseline Penh value (baseline is defined as 

1) and presented as mean ± SEM of 7 mice per group. Vitamin D-sufficient PBS-
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sensitized and challenged mice vs Vitamin D-sufficient HRA-sensitized and challenged 

mice, (* p <0.05, *** p <0.001); Vitamin D sufficient HRA-sensitized and challenged 

mice vs Vitamin D-supplemented HRA-sensitized and challenged mice, (## p <0.01). (C) 

Five randomly selected animals from each group were subjected to a methacholine dose 

response using invasive tracheostomy and RL was recorded. The results are expressed as 

a percentage of baseline RL value (baseline is defined as 1) and presented as mean ± 

SEM of 5 mice per group. Vitamin D-sufficient PBS control mice vs Vitamin D-sufficient 

HRA-sensitized and -challenged mice, (* p <0.05, ** p <0.01, *** p < 0.001); Vitamin 

D- sufficient HRA-sensitized and -challenged mice vs Vitamin D-supplemented HRA-

sensitized and -challenged mice, (# p <0.05).  

Specific airway resistance induced by 100 mg/ml methacholine exhibited mean 

values of 2.868 ± 0.2086 cm H2O.s/ml in vitamin D-sufficient HRA-sensitized and 

challenged mice; 1.63 ± 0.1404 cm H2O.s/ml in vitamin D-sufficient PBS-sensitized and 

challenged mice; 2.134 ± 0.1105 cm H2O.s/ml in vitamin D-supplemented HRA-

sensitized and challenged mice; and 1.938 ± 0.1033 cm H2O.s/ml in vitamin D-

supplemented PBS-sensitized and challenged mice (n=5 in each group) (Figure 13C).  

Vitamin D-sufficient HRA-sensitized and challenged mice demonstrated 

significantly increased total number of cells, macrophages, lymphocytes, and eosinophils 

compared to vitamin D-sufficient PBS-control mice as well as vitamin D-supplemented 

PBS and HRA-sensitized and challenged mice (Figure 14). No significant difference was 

observed in the number of neutrophils between groups. 
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Figure 14: Effect of vitamin D on total and differential leukocytes in BALF of PBS 

and HRA-sensitized mice Total cells in the bronchoalveolar lavage fluid (BALF) were 

counted using Countess® Automated Cell Counter and differential analysis was 

performed using standard morphological criteria. A minimum of 300 cells were examined 

per cytospin slide and absolute cell numbers for each cell type were calculated according 

to the total leukocyte counts in BALF and the percentage of each individual cell type on 

the slide. Data are shown as mean ± SEM for seven animals in each group (*p < 0.05; 

**p < 0.01; ***p < 0.001).   

3.4.2 Assessment of IgE and Vitamin D Levels in Vitamin D-sufficient and Vitamin 

D-supplement Mice  

The levels of IgE in serum and in the BALF of HRA-sensitized and challenged 
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mice were significantly increased in vitamin D-sufficient group compared to vitamin D-

sufficient PBS-sensitized and challenged as well as vitamin D-supplement PBS and 

HRA-sensitized and challenged mice. Therefore, mice on a supplemented vitamin D diet 

had decreased levels of IgE in both serum (Figure 15A) and in the BALF (Figure 15B). 

The serum 25(OH)D levels in vitamin D-supplement mice were significantly higher than 

in the vitamin D-sufficient group mice (Figure 15C). 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Effect of serum and BALF IgE levels and serum vitamin D levels in vitamin 
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D-sufficient and supplement mice (A) Measurement of IgE in mouse serum. The results 

are presented as mean ± SEM of 7 mice per group, **p < 0.01; ***p < 0.001. (B) 

Measurement of IgE in mouse BALF. The results are presented as mean ± SEM of 7 mice 

per group, **p < 0.01; ***p < 0.001. (C) Serum levels of 25 hydroxy vitamin D in 

sufficient and supplement mice. The results are presented as ± SEM of 7 mice per group 

(**** p <0.0001).   

3.4.3 Differences in the Degree of Airway Remodeling After HRA Sensitization and 

Challenge in Different Vitamin D Groups 

 After tracheostomy animals were sacrificed; lungs were harvested and sectioned, 

followed by staining with H&E, PAS, and trichrome stains to examine histological 

hallmarks of asthmatic airways. Airways of vitamin D-sufficient PBS mice displayed 

normal parenchyma (Figure 16A), with no mucus staining (Figure 16B), and little 

collagen staining around the respiratory epithelium (Figure 16C). Vitamin D-sufficient 

HRA mice exhibited signs of signs of mild airway remodeling, showing airway epithelial 

cell hypertrophy (Figure 16D), mild mucus staining (Figure 16E), and collagen 

deposition (Figure 16F). However, in vitamin D-supplemented mice, features of airway 

remodeling were absent in both PBS and HRA groups (Figures 16G, 16J). Also absent 

was mucus staining (Figures 16H, 16K) and trichrome staining (Figures 16I, 16L).   
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Figure 16: Effect of vitamin D on lung histology in PBS and HRA-sensitized 

mice Histological examination of 4 μm lung sections of vitamin D-sufficient mice (A-F) 

and vitamin D-supplement mice (G-L) from PBS and HRA groups. A, D, G, J: H&E 

staining showing morphological changes with eosin staining the cytoplasm pink and the 

blue nucleus stained with hematoxylin ; B, E, H, K: PAS staining showing mucus staining 

in pink; C, F, I, L: Trichrome staining indicating collagen deposition stained in blue. 

Representative of staining of n=7 in each experimental group. 
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3.4.4 Effect of Vitamin D on the Expression of E-cadherin, Vimentin, and N-

cadherin in the Lungs of HRA-Sensitized and Challenged Mice 

Expression of E-cadherin was observed in the lung tissue of PBS control mice in 

both vitamin D-sufficient and supplemented groups (Figure 17A, C). The epithelium in 

the HRA-sensitized and challenged mice demonstrated significant decreased expression 

of E-cadherin (Figure 17B) as determined using ImageJ software. E-cadherin expression 

was protected by the vitamin D-supplemented diet, as observed in the vitamin D-

supplemented HRA-sensitized and challenged mice (Figure 17D, E).   
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Figure 17: Effect of vitamin D on E-cadherin expression in lung epithelium of PBS 

and HRA-sensitized and challenged mice. (A, B) Immunofluorescence image showing 

immunostaining of E-cadherin, in the lungs of vitamin D-sufficient PBS control mice 

compared to vitamin D-sufficient HRA-sensitized and challenged mice (40× 
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magnification). Right panels: Sections stained using rabbit anti-E-cadherin antibody and 

goat anti-rabbit Alexa Fluor® 549 as secondary antibody; Left panels: Merged Alexa 

Fluor® 549 and DAPI used to stain the nuclei. (C, D) Expression of E-cadherin in the 

lungs of vitamin D-supplemented PBS control mice compared to vitamin D-supplement 

HRA-sensitized and challenged mice (40x magnification). (E) Corrected total 

fluorescence (CTF) of proteins in the airways was measured in arbitrary units (AU) 

using ImageJ software. The results are presented as mean ± SEM of 7 mice per group, 10 

measurements per group, * p <0.05, **** p <0.0001.  

The expression of vimentin in the lung tissue was marginally expressed in the 

peribronchial area in the vitamin D-sufficient PBS mice (Figures 18A, C). However, in 

the vitamin D-sufficient HRA-sensitized and challenged mice, vimentin expression was 

prominently increased in expression and found to be within the epithelial layer of the 

airway (Figure 18B). While vimentin expression was found to be significantly increased 

in vitamin D-supplemented HRA-sensitized and challenged mice (Figure 18D) compared 

to vitamin D-supplemented PBS-sensitized and challenged mice (Figure 18C), this 

increase was not as prominent as found in the vitamin D-sufficient HRA mice (Figure 

18E).  
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Figure 18: Effect of vitamin D on vimentin expression in lung epithelium of PBS and 

HRA-sensitized and challenged mice. (A, B) Immunofluorescence image showing 

immunostaining of vimentin, in the lungs of vitamin D-sufficient PBS control mice 

compared to vitamin D-sufficient HRA-sensitized and challenged mice (40× 
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magnification). Right panels: Sections stained using rabbit anti-vimentin antibody and 

goat anti-rabbit Alexa Fluor® 549 as secondary antibody; Left panels: Merged Alexa 

Fluor® 549 and DAPI used to stain the nuclei. (C, D) Expression of vimentin in the lungs 

of vitamin D-supplemented PBS control mice compared to vitamin D-supplemented HRA-

sensitized and challenged mice (40x magnification). (E) CTF of proteins in the airways 

was measured in AU using ImageJ software. The results are presented as mean ± SEM of 

7 mice per group, 10 measurements per group, ** p <0.01, **** p <0.0001.  

N-cadherin expression was minimal in the lamina propria in both groups of PBS 

mice (Figures 19A, C). N-cadherin was expressed in the blood vessels of the airway 

(Figure 19A), consistent with reports of N-cadherin being expressed normally in vascular 

smooth muscle cells (144). N-cadherin was expressed in vitamin D-sufficient HRA-

sensitized and challenged mice (Figure 19B). This expression was decreased by vitamin 

D supplementation, as determined by vitamin D-supplemented HRA-sensitized and 

challenged mice (Figure 19D). However, vitamin D supplementation was not enough to 

prevent N-cadherin expression by HRA, as evidenced by comparing with the vitamin D- 

supplemented PBS-sensitized and challenged mice (Figure 19E).   
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Figure 19: Effect of vitamin D on N-cadherin expression in lung epithelium of PBS 

and HRA-sensitized mice. (A, B) Immunofluorescence image showing immunostaining of 

N-cadherin, in the lungs of vitamin D-sufficient PBS control mice compared to vitamin 

D- sufficient HRA-sensitized and challenged mice (40× magnification). AW: Airway BV: 
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Blood vessel. Arrow: Pointing out N-cadherin expression in blood vessel. Right panels: 

Sections stained using rabbit anti-N-cadherin antibody and goat anti-rabbit Alexa 

Fluor® 549 as secondary antibody; Left panels: Merged Alexa Fluor® 549 and DAPI 

used to stain the nuclei. (C, D) Expression of N-cadherin in the lungs of vitamin D-

supplemented PBS control mice compared to vitamin D-supplement HRA-sensitized and 

challenged mice (40x magnification). (E) CTF of proteins in the airways was measured in 

AU using ImageJ software. The results are presented as mean ± SEM of 7 mice per 

group, 10 measurements per group, * p <0.05, ** p <0.01, **** p <0.0001.  

These results confirm our earlier studies in bronchial epithelial cells that in an 

inflammatory environment, vitamin D increases the expression of E-cadherin, and 

decreases the expression of vimentin and N-cadherin (145).  

3.5 Discussion 

Structural changes in the airway epithelium lead to abnormal lung function and 

AHR Physical alterations in the asthmatic epithelium include loss of E-cadherin (146) 

and induction of myofibroblast markers, N-cadherin and vimentin (61). Myofibroblasts 

are a part of the wound healing response (55) and have been implicated in the invasion of 

cancer cells into the epithelium compartment of the colon (147). Damage to the airway 

epithelium from allergens or other environmental factors can lead to the release of 

inflammatory mediators that promote migration of the epithelial cell to allow for wound 

repair. Myofibroblasts can be derived from epithelial cells through induction of EMT. 

EMT in wound healing is a normal biological procedure. However in the context of an 
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allergic response, this process becomes detrimental to the airway allowing transient 

properties to become permanent.  

Corticosteroid treatment has been found ineffective against TGF-β mediated 

differentiation of myofibroblasts (69, 70). For that reason alternates to anti-inflammatory 

treatments are required. Vitamin D has emerged as an effective anti-inflammatory agent 

that has demonstrated to be effective in asthma and effective against glucocorticoid-

resistant asthma (148, 149). However, we still do not fully realize the impact that vitamin 

D has on the molecular level in asthma. In vitro studies have observed anti-inflammatory 

effects of vitamin D in airway smooth muscle cells (110), fibroblasts (111), and epithelial 

cells (150). In vivo studies also suggest improvement in lung function and improved 

structural integrity in the lung with vitamin D administration (126). 

The results shown in this current study indicate that vitamin D decreased the 

amount of IgE in both serum and in the BALF. This is consistent with reports indicating 

total IgE concentrations to be higher in asthmatic patients with vitamin D deficiency 

(151). While vitamin D was found to have no effect on total IgE in a vitamin D-deficient 

OVA-mouse model (152), vitamin D supplementation of initial vitamin D-deficient mice 

had decreased eosinophil and neutrophil numbers in the BALF (153). Others have found 

that administration of 1,25(OH)2D3 suppressed allergen-specific IgE levels, eosinophilic 

airway inflammation, AHR, along with reduced IL-5 and IL-13 levels in BALF and 

reduced production of Th2 cytokines by T-cells (154). 

The immunomodulatory properties of vitamin D have been associated with 

several inflammatory diseases (103). In asthma, vitamin D deficiency has been linked 
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with worse outcomes (101,102,109). The use of vitamin D supplementation as a form of 

therapy in patients with asthma has not been without controversy. A randomized double-

blind study analyzing children on glucocorticoid steroid with or without 500 IU/day of 

vitamin D3 found significant improvement in the absolute and predicted forced 

expiratory volume in 1 second (FEV1) as well as decreased exacerbations (104). Another 

study using 0.25 μg calcitriol capsules twice daily demonstrated patients with significant 

improvement in the absolute and percent predicted in FEV1 (149). Vitamin D 

supplementation was also found to improve FEV1 in 24 weeks in patients on 

glucocorticoid steroids after receiving an initial bolus of 100,000 IU followed by 50,000 

IU weekly (148). Conversely, another recent study also evaluating patents on 

glucocorticoid steroids with or without an initial dose of 100,000 IU of vitamin D3 

followed by a daily dose of 4,000 IU saw no differences in asthma control or quality of 

life. Results of this trial also indicated that the total inhaled corticosteroid dose was lower 

in the vitamin D3 treatment group (105). The Institute of Medicine guideline specifies 

that vitamin D deficiency is present when serum levels of 25(OH)D are below 20 ng/ml 

(155). Many clinical laboratories continue reporting a value of 20 ng/ml as inadequate 

and that 21–29 ng/ml (52.5-72.5 nM) are insufficient (125). However, in patients at risk 

for vitamin D deficiency, the Institute of Medicine vitamin D recommended intakes may 

not be sufficient to raise the blood level of 25(OH)D sufficiently. The Endocrine Society 

Task Force has proposed that 1,500-2,000 IU of vitamin D daily is needed to raise 

25(OH)D levels consistently (156).   

 We report findings in HRA-sensitized and challenged mice that vitamin D 

supplementation is associated with lower AHR to methacholine (Figs. 1B-1C). The 
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histological changes in the lungs and intensity of inflammation were compatible to the 

changes in lung function to methacholine. This was further reflected in the serum and 

BAL fluid IgE levels, which vitamin D supplementation lowering these levels in HRA-

sensitized and challenged mice compared to HRA sufficient diet mice. Increased 

inflammation in the lung was also displayed in the cells recovered from the BAL fluid 

with increased macrophages, lymphocytes, and eosinophils in the HRA sufficient mice 

compared to HRA mice on a vitamin D supplemented diet (Fig. 2). These results are 

consistent with previously published results where vitamin D supplementation, while not 

fully reversing the effects of allergic airway inflammation, did reduce AHR, airway 

remodeling and BALF cytokines levels (126). 

3.6 Conclusions 

The findings in this study suggest that vitamin D supplementation reduces the 

effect of allergic airway inflammation in a mouse model that utilizes the combination of 

clinically relevant allergens. This study further indicates a role for the epithelium in 

mediating airway remodeling in asthma. This study also utilized clinically relevant 

allergens introduced to the mouse through the nasal passages. However, further research 

will need to be conducted in order to elucidate the role of T-cell profile and dendritic 

cells in this mouse model. These results suggest that the epithelium is a therapeutic target 

for the prevention of airway remodeling in asthma. Further studies will be needed to 

further evaluate the mechanisms of vitamin D. 
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Chapter 4 

Epithelium Airway Remodeling is Associated with Increased Glycogen Synthase 

Kinase 3-β Phosphorylation and Decreased VDR Expression in Allergic Airway 

Inflammation 
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4.1 Abstract 

Vitamin D deficiency has been found to be linked with increased risk of asthma. 

Asthma is a chronic inflammatory disease of the lung, and is characterized by airway 

hyperresponsiveness, airway obstruction and airway remodeling. Epithelial cells that line 

the airway contribute to airway remodeling through differentiation into myofibroblasts, 

which intensify the amount of subepithelial fibrosis. Functional and molecular changes in 

epithelial cells that can contribute to subepithelial fibrosis occur through epithelial-

mesenchymal transition (EMT). EMT signaling in bronchial epithelial cells is prevented 

by treatment with the active form of vitamin D, calcitriol. Vitamin D has been shown to 

have immunomodulatory and anti-inflammatory properties, however, the underlying 

molecular mechanisms of vitamin D and EMT are still unclear. The objective of this 

study was to identify the contribution of vitamin D in airway remodeling in asthma by 

analyzing lung function, lung structure, and expression of the vitamin D receptor (VDR) 

and phosphorylated glycogen synthase kinase (GSK)-3β in clinically relevant allergens-

induced allergic airway inflammation in mice. We examined the effect of vitamin D 

status on airway hyperresponsiveness (AHR), airway inflammation in the 

bronchoalveolar lavage fluid in male Balb/c mice fed vitamin D-sufficient (2000 IU/kg) 

or vitamin D-deficient (0 IU/kg) diet. Mice sensitized and challenged with a combination 

of house dust mite, ragweed, and Alternaria were evaluated for AHR, airway 

inflammation in the bronchoalveolar lavage fluid lung histology, and expression of VDR 

and pGSK-3β by immunofluorescence. Vitamin D deficient mice were associated with 

increased AHR, increased airway inflammation in the BAL fluid, and enhanced signs of 

airway remodeling compared to sufficient diet PBS and HRA mice and deficient diet 



83 
 

PBS mice. This was accompanied with decreased expression of VDR and increased 

pGSK-3β in vitamin D deficient HRA sensitized and challenged mice. Human bronchial 

epithelial cells undergoing EMT and treated with calcitriol were further analyzed for 

expression of VDR and pGSK-3β with calcitriol enhancing the expression of VDR and 

preventing the expression of pGSK-3β. These results indicate that an inflammatory 

environment decreases the expression of VDR resulting in increased pGSK-3β 

suggesting that vitamin D status is important to the integrity of airway epithelium and 

airway remodeling.  

4.2 Introduction 

Asthma is a chronic inflammatory disease of the airways that is characterized by 

reversible airway obstruction, difficulty breathing, chest tightening, wheezing, and 

coughing (1). This hyperresponsiveness in the airways is a result of increased 

inflammation and airway remodeling from repeated exposure of a number of different 

items including pollen, mold, pet dander, exercise, smoke, viral infections, and other 

allergens. Frequent interactions with allergens cause structural changes in the airway 

include epithelial thickening, goblet cell hypersecretion, and subepithelial fibrosis that 

results in functional changes within the airways (135). The limited airflow experienced 

by asthma patients often does not improve following therapeutic interventions (27, 134). 

These airflow limitations are thought to result mainly from airway remodeling 

specifically fibrosis of the airway wall and has been thought to play a role in the 

irreversible airflow limitation in both asthma (157). The thickness of the basement 

membrane thickness has been found to be negatively correlated with forced expiratory 

volume in 1 second (FEV1) the challenging dose of methacholine (158).  
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Since there is limited improvement to airway remodeling and reversible airflow 

from traditional therapies, vitamin D has presented itself as a molecule to enhance current 

drug regimes, or inhibit inflammation (136). Indeed, vitamin D deficiency has been 

linked with increased asthma risk (98) suggesting vitamin D supplementation might be 

beneficial in asthma patients. The effects of vitamin D are exerted through the vitamin D 

receptor (VDR). VDR forms a heterodimer with the retinoid X receptor and regulates 

gene expression in the nucleus. The active form of vitamin D, 1,25(OH)2D3  or calcitriol, 

can also utilize VDR. Calcitriol can also bind to VDR in caveolae enriched plasma 

membranes to exert rapid responses via production of second messengers including 

inositol triphosphate and diacylglycerol (159). VDR has also been shown to be important 

in mediating IκBα mRNA transcription, protein translation, protein-protein interaction, 

post-translational modification, and protein degradation (132). These studies highlight the 

molecular pathways in VDR signaling. 

Recently, the phosphorylated form of glycogen synthase kinase (GSK)-3β has 

been proposed as a possible player in promoting airway remodeling in 

asthma (160), (161). GSK-3β is a serine/threonine phosphate kinase involved in glucose 

synthesis and many cellular functions including cell signaling, cell division, apoptosis 

and microtubule function. GSK-3β is a serine/threonine kinase that is constitutively 

active and becomes inactivated upon phosphorylation at serine-9 (162). Interestingly, 

pGSK-3β increases in bronchial epithelial cells following exposure to house dust mite 

group 2 allergen Der p 2. This allergen also caused decreased E-cadherin, increased 

vimentin, and α-smooth muscle actin protein expression in these cells suggesting that Der 

p 2 may initiate epithelial–mesenchymal transition (EMT) (163). EMT occurs when 
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epithelial cells in inflammatory conditions undergo a change into a myofibroblast which 

then contributes to extracellular matrix accumulation and loss of lung function (65). 

Increased inflammatory cells and cytokines in the airways contribute to EMT with 

particular importance placed upon eosinophils and transforming growth factor (TGF)-β1. 

It has been reported that the main source of TGF-β are eosinophils and that TGF-β1 is 

found in higher amounts in bronchial biopsies of asthmatic patients (49, 164).  

 The correlation of vitamin D deficiency with asthma severity along with the 

emerging role of GSK-3β has prompted this investigation into how vitamin D deficiency 

contributes to airway remodeling. In this report, mice on different vitamin D diets were 

sensitized and challenged mice with a combination of clinically relevant allergens house, 

dust mite, ragweed, and Alternaria alternata (HRA), and examined for molecular 

mechanisms of EMT. The results demonstrate that allergic airway inflammatory mice on 

differing vitamin D diets have decreased VDR expression in their airway epithelium 

along with increased pGSK-3β expression. 

4.3 Materials and Methods 

4.3.1 Animals and Diets 

Male and female BALB/c mice were purchased from Harlan Laboratories 

(Indianapolis, IN). Mice were maintained in a pathogen-free environment at the Animal 

Resource Facility of Creighton University. The Institutional Animal Care and Use 

Committee of Creighton University approved the research protocol of this study. Food 

and water were provided ad libitum. Vitamin D-deficient feed and normal mouse feed 

containing sufficient vitamin D levels were given to breeding male and female mice. 
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Male offspring were weaned on the same diets consisting of normal vitamin D levels of 

2,000 IU/kg and vitamin D-deficient diet levels of 0 IU/kg (Harlan Laboratories, 

Madison, WI).  

4.3.2 Induction of Allergic Airway Disease 

 Mice 3-4 weeks in age were divided into sensitized and non-sensitized groups. 

HRA sensitized and challenged model of allergic airway inflammation was established 

by intranasal installation of 200 allergic units of HDM, 50 μg of Alternaria alternata 

extract, and 100 μg of ragweed allergen extract (Jubilant HollisterStier Allergy, Spokane, 

WA). Animals received aerosol challenges of 5% HDM, 0.1% Alternaria, and 0.5% 

ragweed 3 days a week for 3 weeks from days 14-30 (Figure 20A). On day 31, airway 

hyper-responsiveness to methacholine was measured by whole body plethysmography 

(Buxco® FinePointe Data Sciences International, St. Paul, MN.). Enhanced pause (Penh) 

values of airway hyperreponsiveness were used as an indicator of lung mechanics.  

4.3.3 Bronchoalveolar Lavage Differential Cell Count 

  Samples of bronchoalveolar lavage fluid (BALF) were collected from the mice 

following euthanasia. Mouse lungs were then gently lavaged with 1 ml of PBS, 

centrifuged at 400 × g for 10 minutes, and the supernatants removed. Total cell counts 

were performed using the Countess® Automated Cell Counter (Invitrogen, Grand Island, 

NY). Cytospin slides were obtained using a Shandon Cytospin 4 centrifuge machine 

(Thermo Electron, Waltham, MA). The slides were dried and the cells were fixed and 

stained using Diff-Quik® staining reagent (StatLab Medical Products, Lewisville, TX) 

according to the manufacturer's instructions. A minimum of 300 cells were examined per 
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cytospin slide and absolute cell numbers for each cell type were calculated according to 

the total leukocyte counts in BALF and the percentage of each individual cell type on the 

slide. 

4.3.4 Preparation and Staining of Lung Tissue 

  Lung lobes were fixed in 4% formalin and paraffin embedded. Lung lobes were 

removed, fixed in 4% formalin and embedded in paraffin in an automatic tissue 

processer. Lung tissues were sectioned to 4 μm thickness, rehydrated, and stained with 

hematoxylin and eosin (H&E) following manufacturer’s instructions (Fisher 

HealthCare™ PROTOCOL™, Waltham, MA). Mucus secretion was identified by 

periodic acid-Schiff (PAS) reaction (Sigma-Aldrich, St. Louis, MO). Trichrome staining 

(Thermo Scientific™ Richard-Allan Scientific™, Waltham, MA) was used to identify 

collagen deposition. 

4.3.5 Immunofluorescence 

Paraffin embedded lung section slides deparaffinization, rehydration, and 

underwent antigen retrieval before immunostaining. Non-specific binding was blocked 

using a solution of 5% normal goat serum, with 0.25% Triton X-100 in PBS. The lung 

sections were incubated with primary antibodies to VDR [(sc-1009) rabbit, Santa Cruz, 

Dallas, TX, 1/100 dilution], phospho-GSK-3β [(9323S) rabbit, Cell Signaling 

Technology, Danvers, MA, 1/50 dilution]. The sections were washed and incubated with 

Alexa Fluor-594 goat anti-rabbit IgG secondary antibody [(DI-1549) Vector 

Laboratories, Burlingame, CA, 1/500 dilution] and nuclei were counterstained with 

DAPI.  
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Fluorescent analysis was performed using an Olympus inverted fluorescence 

microscope (Olympus BX51) and mean fluorescent intensity was measured using ImageJ 

software (http://rsbweb.nih.gov/ij/). Intensity measurements were performed by analyzing 

the region of interest specifically to the airway and setting a threshold according to 

guidelines previously set (141). Specifically, images were opened in ImageJ, a line was 

drawn across the scale bar in one image. The scale was set by opening ‘Set Scale’ under 

the ‘Analyze’ tab and entering the units (μm) in the ‘Known Distance’ box. The ‘Global’ 

box is also checked to that all subsequent images are calibrated in micrometers. Each 

image was then opened and converted to only the red image by selecting the ‘Color’ tab 

then ‘Split Channel’. The red image had its threshold adjusted by selecting the ‘Image’ 

tab, then ‘Adjust’ and then ‘Threshold’, selecting for the expression of pGSK-3β or VDR 

highlighted in red. A circle was then drawn around the airway, followed by the selection 

of ‘Analyze’ and then ‘Measurement’ in ImageJ. The fluorescent intensity from the 

airway was analyzed using the equation corrected total fluorescence (CTF) = integrated 

density-(area of region of interest x mean fluorescence of background readings) (142, 

143). Negative controls of tissue sections were ran alongside tissue specimens without 

incubation with the primary antibody.  

4.3.6 Measurement of Serum 25(OH) D Levels 

Blood was collected from the left ventricle of vitamin D deficient and vitamin D 

sufficient mice. Blood was collected from the left ventricle of mice, allowed to coagulate, 

serum separated, and the samples were analyzed for the measurement of 25(OH)D levels 

by ELISA according to the manufacturer's instructions using mouse 25(OH)D kit 

(MyBioSource, Inc, San Diego, CA). 
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4.3.7 Cell Culture 

Bronchial epithelial cells, BEAS-2B cells (ATCC, Manassas, VA) were seeded on 

6-well culture dishes at 1.5 x 105 cells/ml and cultured in BepiCM media (ScienCell, 

Carlsbad, CA) supplemented with 10% FBS. When cells reached 50% confluence, the 

media was changed and cells received serum-free media for 24 hours. Cells were then 

subjected to stimulation with either 0.1% 95% ethanol (vehicle) or 100 nM calcitriol 

(Sigma-Aldrich) for 24 hours. TGF-β1 or TGF-β2 (PeproTech, Rocky Hill, NJ) were then 

added to the cells for an additional 48 hours.   

4.3.8 Western Blot  

BEAS-2B cells were washed with ice-cold PBS and incubated with 0.15 ml of 

modified RIPA lysis buffer with protease and phosphatase inhibitor cocktails 1 and 2 

(Sigma-Aldrich). Protein concentration was determined by the BCA protein assay kit 

(Sigma-Aldrich) according to the manufacturer’s directions. Each sample of protein 

containing 15 μg of protein was mixed with equal volume of Laemmli buffer containing 

10% 2-mercaptoethanol. Proteins were resolved on 10-20% polyacrylamide gel (Bio-Rad 

Laboratories, Hercules, CA). Proteins were transferred onto a nitrocellulose membrane 

(Bio-Rad Laboratories), which were subsequently blocked with 5% non-fat dry milk for 

one hour. The membrane was then incubated overnight at 4°C with VDR [(sc-1008), 

rabbit, Santa Cruz, 1/200 dilution], phospho-GSK-3β [(9336S) rabbit, Cell Signaling 

Technology, Danvers, MA, 1/500 dilution], GSK-3β [(ab9392), mouse, Abcam, 

Cambridge, MA, 1/500 dilution], and GAPDH [(NB300-221), mouse, Novus, Littleton, 

CO 1/2000 dilution]. Following, a horseradish peroxidase-conjugated secondary antibody 
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(Novus, 1/2000 dilution) was added to the membrane. The relative expression of protein 

was detected by ECL chemiluminescence detection reagents (Bio-Rad Laboratories). The 

immunoreactivity was captured by the ChemiDocTM MP System (Bio-Rad 

Laboratories). Results were normalized against GAPDH or GSK-3β. 

4.4 Results 

4.4.1 Effect of Vitamin D Deficiency on AHR and Inflammatory Cells in HRA-

sensitized and Challenged Mice  

Vitamin D deficient HRA-sensitized and challenged mice exhibited significant 

increase in AHR compared to vitamin D-deficient PBS-sensitized mice at 100 mg/ml 

(Figure 20B). Vitamin D deficient HRA-sensitized and challenged mice also showed a 

rise in AHR to methacholine compared to vitamin D sufficient HRA-sensitized and 

challenged mice.  
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Figure 20: Protocol for HRA-sensitization and challenge in mice and pulmonary 

function analysis. (A) Mice were divided into vitamin D-sufficient and vitamin D-

deficient groups and then further divided into sensitized and non-sensitized groups. HRA 

sensitized and challenged model of allergic airway inflammation was established by 

intranasal installation of 200 allergy units of HDM, 20 μg of Alternaria extract, and 100 

μg of ragweed extract. Animals received aerosol challenges of 5% HDM, 0.1% 

Alternaria, and 0.5% ragweed 3 days a week for 3 weeks from days 14-30. On day 31, 

airway hyper-responsiveness (AHR) to methacholine was measured by WBP. (B) Graph 

showing the results of Penh, a measurement of AHR by WBP. The results are expressed 
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as a percentage of baseline Penh value (baseline is defined as 1) and presented as mean 

± SEM of 3 mice per group. Vitamin D-sufficient PBS-sensitized and challenged mice vs 

Vitamin D-sufficient HRA-sensitized and challenged mice, (• p <0.05); Vitamin D 

deficient PBS-sensitized and challenged mice vs Vitamin D-deficient HRA-sensitized and 

challenged mice, (** p <0.01); Vitamin D sufficient HRA-sensitized and challenged mice 

vs vitamin D-deficient HRA-sensitized and challenged mice, (# p <0.05).  

4.4.2 Assessment of Bronchial Alveolar Lavage Fluid Cell Differential and Vitamin 

D Levels   

Vitamin D-sufficient HRA-sensitized and challenged mice had increased 

accumulation of lymphocytes, and eosinophils compared to vitamin D-sufficient PBS-

sensitized and challenged mice. Vitamin D deficient HRA-sensitized and challenged 

mice displayed significantly increased eosinophil and lymphocyte numbers compared to 

vitamin D deficient PBS-sensitized and challenged mice as well as vitamin D-sufficient 

HRA-sensitized and challenged mice (Figure 21A). While no notable difference in total 

cell numbers were observed, vitamin D-deficient HRA-sensitized and challenged mice 

indicated more cells in the BALF then in any other group. The levels of 25(OH)D levels 

in vitamin D-deficient mice were greatly decreased compared to mice in the vitamin D -

sufficient group (Figure 21B). 
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Figure 21: Effect of vitamin D on total and differential leukocytes in BALF of PBS 

and HRA-sensitized mice and serum vitamin D levels in vitamin D-sufficient and 

deficient mice (A) Total cells in the bronchoalveolar lavage fluid (BALF) were counted 

using Countess® Automated Cell Counter and differential analysis was performed using 

standard morphological criteria. A minimum of 300 cells were examined per cytospin 
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slide and absolute cell numbers for each cell type were calculated according to the total 

leukocyte counts in BALF and the percentage of each individual cell type on the slide. 

Data are presented as mean ± SEM for six animals in each group (*p < 0.05; (**** p 

<0.0001). (B) Serum levels of 25 hydroxy vitamin D in vitamin D-sufficient and vitamin 

D-deficient mice. The results are presented as ± SEM of 10 mice per group (*** p 

<0.001).   

4.4.3 Effect of Vitamin D on Lung Histology in PBS and HRA-sensitized Mice   

 After WBP, animals were sacrificed, lungs were harvested and sectioned, 

followed by staining with H&E, PAS, and trichrome stains to examine histological 

hallmarks of asthmatic airways. Airways of vitamin D-sufficient PBS mice displayed 

normal parenchyma (Figure 22A) with no mucus staining (Figure 22B) and little collagen 

staining around the respiratory epithelium (Figure 22C). Vitamin D-sufficient HRA mice 

exhibited signs of signs of mild airway remodeling, showing airway epithelial cell 

hypertrophy (Figure 22D), mild mucus staining (Figure 22E), and collagen deposition 

(Figure 22F). In vitamin D-deficient mice, features of airway remodeling were enhanced 

in the HRA group (Figures 22J, 22K, 22L) compared to vitamin D-sufficient HRA mice. 

However, while PAS staining was present in both diets in the HRA mice, vitamin D- 

deficient HRA mice did not exhibit increased PAS staining (Figure 22K) compared to 

vitamin D-sufficient HRA mice (Figure 22E). 
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Figure 22: Effect of vitamin D on lung histology in PBS and HRA-sensitized mice 

Histological examination in 4 μm lung sections of vitamin D sufficient mice (A-F) and 

vitamin D deficient mice (G-L) from PBS and HRA groups. A, D, G, J: H&E staining 

showing morphological changes with eosin staining the cytoplasm pink and the blue 

nucleus stained with hematoxylin; B, E, H, K: PAS staining showing mucus staining in 

pink; C, F, I, L: Trichrome staining indicating collagen deposition stained in blue. 
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Representative of staining of n=6 in each experimental group 

4.4.4 Effect of vitamin D on the Expression of VDR and pGSK-3β in the Lungs of 

HRA-sensitized and Challenged Mice 

Expression of VDR was observed in the lung epithelium of PBS sufficient diet 

mice (Figure 23A). The epithelium in the sufficient diet HRA-sensitized and challenged 

mice significant decreased expression of VDR (Figure 23B). This decrease in VDR 

expression was enhanced by the vitamin D deficient diet as observed in the vitamin D-

deficient PBS and HRA-sensitized and challenged mice (Figure 23C, 23D). HRA status 

also augmented the decrease of VDR as noted when HRA vitamin D deficient mice were 

compared to PBS vitamin D deficient mice (Figure 23D). 
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Figure 23: Effect of vitamin D on VDR expression in PBS and HRA-sensitized 

mice  (A, B) Immunofluorescence image showing immunostaining of VDR, in the lungs of 

vitamin D sufficient PBS control mice compared to vitamin D sufficient HRA-sensitized 

and challenged mice (40× magnification). Right panels: Sections stained using rabbit 
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anti-VDR antibody and goat anti-rabbit Alexa Fluor® 549 as secondary antibody; Left 

panels: Merged Alexa Fluor® 549 and DAPI used to stain the nuclei. (C, D) Expression 

of VDR in the lungs of vitamin D-deficient PBS control mice compared to vitamin D- 

deficient HRA-sensitized and challenged mice (40x magnification). (E) Corrected total 

fluorescence (CTF) of proteins in the airways was measured in arbitrary units (AU) 

using ImageJ software. The results are presented as mean ± SEM of 6 mice per group, 10 

measurements per group, * p <0.05, **** p <0.0001.  

The expression of pGSK-3β in the lung tissue was detected in the epithelial area 

in the vitamin D-sufficient HRA and vitamin D-deficient mice (Figure 24B, 24D). 

However, in the vitamin D-sufficient and deficient PBS-sensitized and challenged mice, 

pGSK-3β expression was not observed (Figure 24A, 24C). Expression of pGSK-3β was 

higher in the HRA mice compared to PBS sensitized and challenged mice (Figure 24E).  
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Figure 24: Effect of vitamin D on pGSK-3β expression in lung epithelium of PBS and 

HRA-sensitized and challenged mice. (A, B) Immunofluorescence image showing 

immunostaining of pGSK-3β, in the lungs of vitamin D-sufficient PBS control mice 

compared to vitamin D-sufficient HRA-sensitized and challenged mice (40× 

magnification). Right panels: Sections stained using rabbit anti- pGSK-3β antibody and 
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goat anti-rabbit Alexa Fluor® 549 as secondary antibody; Left panels: Merged Alexa 

Fluor® 549 and DAPI used to stain the nuclei. (C, D) Expression of pGSK-3β in the 

lungs of vitamin D-deficient PBS control mice compared to vitamin D-deficient HRA-

sensitized and challenged mice (40x magnification). (E) CTF of proteins in the airways 

was measured in AU using ImageJ software. The results are presented as mean ± SEM of 

6 mice per group, 10 measurements per group, * p <0.05, **** p <0.0001.  

4.4.5 Effect of Calcitriol on VDR and pGSK-3β Protein Expression in Human 

Bronchial Epithelial Cells 

BEAS-2B cells were pretreated with 100 nM calcitriol for 24 hours and 

subsequently stimulated with TGF-β1 or TGF-β2 for an additional 48 hours. Analysis of 

the VDR and pGSK-3β markers determined that calcitriol enhanced VDR expression 

while decreasing pGSK-3β protein expression (Figures 25A, 25B). TGF-β1 had the 

opposite effect by increasing pGSK-3β and decreasing VDR expression (Figures 25A, 

25B). Calcitriol treatment prevented the effects of TGF-β1 in these cells by bringing both 

VDR and pGSK-3β to near calcitriol treatment only levels (Figures 25A, 25B). TGF-β2 

treatment attenuated VDR protein expression compared to control and calcitriol treatment 

(Figure 25A), and augmented pGSK-3β protein expression compared to calcitriol 

stimulation (Figure 25B). Calcitriol pre-treatment with TGF-β2 increased VDR 

expression (Figure 25A), but did not have any effect on pGSK-3β (Figure 25B). 

 

 

 



101 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: Effect of calcitriol on VDR and pGSK-3β protein expression in BEAS-2B 

cells  (A) BEAS-2B cells were stimulated with the active form of Vitamin D, calcitriol 

(100 nM). After 24 hours, TGF-β1 (10 ng/ml) or TGF-β2 (10 ng/ml) was added to the 

cells for an additional 48 hours. Total protein was isolated and assessed for the 

expression of A: VDR, GAPDH B: pGSK-3β, GSK-3β, and GAPDH. Expression levels 
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were normalized to GAPDH or GSK-3β and calculated as mean level of induction in 

comparison to 0.1% vehicle control cells. Data are presented as mean ± SEM n = 3, * p 

<0.05, ** p <0.01, *** p <0.001, **** p <0.0001 compared to vehicle control, # p 

<0.05, ## p <0.01, #### p <0.0001 compared to calcitriol, ••• p <0.001, •••• p <0.0001. 

4.5 Discussion 

The airway epithelium provides the first defense against inhaled allergens and 

pathogens. Its importance in asthma is highlighted by the structural changes observed in 

the airways of asthmatic patients. The structural changes that occur in the airway result in 

functional changes consequently causing difficulty breathing. In the presence of 

inflammatory cells and cytokines, the epithelium undergoes structural rearrangement 

through the induction of EMT. Understanding the molecular mechanisms behind EMT 

will provide novel therapeutic targets for the prevention of airway remodeling in asthma. 

TGF-β is a prominent cytokine involved in asthma (40).  

Both TGF-β1 and TGF-β2 have been found to be in the BALF of asthmatics (46, 

47) as well as implicated in the progression of EMT of in vitro experiments (70, 145). 

Previously, we published that TGF-β1 and TGF-β2 both contributed to migration and 

invasion in bronchial epithelial cells as noted in wound healing and invasion assays. We 

noted however, that the molecular profile for these two cytokines was different in that 

TGF-β1 induced higher protein expression of Snail, but that this effect was not observed 

in TGF-β2 treated cells (145). This current study highlights that the difference in 

signaling between TGF-β1 and TGF-β2 may be through the inhibition of GSK-3β. 

Suppression of GSK-3β occurs through the phosphorylation of serine residue 9 by AKT. 



103 
 

This stabilizes Snail allowing the suppression of E-cadherin to occur (165). Since we 

have observed that TGF-β2 did not have increased expression of Snail (145) or pGSK-3β 

(Figure 25B) compared to TGF-β1 treated cells, suggests that functional changes 

observed in bronchial epithelial cells most likely occurs through a differing mechanism.  

 Interestingly, both TGF-β1 and TGF-β2 decreased protein expression of VDR. 

Calcitriol prevented the functional effects of calcitriol both TGF-β1 and TGF-β2 (Figure 

25A). While the data presented here suggests that VDR prohibits EMT through the 

prevention of GSK-3β phosphorylation, it does suggest that calcitriol inhibits the effects 

of TGF-β2 as well through a still undefined mechanism.  

 This study highlights the role of VDR in an allergic airway inflammation mouse 

model that utilizes mice on different vitamin D diets. Vitamin D-deficient mice had 

decreased VDR expression in the airways (Figure 23C) that was enhanced by exposure to 

a mixture of clinically relevant allergens (Figure 23D). Exposure to allergens also 

decreased the expression of VDR in the lung epithelium (Figure 23B), suggesting that the 

inflammatory environment affects VDR expression.  

 This connection between inflammatory and vitamin D status is also observed in 

pGSK-3β expression in the airway epithelium. Vitamin D-sufficient and vitamin D-

deficient mice both had decreased levels of pGSK-3β in the epithelium compared to their 

HRA counterparts (Figure 24A, 24C). The HRA vitamin D-deficient mice however 

expressed higher levels of pGSK-3β compared to the vitamin D-sufficient HRA 

sensitized and challenged mice (Figure 24B, 24D) suggesting the lack of vitamin D in the 

mouse enhances inflammation and pGSK-3β protein expression.  
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 This in vivo work is supported by evaluation of VDR and pGSK-3β protein 

expression in bronchial epithelial cells. TGF-β1 has routinely been used to induce 

changes in epithelial cells in vitro in many reports (54, 69, 70, 88). However, a limitation 

to this work is the absence of allergens inducing EMT or pGSK-3β expression in 

bronchial epithelial cells. Recently, Lin and colleagues performed these experiments 

utilizing the house dust mite allergen Der p 2 (163). Der p 2 decreased E-cadherin 

expression, and increased expression of Snail, pGSK-3β, vimentin, and α-smooth muscle 

actin. Additional experiments including employing the use of neutralizing TGF-β 

antibodies in mice will need to be accomplished to fully understand the contribution of 

TGF-β to EMT and airway remodeling. 

4.6 Conclusions 

This study highlights the importance of vitamin D status in asthma. While vitamin 

D deficient HRA sensitized and challenged mice did not have increased PAS staining, 

increased epithelial thickening and collagen deposition suggests vitamin D deficiency 

enhances the inflammatory state of the mouse when exposed to allergens. This study 

further emphasizes the importance of VDR in vitamin D signaling. Lack of vitamin D 

decreases VDR expression, thus preventing the anti-inflammatory actions of the VDR to 

take place. Additionally, lack of vitamin D and an enhanced inflammatory state also 

increases the presence of pGSK-3β. The increased presence of pGSK-3β suggests that 

Snail signaling and induction of EMT is occurring, although further elucidation of the 

pathway will be required. These results suggest that not only is vitamin D status 

important in asthma, but that vitamin D status may also affect signaling molecules 

involved in EMT and airway remodeling. 
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Chapter 5 

Conclusions and Future Directions 
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5.1 Overall Conclusions 

This study evaluated the contribution of vitamin D as a therapeutic agent in the 

airway epithelium undergoing structural remodeling changes mediated by EMT. The 

involvement of vitamin D was tested at the molecular level by utilizing human bronchial 

epithelial cells. Using the active form of vitamin D, calcitriol, and TGF-β to mimic the 

effects of EMT, human bronchial epithelial cells were evaluated for differences in 

expression levels of markers involved in EMT at the mRNA and protein level. The role 

of calcitriol was further assessed by analyzing the migratory and invasion capabilities of 

cells exposed to either TGF-β1/2 or TGF-β1/2 and calcitriol. The results of this first study 

found that while both TGF-β1 and TGF-β2 were involved in enhancing migration (Figure 

12) and invasion (Figure 11) in human bronchial epithelial cells, and that calcitriol could 

prevent these actions in both TGF-βs, the molecular mechanisms underlying this process 

were different for both cytokines (Figure 9). These results suggest that calcitriol could 

prevent myofibroblast formation and airway remodeling in the epithelium by inhibiting 

EMT by targeting the cellular machinery that regulates TGF-β signaling.  

To further evaluate the EMT mechanism in vivo, an allergic airway inflammation 

mouse model was used to simulate asthma. These mice were given three clinically 

relevant allergens house dust mite, ragweed, and Alternaria alternata (HRA) to mice 

either on a vitamin D sufficient diet or a vitamin D deficient diet. The mice were 

analyzed for pulmonary function, inflammatory cells in the BALF, IgE levels in the 

BALF and serum. The mice were also examined for signs of airway remodeling via lung 

histology and expression levels of E-cadherin, N-cadherin, and vimentin in the lung 

epithelium. The results of this study were that mice exposed to HRA had worse 
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pulmonary function (Figures 13B, 13C), increased cellular infiltrate into the BALF 

(Figure 14) with higher IgE levels in both the serum and BALF (Figure 15). Sufficient 

diet HRA mice also had decreased signs of airway remodeling (Figure 16), decreased E-

cadherin expression in the epithelium (Figure 17), and increased N-cadherin (Figure 19) 

and vimentin (Figure 18) expression. In vitamin D deficient HRA mice, pulmonary 

functions and signs of airway remodeling were improved compared to sufficient HRA 

mice (Figures 13B, 13C), which also coincided with increased E-cadherin levels (Figure 

17), decreased vimentin (Figure 18) and N-cadherin (Figure 19) protein expression in the 

airway. The conclusions of this study was that combined clinically relevant allergens 

could induce airway allergic inflammation The use of HRA in the mouse resulted in 

different expression patterns of EMT markers in the airway from induction of airway 

allergic inflammation. This study also found that vitamin D deficiency diminished lung 

function, decreased EMT markers, and airway remodeling. This suggests that not only is 

the airway epithelium a therapeutic target, but that vitamin D intervention may be 

beneficial in the treatment of asthma.  

The final question to address in this study was the mechanism of vitamin D 

protection in the airway epithelium. To test this, a vitamin D-deficient mouse model of 

allergic airway inflammation was used once again. HRA mice on either a vitamin D-

sufficient diet or vitamin D-deficient diet were evaluated for pulmonary function, 

immune cells in the BALF, airway remodeling changes in this lung via histology and 

differences in protein expression of VDR and pGSK-3β in the airway epithelium. Human 

bronchial epithelial cells were also used to determine the effect of TGF-β1 and TGF-β2 

on VDR and pGSK-3β, as well as the effect of calcitriol on these markers in cells 
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stimulated with either TGF-β1 or TGF-β2. The results of this study found that vitamin D 

deficient HRA mice had decreased pulmonary function compared to PBS vitamin D 

deficient mice and PBS vitamin D sufficient mice (Figure 20B). HRA vitamin D deficient 

mice also had increased eosinophils and lymphocytes in the BALF compared to PBS 

deficient mice and PBS sufficient mice (Figure 21). Distortion in the epithelial layer of 

the airway was also increased in vitamin D deficient HRA mice compared to PBS mice 

(Figure 22). This correlated with VDR and pGSK-3β in the airway. Vitamin D deficiency 

correlated with decreased VDR protein expression in the airway (Figure 23) and HRA 

vitamin D deficient mice exhibited enhanced pGSK-3β expression (Figure 24). The role 

of vitamin D mediating these effects was confirmed in bronchial epithelial cells 

stimulated with TGF-β1, TGF-β2, and calcitriol. TGF-β1 and TGF-β2 were found to both 

decrease VDR expression in human bronchial epithelial cells with prevention of this 

occurring with stimulation with calcitriol (Figure 25A). Interestingly, increased 

expression of pGSK-3β occurred with treatment of TGF-β1 but not TGF-β2 (Figure 

25B). This increased expression of pGSK-3β by TGF-β1 was inhibited by the presence of 

calcitriol (Figure 25B). The result of this study suggest that vitamin D can prevent EMT 

by targeting pGSK-3β and that vitamin D can prevent the actions of TGF-β2 via different 

molecular mechanisms then that of TGF-β1. This study further emphasizes the 

importance of VDR in vitamin D signaling with vitamin D deficiency decreasing VDR 

protein expression and enhancing pGSK-3β expression in the airway epithelium. These 

results further highlight the importance of vitamin D status in asthma, EMT, and airway 

remodeling. A summary of the pathway investigated here can be found in Figure 26. 
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Figure 26: Interaction of the TLR, TGF-β and VDR pathways. Both TLR and 

TGF-β can induce Snail signaling through the PI3K/AKT/GSK-3β pathway as previously 

described in Figure 3 and Figure 4. Here, calcitriol can enter the cell through diffusion 

across the membrane (166). When calcitriol binds to the VDR, a conformational change 

will occur allowing dimerization with the RXR (96). Dimerization allows interaction with 

the VDRE on target genes allowing transcriptional regulation of a number of genes (94). 

This study is unique in that it looked at the effect of both TGF-β1 and TGF-β2 on 

EMT in bronchial epithelial cells. This study also used clinically relevant allergens in an 

allergic airway inflammatory animal model; which in combination has never been looked 

at before. This study also investigated the influence of vitamin D on GSK-3β, which 

information on is greatly lacking. Finally, this study looked at how vitamin D could be 

involved in the prevention of EMT and airway remodeling in asthma, which again, has 
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never been investigated. 

5.2 Limitations 

While this analysis provides new and exciting information on the mechanisms 

underlying vitamin D modulation of EMT and airway remodeling, there are some 

limitations to this study. This report uses TGF-β to induce EMT-like properties in human 

bronchial epithelial cells and uses allergens to induce EMT in an animal model. It would 

have been ideal to either induce EMT in vivo using allergens, or used neutralizing TGF-β 

antibodies in mice to block EMT. This clear disconnect from in vivo and in vitro models 

should not take away from the fact that both models had characteristics associated with 

EMT; decreased E-cadherin, increased vimentin and N-cadherin expression, and 

morphological changes.  

As previously stated, this study utilizes a novel animal model of allergic airway 

inflammation. While structural and functional changes occur in this model, further 

analysis of the T-cell and dendritic cell profile should be performed to elucidate the 

mechanism of allergen uptake and pathogenesis of asthma. Additionally, analysis of the 

cytokine profile and allergen specific IgE levels should also be completed for further 

understanding of the model.    

Additional experiments to advance and improve this study would be to utilize 

primary human bronchial epithelial cells to see if the immortalized cell line used here has 

a comparable EMT molecular and phenotypic profile. Further experiments will utilize 

inhibition or knockdown of VDR in either cells or animals to elucidate the contribution of 

VDR in airway remodeling as well as how VDR affects other markers in the pathway 
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delineated here. 

5.3 Remaining Questions 

Outstanding questions still remaining from this study is why does TGF-β1 induce 

phosphorylation of GSK-3β but TGF-β2 does not? Why is there a difference in 

expression patterns between the two isoforms? This could be due to the dose used in this 

study, the differences in TGF-β receptor affinity or expression levels on the cell, or 

modulation of signaling by co-receptors. Supplementary experiments will need to be 

performed to address this. 

5.4 Future Directions 

This examination into the vitamin D and airway remodeling provides new 

information into the molecular mechanism driving the anti-inflammatory effects of 

vitamin in asthma. Future studies will address the limitations presented here, as well as 

further understanding of the contribution of the epithelium in asthma through a number of 

different avenues. Overall, this study concludes that vitamin D may be a useful 

therapeutic agent in the treatment of asthma. Vitamin D may be beneficial in the 

prevention of structural changes that occur in the airway that lead to functional changes 

in the movement of air throughout the lung. Changes in the epithelium can be mediated 

by EMT as was determined both in vitro and in vivo in this study and that prevention of 

EMT can be mediated by vitamin D. Finally this study suggests novel targets of 

medicinal interest include E-cadherin, N-cadherin, vimentin, Snail, VDR, and pGSK-3β. 

Therefore, the data from this study support further examination of vitamin D 

supplementation in the prevention and treatment of asthma. This data also suggests that 
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further investigation is needed in the understanding of the VDR as a molecular tool in the 

development of novel drug therapies in inflammatory diseases.  
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