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Abstract 
 
The prevalence of vitamin D deficiency is high all over the world and there is now a large 

body of evidence linking vitamin D deficiency to chronic conditions, including 

autoimmune, infectious, cardiovascular and respiratory disease. Of relevance to chronic 

respiratory disease, some studies have shown that vitamin D deficiency is more prevalent 

in patients with asthma.  Lower vitamin D levels are also associated with reduced lung 

function, increased asthma exacerbations and airway remodelling. In asthma, structural 

alterations in the lung have origins in early life, and factors that influence lung 

development may alter lung function and cause an increased susceptibility to disease in 

the long term. Vitamin D may be a factor affecting lung development, and maternal 

vitamin D deficiency may therefore contribute to asthma pathogenesis in children. 

 

This thesis examines the link between early-life vitamin D deficiency with airway 

remodelling and lung structure and function outcomes; as well as the role of vitamin D 

deficiency in chronic allergic airways disease. Specifically, this thesis addresses the 

hypotheses that 1) whole-life vitamin D deficiency impairs lung structure and function, 

and causes airway remodelling and airway hyperresponsiveness; 2) impairment in lung 

structure and function is caused by altered lung development as a result of vitamin D 

deficiency in utero; 3) vitamin D deficiency alters the expression of genes involved in 

airway remodelling; and 4) vitamin D deficiency exacerbates respiratory outcomes in 

chronic allergic airways disease. 

 

The development of a physiologically relevant mouse model of vitamin D deficiency, 

together with the establishment of an in utero and postnatal exposure model allowed for 

the investigation of early-life vitamin D status on lung structure and function. Vitamin D 

deficiency caused airway hyperresponsiveness in adult female mice and this was 

accompanied by an increase in airway smooth muscle mass, as well as smaller lung 

volume and altered lung structure. In utero vitamin D deficiency was sufficient to cause 

these changes. The use of an established protocol for development  of a chronic asthma 

model, using the common aeroallergen house dust mite, showed that vitamin D deficiency 

increased airway hyperresponsiveness and inflammation, but did not increase airway 

smooth muscle mass. Transcriptome sequencing via RNA-Seq demonstrated that vitamin 

D deficiency altered gene pathways involved in lung development and inflammation. 
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Midline 1 was further identified as a potential mediator of asthma that is modulated by 

vitamin D.  

 

This study provides evidence that early life vitamin D deficiency has long term impacts 

on lung health.  While postnatal supplementation may reduce inflammation, it may not 

be sufficient to alter lung structure defects, which are likely to be established early in life. 

Vitamin D deficiency has the propensity to modulate gene expression and this study has 

identified potential markers of disease modified by vitamin D. These results add 

substantially to the growing body of literature which implicates vitamin D deficiency in 

chronic lung disease and highlights the importance of vitamin D not only in disease, but 

also in lung development. 
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1.1 Introduction 
 

The prevalence of vitamin D deficiency is high all over the world and in recent years there 

has been a surge in interest into its role in health and disease.1 The importance of vitamin 

D due to its role in bone development and the prevention of rickets have been known 

since the early 20th century. However, the recent discovery that the vitamin D receptor 

(VDR) is expressed in nearly every human tissue and that many cells have the ability to 

convert the major circulating form of vitamin D, 25-hydroxyvitamin D (25(OH)D) to 

1,25-dihydroxyvitamin D (1,25(OH)2D), the biologically active form, has led to the 

realization that vitamin D has widespread functions within the body.2 

 

Epidemiological studies have linked vitamin D deficiency with a variety of disorders 

including cancer, autoimmune disease, infectious diseases, cardiovascular disease and 

respiratory disease.3-9 Respiratory diseases such as asthma and chronic obstructive 

pulmonary disease (COPD) are characterized by airway inflammation, airway obstruction 

and airway hyperresponsiveness (AHR).10 The mechanisms involved in AHR are still 

largely unknown; however, structural changes and inflammation within the airways are 

thought to play a role in the development of AHR.11 In particular airway structural 

changes, otherwise known as airway remodelling, contribute significantly to AHR.11-13 

Airway remodelling is defined by alterations to the normal tissue architecture and is 

characterized by increases in airway smooth muscle  (ASM), subepithelial fibrosis, goblet 

cell hyperplasia and thickening of the reticular basement membrane.14 

 

Much of the early literature on studies investigating the mechanistic effects of vitamin D 

in asthma have focused more on its immunomodulatory effects and less so on structural 

changes in the lungs.15,16 This literature review will focus on the effects of vitamin D 

deficiency on structure/function relationships within the lung. It will highlight the impact 

of vitamin D deficiency on early lung development and its role in disease, with a 

particular emphasis on its contribution to airway remodelling in chronic allergic asthma.  

 

1.2 Vitamin D 
 

Vitamin D is an essential nutrient, and is unique in the sense that is it primarily obtained 

through sun exposure of the skin and secondarily through diet or dietary supplements. 

The synthesis of active vitamin D starts following exposure of the skin to ultraviolet 
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radiation of wavelengths 290 to 315 nm.4 This converts 7-dehydrocholesterol in 

keratinocytes into previtamin D3, which then isomerizes into vitamin D3. Vitamin D from 

the skin or diet in the form of vitamin D2 and D3 is hydroxylated in the liver by 25-

hydroxylase (CYP27A1) into 25(OH)D, the major circulating form, and then in the 

kidneys by 1α-hydroxylase (CYP27B1) into 1,25(OH)2D, the biologically active form of 

vitamin D. It should be acknowledged that 25(OH)D represents the reservoir available 

for production of 1,25(OH)2D. There are several pathways that can influence an 

individual’s ability to produce and respond to adequate local quantities of the 

1,25(OH)2D, which is the true determinant of physiological function. Serum 

concentrations of calcium and phosphate, as well as regulating hormones such as 

parathyroid hormone (PTH) and fibroblast growth factor (FGF) 23, tightly regulate 

1,25(OH)2D levels.2 Levels of 1,25(OH)2D are also controlled  by negative feedback with 

increased expression of the main vitamin D catabolic enzyme 24-hydroxylase 

(CYP24A1).4 Circulating vitamin D is transported by vitamin D-binding protein, which 

binds to the VDR within the cell nucleus to exert its biological effects (Figure 1.1).2 The 

VDR is then phosphorylated and heterodimerizes with the retinoid X receptor, which then 

binds to vitamin D response elements and regulates the transcription of vitamin D-

responsive genes.2 

 
Figure 1.1 Pathways for vitamin D synthesis and metabolism. 

 
Although vitamin D is best known for its role in calcium homeostasis, the discovery that 

VDRs are expressed in almost every tissue in the human body suggests that vitamin D 



 

4 
 

has widespread functions throughout the body. About 3% of the mouse and human 

genomes is directly or indirectly regulated by vitamin D.2 The earliest evidence for the 

immunomodulatory properties of vitamin D was demonstrated when myeloid leukaemia 

cells were induced to differentiate into macrophages following incubation with 

1,25(OH)2D.17 Since then, VDRs have been detected in immune cells such as 

macrophages, monocytes, lymphocytes, mast cells and dendritic cells.18-20 Evidence that 

CYP27B1 is present in extra-renal sites such as macrophages, dendritic cells, 

lymphocytes and lung epithelial cells, indicate that these cells can convert 25(OH)D into 

1,25(OH)2D, further supporting the notion that vitamin D has non-skeletal effects.21-24 

 

1.2.1 Vitamin D deficiency 
 

Vitamin D status is most readily assessed by measuring circulating 25(OH)D because it 

has a circulating half-life of about 3 weeks, compared to a half-life of 5 to 8 hours for 

1,25(OH)2D.25 In addition, 1,25(OH)2D levels are regulated by PTH in response to 

calcium levels and can therefore be elevated even if an individual is vitamin D-deficient.26 

The 2011 Institute of Medicine (IOM) report on Dietary Reference Intakes for vitamin D 

and calcium states that 600 International Units (IU) of vitamin D a day is sufficient to 

prevent vitamin D deficiency, which is defined as a serum 25(OH)D level of < 50 nmol/L 

(20 ng/mL).27 The cut-off levels recommended by the IOM are based on bone health 

outcomes, with the report stating that evidence for non-skeletal benefits was inconclusive. 

The Endocrine Society and International Osteoporosis Foundation however suggest that 

the optimal level to prevent bone fractures in the elderly is 75 nmol/L (30ng/mL).28,29 

Analysis of a large German population-based cohort aged 50 to 74 years demonstrated 

that the IOM cut-off levels were appropriate for predicting all-cause, cardiovascular, 

cancer and respiratory disease mortality.30  However, it is important to note that there is 

currently insufficient data to determine the optimal levels of 25(OH)D for bone health 

outcomes in young adults and adolescents,31 and different age groups may have different 

cut-off values for vitamin D deficiency altogether.    

 

Assessment of vitamin D deficiency is further complicated by the variable reliability of 

measuring serum 25(OH)D levels. There are several methods available for measuring 

serum 25(OH)D, including competitive protein binding assays, radioimmunoassays, 

enzyme immunoassays, competitive protein binding assays, automated 

chemiluminescence protein-binding assays, high-performance liquid chromatography 
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and mass spectrometry.32 Studies show high variability in the results of 25(OH)D 

measurements between different methods, different commercially available versions of 

the same method, and different laboratories.32,33 While there are currently programs in 

place to standardize vitamin D assays,34 care should therefore be taken when comparing 

and interpreting serum 25(OH)D results from studies using different assay methods or 

from different laboratories.  

 

The vitamin D status of an individual is mainly determined by factors that influence the 

relative contributions of sun exposure and vitamin D intake. Pregnant women, the elderly, 

young children and non-Western immigrants are most often reported as having the highest 

risk of being vitamin D-deficient.35 Other risk factors include latitude and season, which 

can affect the synthesis of vitamin D in the skin. At higher latitudes, fewer months of the 

year provide sunlight with the required wavelengths of 290-315 nm required for 

cutaneous vitamin D synthesis.4 At these higher latitudes, serum 25(OH)D levels are 

reportedly higher in summer compared to the winter season.36 Paradoxically, in Middle 

Eastern countries, vitamin D status is lower in summer because people avoid spending 

time outdoors.37 The customary clothing style worn by people in these countries conceals 

most of the skin and contributes to a lower vitamin D status.37,38 Skin cancer prevention 

campaigns that promote sunscreen use may contribute to vitamin D deficiency because 

sunscreen partially prevents the cutaneous absorption of ultraviolet rays.39 Darker-

skinned individuals also produce less vitamin D compared to lighter-skinned individuals 

because melanin acts as a natural sunscreen.40 These individuals require longer sun 

exposure to produce the same vitamin D levels as their lighter-skinned counterparts.41 

Other factors that contribute to vitamin D deficiency include liver and kidney disease, 

which decrease 25(OH)D and 1,25(OH)2D levels.4 Obese individuals also have lower 

serum concentrations of 25(OH)D, which may be due to lifestyle factors, but could be 

due to vitamin D being fat soluble and readily stored in adipose tissue.42 Patients who 

suffer from diseases that cause reduction in fat absorption such as cystic fibrosis, Crohn’s 

disease and Whipple’s disease are also prone to vitamin D deficiency.4,43 

 

While inadequate sun exposure and decreased bioavailability due to dietary 

malabsorption are the main causes of vitamin D deficiency,44 studies also show that 

genetic factors can determine vitamin D status. An Australian study quantified the relative 

contributions of environment, phenotype and genetic factors to vitamin D status in 

healthy Caucasian and found that genetic factors accounted for 15% of variation in 
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vitamin D status.45 A genome-wide association study from 15 cohorts in Europe, USA 

and Canada identified three genetic variants that were associated with increased risk of 

vitamin D insufficiency (< 75 nmol/L) and deficiency (< 50 nmol/L).46 The three genes 

with harmful variants included DHCR7, CYP2R1 and GC. DHCR7 encodes 7-

dehydrocholesterol reductase, which converts 7-dehydrocholesterol to cholesterol. 7-

dehydrocholesterol is the precursor to 25(OH)D, and the conversion to cholesterol 

removes a major substrate in the vitamin D synthesis pathway. CYP2R1 encodes a hepatic 

microsomal enzyme. The role of this enzyme is undetermined, but may have a role in 25-

hydroxylation of vitamin D in the liver. The third gene, GC, encodes vitamin D-binding 

protein (VDBP), which binds and transports vitamin D metabolites.46 Identification of 

these genetic variants provides a better understanding of the pathways affecting vitamin 

D status and may assist in predicting at-risk individuals. 

 

Vitamin D deficiency is prevalent all over the world. In Australia, a national study found 

that approximately 31% of the population over the age of 25 were vitamin D-deficient.47 

Studies carried out in the Middle East, South Asia and Africa have found that half the 

population have serum 25(OH)D levels of < 25 nmol/L.48 In a large adult cohort study 

carried out in the United Kingdom, using 50 nmol/L as the lower threshold of sufficiency, 

64% of the population were vitamin-D deficient.49 The prevalence of vitamin D 

deficiency is higher in Black-Afro Caribbean and Asian ethnic groups, with about 75% 

and 82%, respectively being deficient. In the United States, it is estimated that 36% of the 

population are vitamin D-deficient.50 It should be noted that studies from different 

countries use different cut-off values to define vitamin D deficiency which makes 

comparing prevalence difficult. However, it is clear from these studies that vitamin D 

deficiency is a global health problem.  

 

1.2.2 Maternal vitamin D deficiency 

 

Maternal vitamin D deficiency, defined as 25(OH)D levels < 25 ng/mL (62.4 nmol/L) by 

the IOM for pregnant women, is a global public health issue.51 Prevalence rates are as 

high as 97.8% in Turkey,52 96.8% in China53 and 85% in a cohort from the United 

States.51 It is especially prevalent in pregnant women from ethnic minorities living in 

Western countries due to a darker complexion and customary clothing with minimal skin 

exposure to sunlight.36 Maternal vitamin D levels directly affect the vitamin D status of 

the fetus because 25(OH)D readily crosses the placenta such that cord blood 25(OH)D 
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levels are about 25% lower than maternal levels.54 Breast milk has a low 25(OH)D content 

and infants that are exclusively breastfed without receiving supplementation or sun 

exposure are at risk of being vitamin D-deficient.55 

 

There is evidence to show that maternal vitamin D status has long term effects on infants. 

A study carried out in the UK found that children whose mothers had low serum 25(OH)D 

concentrations, had a lower bone mineral content at 9 years of age.56 Maternal vitamin D 

status also impacts somatic growth. For example, 25(OH)D levels less than 25 nmol/L 

during the second trimester of pregnancy are associated with higher odds of being small-

for-gestational age (SGA).57 Likewise, a Dutch cohort study found that children of 

mothers with 25(OH)D levels < 29.9 nmol/L had significantly lower birth weights and an 

increased risk of being SGA compared to children of mothers with levels above 50 

nmol/L.58 Importantly, fetal growth restriction is associated with poor lung function and 

greater respiratory morbidity in early childhood59,60 and adulthood.61 Children who are 

SGA are also more likely to be hospitalised for respiratory tract infections.62 This effect 

on somatic growth is just one of the potential mechanisms that may explain the link 

between in utero vitamin D deficiency and the development of chronic lung disease. 

However, as discussed below, there is also evidence to suggest that vitamin D deficiency 

can have a direct effect on the lung over and above an effect that can be explained by 

impaired somatic growth. 
 

1.2.3 Vitamin D in early lung development  
 

Lung development commences in the human embryo during the fourth week of 

gestation.63 There are five principal stages in prenatal lung development, namely the 

embryonic, pseudoglandular, canalicular, saccular and alveolar stages (Figure 1.2).63 The 

embryonic stage is characterized by the outgrowth of the primitive foregut into the 

adjacent mesenchyme and division of the two main bronchi. During the pseudoglandular 

stage, the major conducting airways are developing while the mesenchyme differentiates 

into cartilage, smooth muscle and connective tissue.64 Vascularisation occurs during the 

canalicular stage together with the development of the respiratory bronchioles. The 

saccular phase takes place when the alveolar ducts and sacs are formed. Proliferating 

pulmonary capillaries also first establish contact with the air space at this stage. Epithelial 

cells differentiate into type I alveolar epithelial cells (AECs) and type II AECs. Type I 

AECs are associated with gas exchange in the alveolar wall while type II AECs produce 
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pulmonary surfactant. Communication between the epithelial cells and underlying 

mesenchyme via the release of growth factors throughout these stages plays a crucial role 

in the complex formation of the bronchial tree.64 The final alveolarization process begins 

during late gestation and continues postnatally in humans. The lung then continues to 

grow and develop throughout adolescence. Unlike humans, lung development in the 

mouse starts at embryonic day 9.5.65 Mice are born when lung development is still in the 

saccular phase and alveolar growth occurs entirely postnatally up to day 30 after birth.65 

 

Figure 1.2 Stages and time-points of lung development in humans, with diagrammatic 

representation of the trachea, bronchi, bronchioles and alveoli (Adapted from Kajekar, 

2007).63 

Lung function tends to follow a trajectory whereby any deficit is maintained throughout 

life, such that the threshold for functionally relevant limitations in lung function following 

a respiratory insult is lowered.66 This means that factors that influence any stage of this 

developmental process may alter lung function and cause an increased susceptibility to 

disease in the long term. It is well known that the fetus is susceptible to environmental 

insults which can result in impaired respiratory outcomes. A good example is the effect 

of maternal smoking. Maternal smoking is associated with an increased incidence of 

asthma in offspring during childhood through to adulthood.67,68 Importantly, Vitamin D 

may be a factor that affects lung development. For example, the offspring of rachitic rats 
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deprived of vitamin D have abnormal alveolar formation and decreased lung compliance. 

The decrease in lung distensibility in these animals was caused by lung connective tissue 

remodelling as a result of vitamin D deficiency.69 Zosky et al. used a physiologically 

relevant model of vitamin D deficiency without rachitic pathology and showed that 2-

week old mice born to vitamin D-deficient mothers have smaller lung volumes, impaired 

lung mechanics and altered lung structure.70 In vitro, vitamin D induces maturation of 

type II AECs and the synthesis of pulmonary surfactant.71 These are key events in fetal 

lung development since pulmonary surfactant is important for reducing surface tension 

and maintaining alveolar integrity. Maturation of type II AECs and surfactant synthesis 

is in turn dependent on alveolar epithelial-mesenchymal interactions. Vitamin D 

influences these interactions by increasing the expression of key homeostatic epithelial-

mesenchymal differentiation markers, increasing lipofibroblast and type II AEC 

proliferation, and by decreasing apoptosis.72 

 

Vitamin D may also influence alveolarization via its role in lung fibroblast development. 

Vitamin D interacts directly with retinoic acid (RA), the active metabolite of vitamin A, 

and glucocorticoids to regulate lung development via modulation of late gestation lung 1 

(LGL1), a mesenchyme-specific gene important in alveolarization.73 1,25(OH)2D on its 

own, and also in combination with RA significantly increased the number of fetal rat lung 

fibroblasts.74 These effects occur via a platelet derived growth factor (PDGF)-mediated 

mechanism. In the embryo, PDGF-A is expressed in epithelial cells while the PDGF-α 

receptor is expressed in mesenchymal cells. Binding of the ligand to the receptor is 

another example of epithelial-mesenchymal signalling that contributes to lung 

development. Postnatal alveolar formation does not occur in the PDGF-A null mouse due 

to an absence of fibroblasts. Furthermore, genetic studies show a high number of vitamin 

D-regulated genes are represented in the developing human and murine lung 

transcriptome.75 One-third of vitamin D-regulated genes were differentially expressed in 

asthmatic children compared to non-asthmatic sibling controls, suggesting that vitamin D 

deficiency during lung development may lead to asthma later in life.  

 

Experimentally, it is clear that vitamin D has the capacity to impair lung growth resulting 

in significant deficits in post-natal lung function, a phenomenon likely to impact on post-

natal growth trajectories. Vitamin D is also a potent modulator of the epithelial-

mesenchymal transition during lung development and has the capacity to alter ASM 
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growth. Taken together these data suggest that vitamin D status is an important pre-natal 

factor that has the capacity to alter lung development (Figure 1.3).  

 
Figure 1.3 Pathways linking early life vitamin D deficiency and chronic lung disease. (a) 

25(OH)D readily crosses the placenta. (b) Vitamin D deficiency has been associated with 

being small-for-gestational age, however, the mechanism for this is still unclear. Vitamin 

D is critical for modulating epithelial-mesenchymal interactions during lung 

development. There are also plausible data suggesting that vitamin D may modulate 

airway smooth muscle deposition during early lung development. (c) The impairment in 

lung growth induced by vitamin D deficiency is likely to have long-term consequences 

for lung function and respiratory morbidity/mortality later in life. It is also possible that 

impaired lung growth may impact on the capacity to clear pathogens resulting in increased 

susceptibility to post-natal respiratory insults.76 

1.3 Vitamin D deficiency in lung health and disease 

 

Vitamin D deficiency is associated with lung function decline, suggesting that vitamin D 

may be important for maintaining lung health. Vitamin D deficiency is also linked to 

several common chronic respiratory conditions including asthma, COPD, tuberculosis, 

cystic fibrosis and interstitial lung disease.77 Asthma and COPD will be the main focus 

here, as there is strong evidence that both these diseases have roots in early life. The 

importance of vitamin D deficiency in disease onset, through disease pathogenesis and 

during the acute exacerbation of disease will be examined and respiratory infections will 
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also be mentioned, primarily in the context of their importance in the exacerbation of 

disease. 

 

1.3.1 Vitamin D and lung function 

 

One of the earliest studies investigating the association between vitamin D status and lung 

function showed a strong dose-response relationship.78 Using data from the Third 

National Health and Examination Survey (NHANES III), this cross-sectional study 

showed that serum 25(OH)D levels correlated with forced expiratory volume in 1 second 

(FEV1) and forced vital capacity (FVC) in the general adult US population.78 Since then, 

an increasing number of studies have investigated the relationship between vitamin D 

status and lung function in healthy cohorts and in patients with lung disease. Similar to 

the NHANES III study, a British study showed a linear relationship between vitamin D 

status and FEV1 and FVC in Caucasian adults recruited from a birth cohort study.79 The 

Fourth Korea National Health and Nutrition Examination Survey (KNHANES IV), a 

survey of the general Korean adult population, also showed a positive association 

between serum 25(OH)D levels and lung function.80 Associations between vitamin D 

status and lung function were also found in children, with a population-based study in 

Taiwanese children showing that serum 25(OH)D levels were positively associated with 

FEV1 and FVC.81 This is supported by findings of impaired lung function in vitamin D-

deficient young 2-week old mice.70 The advantage of using a mouse model was that it 

provided direct evidence that vitamin D status had an effect on lung function in the 

absence of confounding factors such as physical activity or sun exposure. 

 

To further determine if vitamin D deficiency was associated with rate of lung function 

decline, Lange et al. measured lung function and vitamin D levels in a cohort of older 

men over 20 years. While this study did not find an overall effect of vitamin D deficiency 

on lung function, it showed that vitamin D deficiency was associated with lower lung 

function and more rapid lung function decline in smokers.82 This suggests that vitamin D 

levels may be a modifiable risk factor for impaired lung function and smoking-related 

lung diseases such as COPD. Kunisaki et al. however did not find an association between 

serum 25(OH)D levels and rate of lung function decline in smokers with COPD.83 This 

study measured vitamin D status at a single visit and this single measurement may not 

accurately represent overall vitamin D status as this is modifiable by sun exposure or 

supplementation. Evidence for an association between impaired lung function with 
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vitamin D deficiency is conflicting in COPD. Although Shaheen et al. found a positive 

association between serum 25(OH)D levels with COPD, there was no association 

between serum 25(OH)D levels and FEV1.84 In contrast, Janssens et al. reported that 

serum 25(OH)D levels significantly correlated with FEV1 in COPD patients.85 Vitamin 

D status is also positively correlated with lung function in adults with asthma.9,86 

Furthermore, studies show that vitamin D deficiency is associated with poorer lung 

function in children with asthma treated with corticosteroids.15,87 These results provide 

compelling evidence that vitamin D status has impacts on lung health. 

 

1.3.2 Vitamin D and asthma 

 

Studies show a positive correlation between latitude and asthma prevalence88 and since 

ultraviolet exposure decreases at distances further away from the equator, this observation 

suggest that vitamin D may play a role in asthma pathogenesis. Many (but not all) 

epidemiological studies show that low serum vitamin D levels are associated with adverse 

asthma outcomes, including worse asthma control,89 increased corticosteroid use8,90 and 

increased asthma exacerbations.91,92 Data from these observational studies suggests that 

higher vitamin D levels may improve asthma outcomes.  

 

There are conflicting reports of the nature of associations between vitamin D status and 

allergy outcomes in children from birth cohort studies. Some results suggest that a lower 

dietary intake of vitamin D during pregnancy leads to an increased risk of wheeze93,94 and 

asthma development in children,95 while others show an increased prevalence of asthma 

and atopy in adults who had received vitamin D supplementation during the first year of 

life.96 In these studies, vitamin D status was assessed using food questionnaires rather 

than directly measuring serum 25(OH)D concentrations. This may not be an accurate 

representation of vitamin D status since this excludes vitamin D synthesized from sun 

exposure, a major determinant of vitamin D status. The outcomes of observational studies 

investigating the effects of early life vitamin D status on respiratory outcomes are shown 

in Table 1.1. A limitation of these studies is that assessment of vitamin D status and 

outcome measures are performed at different time points. As such, evidence that higher 

25(OH)D levels reduce the incidence of asthma are conflicting and there is yet to be a 

study that convincingly demonstrates that vitamin D deficiency is implicated in the onset 

of asthma. However, the association between low levels of vitamin D, wheeze and 

respiratory infections appears more consistent. Given the strong positive association 
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between the frequency and severity of early life respiratory infections and risk for 

developing asthma,97 any increase in respiratory infections as a result of primary vitamin 

D deficiency in early life is likely to impact on asthma development.  
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Table 1.1 Observational studies of early life vitamin D status and respiratory health outcomes. 

Study Setting Population Method of Vitamin D 

assessment 

Follow-up outcomes Main findings 

Boston, USA 93 Birth cohort 

n = 1194 

 

Maternal intake via food 

frequency questionnaire (FFQ) 

during first and second trimester 

Recurrent wheeze at 3 years 

 

A 100 IU increase in vitamin D intake was associated 

with lower risk of wheeze 

Aberdeen, 

Scotland 94 

Birth cohort 

n = 1212 

 

Maternal intake via FFQ at 32 

weeks gestation 

Wheezing symptoms, spirometry, 

bronchodilator response, atopic 

sensitization, and exhaled nitric 

oxide at 5 years 

Maternal total vitamin D intake conferred lower risks 

for ever wheeze, wheeze in the previous year, and 

persistent wheeze 

Finland 95  Birth cohort 

= 1669 

Maternal intake via FFQ after 

delivery retrospectively 

Asthma, allergic rhinitis and atopic 

eczema at 5 years 

Maternal intake of vitamin D from food was 

negatively related to risk of asthma an allergic rhinitis. 

Northern 

Finland 96  

Birth cohort 

n = 12058 

 

Maternal reported infant vitamin 

D supplementation 

Asthma and allergic rhinitis at 31 

years 

 

Vitamin D supplementation during the first year of life 

was associated with higher prevalence of asthma, 

atopy and allergic rhinitis 

Southampton, 

UK 98 

Birth cohort 

n = 860 

 

Maternal Serum 25(OH)D at 34 

weeks gestation 

Asthma and wheeze at 6 years 

 

No significant associations between maternal late-

pregnancy 25(OH)D status and either asthma or 

wheeze 
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Wellington and 

Christchurch, 

New Zealand 99 

Birth cohort 

n = 922 

 

Cord blood 25 (OH)D levels 

 

Respiratory infections at 3 months, 

wheeze at 15 months, 3 years and 5 

years and asthma at 5 years 

Low levels of 25 (OH)D associated with higher risk of 

respiratory infection and cumulative wheeze but not 

asthma incidence 

Menorca, 

Valencia, 

Sabadell and 

Gipuzcoa, 

Spain 100 

Birth cohort 

n = 2258 

 

Maternal serum 25(OH)D (22% 

at < 12 weeks gestation, 77% 

between 12-23 weeks gestation) 

Lower respiratory tract infections at 

1 year, wheeze at 1 year and 4 years, 

and asthma at 4-6 years 

Higher maternal circulating 25(OH)D concentrations 

in pregnancy were independently associated with 

lower risk of lower respiratory tract infections in 

offspring in the first year of life but not with wheezing 

or asthma in childhood 

Nancy and 

Poitiers, France 
101 

Birth cohort 

n = 239 

 

Cord blood 25 (OH)D levels 

 

Parental reported asthma, wheeze, 

allergic rhinitis, and atopic 

dermatitis at 1,2,3 and 5 years 

Cord serum 25(OH)D levels were inversely associated 

with the risk of transient early wheezing and atopic 

dermatitis by the age of 5 years, but no association was 

found with asthma and allergic rhinitis 

Western 

Australia102 

Birth cohort 

n = 929 

Maternal serum 25(OH)D at 16-

20 weeks gestation 

Spirometry, asthmatic status, and 

atopy in children at 6 and 14 years  

FVC Z-scores in both sexes and FEV1 Z-scores in 

girls were positively associated with maternal serum 

25(OH)D at 6 years of age. Maternal vitamin D 

deficiency was positively associated with asthma at 6 

years of age but only in boys 
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The immunomodulatory functions of vitamin D are also likely to be important in asthma 

pathogenesis. T cells, particularly T-helper (Th) 2 cells can contribute to the pathogenesis 

of asthma through the production of cytokines, such as interleukin (IL)-4, IL-5, IL-9 and 

IL-13. It is well established that 1,25(OH)2D inhibits Th1 cytokine production.103,104 

However, the effect of vitamin D on Th2 responses remains unclear.103,104 While 

1,25(OH)2D has been shown to promote Th2 responses in murine T cells,103 both Th1 and 

Th2 cytokine production is inhibited in human cord blood T cells.105 Recent studies using 

mouse models of allergic asthma have showed upregulated Th2 cytokines in 

bronchoalveolar lavage (BAL) fluid and increased Th2 cells in lungs of vitamin D-

deficient mice.106,107 Both studies also found decreased eosinophilia following vitamin D 

supplementation in mice. In addition, Gorman et al. also showed that vitamin D 

supplementation suppressed neutrophil counts in BAL fluid asthmatic mice.108 Vitamin 

D may therefore affect asthma outcomes by modulating immune cells important in 

allergic airway inflammation. 

 

Vitamin D deficiency is also associated with increased risk of asthma exacerbations, 

according to studies carried out in asthmatic children living in Costa Rica, USA and 

Puerto Rico.8,91,109,110 Besides its role in modulating responses to respiratory infections, 

one of the mechanisms in which vitamin D deficiency may contribute to asthma 

exacerbations is by reducing steroid responsiveness. Searing and colleagues reported an 

inverse correlation between corticosteroid use and vitamin D levels in asthmatic 

children.15 Vitamin D was also able to restore corticosteroid action in an experimental 

model of steroid resistance.15 Inhaled corticosteroids have a protective effect on severe 

asthma exacerbations and inhibit the synthesis of Th2 cytokines, which are implicated in 

asthma pathogenesis. They also induce IL-10, a potent anti-inflammatory cytokine in 

airway epithelial cells. Since severe asthmatics are less responsive to corticosteroids 

compared with mild asthmatics, corticosteroid insensitivity may be a mechanism 

contributing to asthma severity.111 Regulatory T cells from patients with severe therapy-

resistant asthma do not have an increase in IL-10 following corticosteroid exposure. The 

administration of vitamin D may overcome this deficit in IL-10 production.112 This data 

suggest that vitamin D supplementation could be used as an adjunct therapy to overcome 

steroid resistance in severe asthma. However, results from the VIDA (Vitamin D Add-on 

Therapy Enhances Corticosteroid Responsiveness in Asthma) trial, a multicenter, 

randomized, double blinded study which supplemented adult asthmatic patients with 
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vitamin D or placebo, together with inhaled corticosteroid treatment, did not find any 

significance differences in time to first exacerbation or treatment failure between vitamin 

D and the placebo.113 In conclusion, while a few supplementation studies in children have 

shown that intervention with vitamin D decreased the risk of asthma exacerbations114 and 

respiratory infection,115 there is currently no consistent evidence to suggest that vitamin 

D supplementation can prevent asthma symptoms. Larger well-designed clinical trials 

should be performed in asthmatic children to determine if vitamin D supplementation has 

a beneficial effect on asthma outcomes.116 

 

1.3.3 Vitamin D and COPD 

  

Vitamin D deficiency is often thought to be a consequence of COPD rather than the cause, 

since COPD patients have a reduced capacity for vitamin D synthesis due to their aging 

skin and are more likely to spend less time outdoors. Vitamin D deficiency is common in 

patients with COPD85,117 and although it is generally seen as a disease affecting older 

individuals as a result of cigarette smoking, there is increasing evidence that it has origins in 

early life.118 Results from the European Community Respiratory Health Survey found that 

any childhood disadvantage factor, which included maternal asthma, paternal asthma, 

childhood asthma, maternal smoking and childhood respiratory infections, conveyed as much 

risk for COPD as smoking in adulthood.119 Childhood asthma in particular, increased the 

risk of developing COPD by 10-fold. This suggests that any effects of vitamin D 

deficiency on lung development and childhood asthma may contribute to the development 

of COPD.  

 

Certain genetic variants of the VDBP, the major carrier protein for vitamin D that binds 

circulating 25(OH)D and 1,25(OH)2D with high affinity, are also risk factors for COPD.85 

Single nucleotide polymorphisms (SNPs) of the VDBP gene (GC), namely rs7041 and 

rs4588, produce the Gc1 and Gc2 variants which have different binding affinities for 

25(OH)D.120 Janssens et al. found that the rs7041 variant Gc1S predicted 25(OH)D levels 

in COPD patients and was a genetic risk factor for the disease.85 Another study of vitamin 

D levels and alveolar macrophage function reported lower lung function and increased 

macrophage activation with higher levels of VDBP in the airways.121 The Gc2 variant 

was also protective against COPD. A potential explanation for this is that Gc2 is less able 

to activate macrophages. Macrophage activation and neutrophil chemotaxis are functions 
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of VDBP that may contribute to lung damage.120 Together, the data suggest that genetic 

variants of VDBP may protect against COPD pathogenesis.  

 

A few randomized control trials have now been performed to determine if vitamin D 

supplementation in patients with COPD has effects on exacerbations. Lehouck et al. 

randomly assigned 182 patients with moderate to severe COPD to receive a monthly dose 

of 100 000 IU of vitamin D or placebo for one year and found that vitamin D 

supplementation did not reduce the time to first exacerbation or rate of exacerbations. 

However, post hoc analysis also showed that exacerbations were significantly reduced in 

patients with severe vitamin D deficiency (< 25 nmol/L).122 More recently, Martineau et 

al. supplemented half the participants of a multicentre cohort comprising 240 COPD 

patients with either six 2-monthly doses of 120 000 IU of vitamin D or placebo. Overall, 

vitamin D supplementation did not affect time to first exacerbation and upper respiratory 

tract infection. Similar to the findings by Lehouck et al., patients with low vitamin D 

levels (< 50 nmol/L) however had a lower incidence of moderate to severe exacerbations. 

Vitamin D supplementation also reduced the mean peak symptom score for 

exacerbations.123 Together, these studies suggest that vitamin D supplementation may 

reduce exacerbations in COPD patients with vitamin D deficiency. 

 

1.3.4 Vitamin D and respiratory infections 

 

One of the key non-skeletal effects of vitamin D is to modulate the immune response to 

pathogens. As part of this innate immune response, 1,25(OH)2D induces the production 

of antimicrobial peptides including cathelicidin and β-defensin 2. The promoter region of 

the genes coding for these two peptides contain vitamin D response elements, suggesting 

1,25(OH)2D-dependent regulation.124 Cathelicidins and defensins have a broad spectrum 

of antimicrobial activity and kill bacteria by disrupting microbial membranes. In addition, 

they also act as chemoattractants for other inflammatory cells and contribute to wound 

repair.125 In an important study of Mycobacterium tuberculosis infection in human 

monocytes, activation of toll-like receptor (TLR)1 and TLR2, receptors responsible for 

recognizing microbial ligands, upregulated  the VDR and CYP27B1.21 The endogenous 

production of 1,25(OH)2D by CYP27B1 and subsequent action through the VDR led to 

the induction of cathelicidin, thus demonstrating a mechanism of the antimicrobial 

activity of vitamin D.21 In addition to its immediate impact on the production of 

antimicrobial peptides, vitamin D has been implicated in modifying the signaling 
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pathways involved in the binding of respiratory viruses. For example, 1,25(OH)2D 

decreases the expression of intercellular adhesion molecule 1 (ICAM-1), the major 

cellular receptor for human rhinovirus,126 in human umbilical vein endothelial cell 

cultures127 and peripheral blood mononuclear cells.128 Given the importance of rhinovirus 

infections for inducing exacerbations in both asthma and COPD, this may have important 

implications for lung health. 

 

On the basis of these observations, it is clear that vitamin D is important in the immediate 

response to respiratory infections in experimental systems. There have been similar 

findings in epidemiological studies, examining seasonal patterns in the prevalence of 

respiratory infections. Respiratory infections, such as influenza, increase during the 

winter months when vitamin D deficiency is common.129 Data from the NHANES III, a 

large probability survey of the US population, showed that serum 25(OH)D levels were 

inversely associated with upper respiratory tract infections, and this association was 

stronger in individuals with asthma and COPD.6 Bergman et al. conducted a systematic 

review and meta-analysis which included 11 randomized control trials with 5660 patients 

and concluded that vitamin D was protective against respiratory tract infections.130 

Another systematic review and meta-analysis performed by Charan et al. assessed the 

effects of vitamin D supplementation on acute respiratory infection. The results based on 

five clinical trials found that vitamin D supplementation decreased respiratory 

infections.131 To date the weight of evidence points to vitamin D having a key role for 

modulating responses to respiratory infection, both in terms of disease susceptibility and 

severity. Importantly respiratory infections have been implicated in the onset, progression 

and exacerbation of chronic lung diseases, although this effect is beyond the scope of this 

thesis. 

 

1.4 Airway remodelling  

 

Airway remodelling is a common feature of both asthma and COPD. It is defined by 

alterations to the normal tissue architecture of the airway wall and is characterized by 

increases in airway smooth muscle, subepithelial fibrosis, goblet cell hyperplasia and 

thickening of the reticular basement membrane (Figure 1.4).14 These structural changes, 

particularly changes in ASM, have an important role in asthma pathophysiology,132 which 

is the focus of this thesis. Airway remodelling was previously assumed to occur 

secondarily to inflammation;133 however, there is now evidence that asthma may be 
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associated with primary structural defects in the airway prior to the onset of inflammation. 

This is evident from studies showing that thickening of the reticular basement membrane 

(RBM) in children with asthma occurs independently of inflammation.134 Epithelial 

damage, RBM thickening and angiogenesis have been observed in asthmatic children 

before diagnosis, suggesting that structural changes occur early in the natural history of 

asthma.135  

 
Figure 1.4 Airways from a non-asthmatic (left) and severe asthmatic (right) stained with 

haematoxylin and eosin. Scale bars; 500 μm and inset, 100 μm. There is more airway 

smooth muscle (SM) in the asthmatic airway, as well as eosinophilic inflammation (green 

arrows). The submucosa (double headed arrows) and reticular basement membrane 

(asterisk) are markedly thickened. There are also increased goblet cells (black arrows in 

insets) and mucus (M) in the asthmatic airway. (Adapted from Galli et al.)136 

 
Many asthmatics exhibit a Th2-type inflammatory response associated with the 

upregulation of IL-4 gene cluster cytokines and the infiltration of the airway walls with 

mast cells, eosinophils and Th2 cells in response to an allergen. While atopy may play an 

important role in driving asthma pathology in some individuals,137 there is evidence that 

the airway pathology of asthma is the same in atopic and non-atopic children and adults, 

confirming that inflammation and remodelling can occur independently of atopy.138 

Although there is no doubt that allergen sensitization contributes to asthma, allergen-

reduction strategies and allergen-specific immunotherapy have proven ineffective for 

asthma treatment.139,140 Birth cohort studies show that atopy has no effect on the 

occurrence of childhood wheezing until 5 years of age, where it takes over as a major 

driver for persistent childhood wheeze.141 Although allergen exposure is a major driver 
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for asthma in children, the use of inhaled corticosteroids to suppress inflammation during 

infancy has no effect on the natural history of the disease.142 Despite much research being 

carried out on this disease, there is still no cure for asthma. Current therapies focus on the 

control of symptoms rather than prevention. Research should therefore focus on 

understanding the mechanisms causing the induction of asthma. 

 

1.4.1 Role of the airway epithelium 

 

Damage to the airway epithelium is now thought to be fundamental in the pathogenesis 

of asthma. Holgate et al. have proposed that epithelial damage results in the production 

of growth factors and cytokines that interact with the underlying mesenchyme to augment 

inflammatory and remodelling responses.137 Normal airway epithelium is made up of 

ciliated columnar, mucus-secreting goblet cells and surfactant-secreting Clara cells 

forming a selective physical barrier separating the internal tissues from inhaled 

environmental antigens.143 The barrier is made through the formation of tight junctions 

localized at the apex of columnar cells and a series of adhesion proteins that connect 

adjacent cells.143 Structural integrity is also maintained through cell to cell and extra-

cellular matrix (ECM) interactions involving E-cadherin, desmosomes and 

hemidesmosomes.144 The airway epithelium in asthmatics has impaired barrier functions 

due to disruption of epithelial tight junctions.145 Epithelial tight junctions were found to 

be severely disrupted when observed using confocal microscopy on asthmatic airway 

tissue embedded in resin after being stained using immunohistochemistry.146 Epithelial 

cell brushings from asthmatic airways cultured in vitro and differentiated at an air-liquid 

interphase were also unable to fully form tight junctions, when compared to epithelial 

cells brushed from normal airways.14 Asthmatic airways are thus more permeable to 

inhaled allergens and other environmental pollutants. The reduced ability of the airway 

epithelium to exclude inhaled allergen may be a reason why some atopic individuals have 

a higher tendency to develop asthma compared to others who have good barrier 

function.14 

 

Other factors that can contribute to epithelial injury within the airways are respiratory 

viruses. Airway epithelial cells are the site of entry for rhinoviruses in bronchial biopsy 

and nasal aspirate samples.147 Airway epithelial cells from asthmatics cultured in vitro 

that had been infected with rhinovirus had a reduced ability to produce interferon (IFN)-

β and IFN-γ, both of which are important regulators of innate immunity.148,149 The airway 
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epithelium needs to repair itself when damaged, but in asthma this repair process is 

impaired.  During normal repair, growth factors such as epidermal growth factor (EGF) 

bind to tyrosine kinase receptors driving cell migration, proliferation and differentiation 

processes to restore normal function.150 In asthma, there is increased expression of the 

epidermal growth factor receptor (EGFR) as well as upregulation of cell cycle inhibitors 

P21waf and reduced expression of proliferative markers such as Ki67 and proliferating cell 

nuclear antigen,151,152 suggesting that the epithelium is unable to repair properly and 

becomes chronically injured. Injury to epithelial cells or the presence of inflammatory 

mediators such as IL-13 or IL-11,153 causes the release of fibrogenic growth factors such 

as transforming growth factor (TGF)-β, FGF-2 and PDGF. The release of these growth 

factors activate fibroblasts in the airway mesenchyme. In an inflammatory environment, 

fibroblasts differentiate into myofibroblasts, the precursors of ASM cells, which in turn 

secrete proinflammatory mediators and ECM proteins. Therefore, in chronic asthma, 

impaired epithelial repair leads to increased production of profibrogenic growth factors 

and cytokines, from both the damaged epithelium and inflammatory cells, causing the 

differentiation of mesenchymal cells into myofibroblasts. Communication between the 

epithelium and mesenchyme, known as the epithelial-mesenchymal trophic unit first 

forms during lung development and drives organ morphogenesis. In asthma, the 

epithelial-mesenchymal trophic unit is thought to be reactivated and drives remodelling 

responses.154 

 

1.4.2 Mucus secretion and goblet cell hyperplasia 

 

Alterations to the airway epithelium cause the appearance of goblet cells in the peripheral 

airways distal to the trachea.155 Goblet cell hyperplasia and stored mucin is increased in 

the airway epithelium of patients with mild to moderate asthma.156 Approximately 20-

25% of airway epithelial cells in asthmatics are goblet cells, even in mild disease.157 In 

asthma, MUC5AC and MUC5B are the major mucins secreted by goblet cells which 

contribute to the viscosity and elasticity of mucus.158 Factors responsible for goblet cell 

hyperplasia include the Th2 cytokines IL-4, IL-9 and IL-13. IL-4 induces the 

differentiation of epithelial cells into goblet cells in vitro and causes goblet cell metaplasia 

in mouse airways.159 Overexpression of IL-9 in mouse lungs results in increased mucus 

production by lung epithelial cells, and occurs via an IL-13-dependent pathway.160  In 

both in vitro and in vivo studies, IL-13 plays a central role in goblet cell formation. IL-

13-deficient mice in a model of chronic asthmatic inflammation had virtually no goblet 
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cells in their airways.161 Human bronchial epithelial cells treated with IL-13 as well as 

IL-4, had an increase in goblet cell density and increased mucin 5AC (MUC5AC) 

expression compared to untreated cultures.162 Tyner et al. showed that IL-13 and EGFR 

are both necessary for mucus secretion. Injury to the airway epithelium causes the 

activation of EGFR, which inhibits the apoptosis of ciliated cells.163 IL-13, in turn then 

stimulates the ciliated cells to differentiate into goblet cells, thus remodelling the 

epithelium into a mucus-producing structure. 

 

1.4.3 Inflammatory mediators of airway remodelling 

 

Although inflammation may not be the cause, it is an important driver of airway 

remodelling. In asthma, airway inflammation is usually comprised of eosinophils, 

neutrophils, CD4+ T-lymphocytes, monocytes, mast cells and basophils, with 

eosinophilic infiltration being a prominent feature.164 Th2 cells contribute to the 

pathogenesis of mild to moderate asthma through the production of cytokines, such as IL-

4, IL-5, IL-9 and IL-13.14 Secretion of these cytokines are essential for the class switching 

of B-cells to IgE synthesis, the recruitment of mast cells and the maturation of 

eosinophils.165 Both mast cells and eosinophils play critical roles in airway remodelling 

in asthma. Mast cells play an important role in the acute phase of allergic asthma by cross 

linking of a high-affinity IgE receptor, FcεRI, which causes the activation and 

degranulation of the mast cell. This leads to the release of preformed mediators such as 

histamine, leukotrienes, tryptase and certain cytokines.166 Studies of mast cell-deficient 

mice reveal that mast cells are required for the development of features of chronic asthma, 

such as AHR, chronic inflammation, airway epithelial goblet cell hyperplasia, mucin gene 

expression and collagen deposition.167 Mast cell infiltration of ASM is reported in asthma, 

and human lung mast cells migrate towards ASM cells cultured from asthmatics that had 

been stimulated with Th2 cytokines. In contrast, non-asthmatic ASM released mediators 

that inhibit mast cell migration.168 Mast cell tryptase, often found in the bronchoalveolar 

lavage of asthmatics, is also an important stimulus of ASM cell proliferation.169 Tryptase 

also induces TGF-β1 secretion by ASM, resulting in the differentiation of the ASM cells 

into a more contractile phenotype.170 These findings show that mast cells have an 

important role in ASM hyperplasia in airway remodelling. 

 

Mast cells and eosinophils are important sources of zinc-dependent matrix 

metalloproteinases (MMPs).14 MMPs can degrade collagen, elastin and other ECM 
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proteins, and the balance between MMPs and tissue inhibitors of metalloproteinases 

(TIMPs) regulate the composition of the ECM in the airway wall.171 ASM cells secrete 

MMPs and TIMPs,172 contributing to alterations of the ECM. The altered ECM in turn 

influences survival, proliferation, migration and synthesis of cytokines by ASM cells.173 

Another contributor to ECM protein synthesis is TGF-β. TGF-β is one of the main 

mediators of airway remodelling and has multiple effects on the same cell type or 

different cells.174 TGF-β1 and TGF-β receptors are expressed in ASM cells, and the 

secretion of TGF-β induces ASM cells to synthesize procollagen I.175 TGF-β can also 

increase ASM cell proliferation via the mitogen activated protein kinase pathway.176 

Furthermore, TGF-β regulates the expression of MMPs and TIMPs in ASM cells in the 

presence of PDGF which then causes the migration of ASM towards the epithelium to 

form new bundles.177 TGF-β also has roles in other aspects of airway remodelling, such 

as mucus production and angiogenesis. TGF-β2 can induce the expression of mucin in 

bronchial epithelial cells,178 while administration of an antibody to TGF-β in a mouse 

model of asthma reduced the number of mucus producing goblet cells, as well as 

significantly reducing ECM deposition and ASM cell proliferation.179 

 

Eosinophils are a major source of TGF-β in the asthmatic airway and also play an 

important role in airway remodelling.174 Patients with asthma have an increased number 

of eosinophils in their blood, BAL fluid and sputum, and there is a correlation between 

the numbers of eosinophils and severity of asthma.180 Eosinophils are also a major source 

of granular basic proteins such as major basic protein, eosinophil peroxidase and 

eosinophil cationic protein (ECP), as well as eicosanoids, cysteinyl leukotrienes, tissue-

damaging reactive oxygen species and other cytokines and chemokines.181 Major basic 

protein and eosinophil peroxidase induce the synthesis of a range of remodelling factors 

including TGF, MMPs and PDGF.182 ECP induces the production of TGF-β1 by human 

lung fibroblasts, and also stimulates fibroblast-mediated collagen gel contraction, which 

is used to model the contractile processes found in fibrotic tissue remodelling.183,184 These 

characteristics suggest that eosinophils have important roles in subepithelial fibrosis. The 

discovery that IL-5 is involved in the maturation and recruitment of eosinophils to the 

airways has led to studies being carried out to determine the role of eosinophils in asthma. 

Treatment of mild atopic asthmatics with monoclonal antibodies to IL-5 decreased 

eosinophil numbers in the bronchial mucosa, which was associated with a reduction in 

ECM proteins including tenascin, lumican and procollagen III.185 This was accompanied 

by a decrease in TGF-β1 expression by airway eosinophils. With allergen challenge, IL-
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5-deficient mice had significantly less peribronchial fibrosis, total lung collagen, 

peribronchial collagens III and IV, as well as less peribronchial smooth muscle, as 

determined by the thickness of the ASM layer and α-smooth muscle actin.186 Epithelial 

mucus expression and TGF-β1 production was also reduced. Together, these data provide 

evidence that eosinophils and their mediators have important roles in airway remodelling. 

 

Other Th2 cytokines including IL-4, IL-9 and IL-13 have also been implicated in 

remodelling processes. Studies using murine models demonstrate that IL-13 has a role in 

the accumulation of intraepithelial eosinophils, mucus cell hyperplasia as well as 

epithelial and subepithelial collagenisation.161 Although IL-13 is an important mediator 

of airway remodelling, there is overlap in the effects of all the Th2 cytokines.187 Mice 

which had IL-4, IL-5, IL-9 and IL-13 genetically knocked out exhibited decreased AHR, 

eosinophilic inflammation, ASM hyperplasia and serum IgE levels in allergic airways 

disease.187 Eosinophilic inflammation and goblet cell hyperplasia were only partially 

inhibited in IL-13 knockout mice, indicating that other Th2 cytokines contributed to these 

outcomes. In vitro, IL-4 and IL-13 stimulated the release of TGF-β2 from bronchial 

epithelial cells, thus having a role in activation of the epithelial-mesenchymal trophic 

unit.188 IL-4 and IL-13 also increased the proliferation of fibroblasts cultured from 

patients with mild asthma.189 The overlapping actions of these two cytokines is most 

likely due to both IL-4 and IL-13 sharing common structural and functional features and 

binding to the same receptor, IL-4Rα.190 Thus, Th2 cytokines not only drive allergic 

responses in asthma but also contribute to airway remodelling. 

 

1.4.4 Increased ASM mass 

 

An increase in ASM mass within the airway wall is a prominent feature of asthma (see 

Figure 1.4).191,192 The thickness of the ASM is associated with disease severity,193 and 

has been linked to physiological outcomes such as AHR and airflow obstruction.132 

Measurements of ASM area are usually carried out on transverse sections of airways and 

include the number and size of ASM cells, as well as ECM between cells and connective 

tissue between smooth muscle bundles.194 The increase in ASM mass may be due to 

hyperplasia or hypertrophy.191,192,195 A study by Ebina et al. reported hypertrophy, but 

because ECM was included in the measurements, cell size may have been 

overestimated.196 Hypertrophy was also reported in a study by Benayoun et al. where 

ECM components were excluded.197 The ECM however has an intimate relationship with 
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ASM cells and alterations to the ECM composition can affect ASM function.171 Since 

different signals may be required for ASM cell hypertrophy, hyperplasia or ECM 

deposition, understanding the contribution of these various elements in the thickened 

ASM is important in determining whether these differences affect physiological 

outcomes.  

 

ASM hyperplasia may be caused by an increased rate of cell proliferation. In vitro studies 

have found that ASM cells obtained from asthmatics have an intrinsic ability to proliferate 

at a much faster rate than cells obtained from non-asthmatics.198 Non-asthmatic ASM 

cells can be induced to proliferate following exposure to a range of growth factors and 

cytokines that activate receptor tyrosine kinases, inflammatory mediators activating G 

protein-coupled receptors, enzymes, reactive oxygen species as well as mechanical 

stress.199 Migration of existing ASM cells towards the epithelium also contributes to 

airway remodelling in asthma. A range of mediators induce ASM migration and these 

include PDGF-A, PDGF-B, FGF-2, TGF-β, EGF as well as plasminogen activators, 

urokinase and IL-1β.200 The ASM itself can also contribute to airway remodelling via its 

role in regulating immune responses. ASM cells release monocyte chemoattractant 

proteins (MCPs) and RANTES when stimulated with the proinflammatory cytokines 

tumour necrosis factor (TNF)-α and IL-1β. MCPs and RANTES are known to contribute 

to asthma pathogenesis via the recruitment of eosinophils, mast cells and Th2 cells.201 

 

1.5 Vitamin D, airway remodelling and inflammation 
 

There is increasing evidence that vitamin D deficiency not only influences chronic lung 

disease via its immunomodulatory properties, but also contributes to disease pathogenesis 

by altering lung structure and function. As previously discussed, maternal vitamin D 

deficiency has the propensity to affect lung health outcomes in offspring later in life and 

this may be due to vitamin D deficiency altering lung development in utero. Impaired 

lung development increases the risk of developing chronic lung disease, suggesting that 

airway remodelling has roots in early life.  Epidemiological and experimental studies 

investigating the potential for vitamin D to modulate airway remodelling will be 

discussed. 
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1.5.1 In vitro studies support a role for vitamin D in airway remodelling 

 

A microarray study performed on ASM cells stimulated with 1,25(OH)2D3 showed that 

1,25(OH)2D regulated many genes implicated in asthma.202 This study found that VDR 

was expressed in ASM cells and revealed vitamin D-regulated genes in ASM that are 

important in airway remodelling. Many of these genes were implicated in ASM 

contraction and inflammation, as well as glucocorticoid and prostaglandin regulation. 

Increased proliferation of ASM cells exposed to serum from asthmatic patients was 

inhibited by prior exposure to 1,25(OH)2D.203 1,25(OH)2D also downregulated the 

protein expression of MMP-9 and a disintegrin and metalloprotease (ADAM)33. 

ADAM33 has been identified as an asthma-susceptibility gene which is involved in 

airway remodelling.204 Damera et al. also demonstrated that 1,25(OH)2D inhibits PDGF-

induced ASM cell proliferation in cells derived from both normal and asthmatic subjects. 
205 1,25(OH)2D inhibited cell proliferation by preventing cell cycle progression at the 

G0/G1 checkpoint prior to the S phase, and does not affect apoptosis. A recent study using 

fetal human ASM cells as a model of the developing airway found that 1,25(OH)2D 

attenuated ECM protein deposition and inhibited ASM proliferation induced by TNF-α 

and TGF-β 206. Upregulation of MMP-9 was also prevented by 1,25(OH)2D in this study. 

These studies clearly demonstrate that airway remodelling is modulated by vitamin D and 

that these effects could also occur during fetal lung development. 

 

1.5.2 Clinical and in vivo studies show associations between vitamin D 

deficiency, airway remodelling and inflammation 

 

Gupta et al. showed that lower serum vitamin D levels were associated with an increase 

in ASM mass, measured from endobronchial biopsy samples from children with severe 

asthma.90 The authors also detected an inverse relationship between vitamin D levels, 

asthma severity and inhaled steroid use in children with moderate and severe asthma. This 

study was the first to demonstrate an association between serum vitamin D levels, lung 

function and structural changes in vivo, and it speculated that low vitamin D levels may 

partly be the cause of increased ASM and reduced lung function in severe asthma. While 

this study provides evidence that vitamin D levels are associated with ASM remodelling 

in children with severe asthma, the cross-sectional nature of the study prevents 

demonstration of a causal association between vitamin D and ASM.  
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Animal models may be used to address causal associations. Agrawal et al. examined AHR 

and airway remodelling in vitamin D-deficient, -sufficient and -supplemented mice and 

found that the severity of both AHR and features of airway remodelling increased with a 

lower vitamin D status in mice with allergic airways disease.106 Another study 

demonstrated that vitamin D supplementation in ovalbumin (OVA) challenged mice 

reduced epithelial and ASM thickening, and reduced inflammation within the lung.207 

Vasilou et al. examined the effects of early life vitamin D deficiency in a house dust mite 

(HDM) model and found increased eosinophilic inflammation and airway remodelling in 

vitamin D-deficient mice. Vitamin D deficiency also induced skewing towards a Th2 

phenotype in this mouse model.107 Together, these studies suggest that vitamin D 

deficiency contributes to airway remodelling and vitamin D supplementation may be able 

to attenuate structural changes. 

 

1.6 Hypothesis and aims 
 

In this thesis, the main hypothesis is that vitamin D deficiency in utero alters lung 

development, and causes early remodelling due to increased ASM, resulting in a 

predisposition to developing chronic lung disease later in life. The overarching aim of 

this study is to examine if vitamin D deficiency causes airway remodelling and AHR, as 

well as identify potential mechanisms. The specific aims are detailed below.  

 

Aim 1: To determine if whole-life vitamin D deficiency causes airway 

hyperresponsiveness and airway remodelling  

 

Airway remodelling is a common feature of chronic lung diseases such as asthma and 

COPD. Fixed airflow obstruction, together with other physiological features such as 

AHR, can be attributed to airway remodelling. Airway remodelling refers to structural 

changes within the airway wall, including changes to the airway epithelium, vascularity, 

goblet cells, ECM and most prominently an increase in ASM. Epidemiological and in 

vitro studies show that vitamin D has effects on lung function outcomes, inflammation 

and inflammatory markers involved in airway remodelling. There is also strong in vitro 

evidence that vitamin D prevents ASM cell proliferation. As such, I hypothesize that 

vitamin D deficiency can directly cause AHR and increase ASM mass in a mouse model. 
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By using a mouse model, I can directly assess the impact of vitamin D deficiency without 

the presence of confounding factors such as physical activity and sun exposure. As 

previously discussed in section 1.2.1, the definition of vitamin D deficiency in humans is 

debatable, and less is known about the vitamin D requirements for a mouse. In this study, 

we will compare lung structure and function outcomes in mice fed a vitamin D-deficient 

and -replete diet. The deficient diet has been shown to generate mice with significantly 

lower serum 25(OH)D levels compared to mice on the -replete diet, with levels below 50 

nmol/L, the consensus cut-off in humans.70 Lung stereology will be used to assess lung 

structure and airway sections stained with Masson’s Trichrome for visualization of ASM. 

Stereology is a mathematical method for measuring irregular 3-dimensional structures 

from 2-dimensional sections, which may be obtained by physical techniques such as 

biopsies, or optical imaging techniques such as computed tomography (CT).208 In patients 

with asthma, airway remodelling is assessed by bronchial biopsy,90 chest CT209 or 

samples obtained from post-mortem autopsy.171 Stereology has been used to quantify 

airway remodelling in bronchial biopsy samples from children with lung disease.192 Lung 

function methods such as spirometry and the forced oscillation technique (FOT) are used 

to measure AHR for asthma diagnosis in children.210 I will use a modification of FOT for 

lung function measurements in mice. This allows for the measurement of respiratory 

mechanics by analysing changes in pressure and volumes generated in response to  

oscillatory waveforms applied at the airway opening.211 These functional outcomes can 

then be correlated with structural changes.  

 

Aim 2: To determine if in utero vitamin D deficiency causes airway 

hyperresponsiveness and airway remodelling 
 

James et al. has shown evidence that the thickness of the airway smooth muscle (ASM) 

layer in the airways is related to the clinical severity of asthma and independent of age of 

onset and duration of asthma.193 These findings imply that remodelling of ASM occurs at 

an early stage in the natural history of asthma and changes little with the duration of 

asthma and age. This is supported by a study showing that increased ASM in preschool 

children with wheeze predicted asthma at school age.212 Reduced lung function in 

childhood asthma has been shown to track throughout childhood and adolescence into 

adulthood,66 with impaired lung function at one month of age being associated with 

wheeze at 18 years of age.213 A birth cohort study of healthy infants in Norway revealed 

that reduced lung function at birth was associated with severe bronchial 
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hyperresponsiveness and the development of asthma by 10 years of age.214 These studies 

provide evidence that reduced lung function that starts early in life in asthma may be due 

to corresponding remodelling of airways. I hypothesize that vitamin D deficiency in utero 

alters the expression of pathways in the lung that are relevant to airway remodelling and 

AHR. Thus, the second aim of my study was to determine if in utero vitamin D deficiency 

can contribute to airway remodelling or AHR, and if having sufficient vitamin D levels 

postnatally will have beneficial effects. I also aimed to determine the relevant pathways 

driving the potential associations between vitamin D deficiency, airway remodelling and 

AHR using RNA transcriptome profiling methods (RNA-Seq). 

 

Aim 3: To determine if vitamin D deficiency exacerbates airway 

hyperresponsiveness and airway remodelling in chronic allergic asthma  

 

Vitamin D deficiency has been associated with worse asthma control and more frequent 

and/or severe asthma exacerbations. A large proportion of asthmatics are allergic to 

HDM.215 Furthermore, a randomized control trial has shown that the use of vitamin D as 

an adjunct to allergen specific immunotherapy reduced the total asthma symptom score 

in HDM-sensitive asthmatic children.216 I hypothesize that vitamin D deficiency will 

exacerbate airway remodelling and AHR outcomes in a mouse model of chronic allergic 

airway disease. The third aim of my study was to explore the impact of whole life vitamin 

D deficiency on airway remodelling, inflammation and AHR in a mouse model of HDM 

induced airway inflammation. I also aimed to explore the effect of vitamin D deficiency 

on HDM induced gene expression in the lung using RNA-seq.  

 

1.7 Summary 
 

The growing prevalence of vitamin D deficiency around the globe is a significant public 

health concern and based on the evidence to date it is clear that vitamin D has the potential 

to have significant impacts on chronic lung disease. It is important that we understand the 

implications of vitamin D deficiency in normal lung development as well as in disease 

and identify mechanistic pathways to intervene if necessary. To that end, this thesis will 

contribute to our understanding of how vitamin D deficiency may alter lung structure and 

function and how it influences the onset of disease and progression of disease. We are 

only just beginning to uncover the role of vitamin D deficiency in a range of health 

problems including lung disease. It is important to understand the health implications of 
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vitamin D deficiency. Only then can we determine whether vitamin D supplementation 

should be considered as a treatment option in respiratory disease, and whether public 

health messages should be modified in order to prevent disease at a community level. 
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Chapter 2 Vitamin D deficiency causes airway 
hyperresponsiveness and increases airway smooth muscle mass  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A modified version of this chapter has been accepted for publication in the following 

peer-reviewed journal:  

 

Foong RE, Shaw NC, Berry LJ, Hart PH, Gorman S, Zosky GR. Vitamin D deficiency 

causes airway hyperresponsiveness, increases airway smooth muscle mass, and reduces 

TGF-beta expression in the lungs of female BALB/c mice. Physiol Rep. 2014; 2: 

e00276. 
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2.1 Abstract  
 

Vitamin D deficiency is associated with disease severity in asthma. We tested whether 

there is a causal association between vitamin D deficiency, ASM mass and the 

development of AHR. A physiologically relevant mouse model of vitamin D deficiency 

was developed by raising BALB/c mice on vitamin D-deficient or -replete diets. AHR 

was assessed by measuring lung function responses to increasing doses of inhaled 

methacholine. Five-micron sections from formalin-fixed lungs were used for ASM 

measurement and assessment of lung structure using stereological methods. TGF-β levels 

were measured in BAL fluid. Lungs were dissected from embryonic day (E) 17.5 vitamin 

D-deficient and -replete fetal mice for quantification of ASM density and relative gene 

expression of TGF-β signaling pathway molecules. Eight-week-old adult vitamin D-

deficient female mice had significantly increased airway resistance and ASM in the large 

airways compared with controls. Vitamin D-deficient female mice had a smaller lung 

volume, volume of parenchyma and alveolar septa. Both vitamin D-deficient male and 

female mice had reduced TGF-β levels in BAL fluid. Vitamin D deficiency did not have 

an effect on ASM density in E17.5 mice, however expression of TGF-β1 and TGF-β 

receptor I was downregulated in vitamin D-deficient female fetal mice. Decreased 

expression of TGF-β1 and TGF-β receptor I during early lung development in vitamin D-

deficient mice may contribute to airway remodelling and AHR in vitamin D-deficient 

adult female mice. This study provides a link between vitamin D deficiency and 

respiratory symptoms in chronic lung disease. 

 

2.2 Introduction 
 
Vitamin D is a steroid hormone that has long been known to play an important role in 

calcium homeostasis within the body. The recent discovery that the VDR is ubiquitously 

expressed in nearly every cell type in human tissue has led to the realization that vitamin 

D also has extraskeletal effects2 and there is now a large body of evidence linking vitamin 

D deficiency to chronic conditions, including autoimmune, infectious, cardiovascular and 

respiratory disease.4-7,89 Of relevance to chronic respiratory disease, some studies have 

shown that vitamin D deficiency is more prevalent in patients with asthma and COPD,85,89 

and lower vitamin D levels have been associated with poor asthma control, increased 

corticosteroid use15 and AHR.9  
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Epidemiological and experimental studies have also shown that lower serum vitamin D 

levels are associated with reduced lung function.70,78 Recently, Gupta and colleagues90 

detected an inverse relationship between vitamin D levels, asthma severity and inhaled 

steroid use in children with moderate and severe asthma. Interestingly, lower serum 

vitamin D levels were also associated with an increase in ASM mass, measured from 

endobronchial biopsy samples, in children with severe asthma. This apparent capacity of 

vitamin D to modulate ASM growth is supported by microarray studies showing that the 

vitamin D receptor is expressed in ASM cells.202 

 

1,25(OH)2D, the active form of vitamin D, can also inhibit ASM cell proliferation in 

vitro205 and TGF-β-induced expression of α-smooth muscle actin in myofibroblasts.217 

TGF-β has pro-fibrotic properties and can induce epithelial-mesenchymal transition, 

which may mediate airway remodelling.218 Epithelial-mesenchymal interactions also play 

a crucial role in lung development and can be promoted by vitamin D.72 While the study 

by Gupta et al. may provide in vivo evidence that vitamin D levels are associated with 

ASM remodelling in children with severe asthma, the cross-sectional nature of the study 

prevents demonstration of a causal association between vitamin D and ASM.90 

Furthermore, vitamin D deficiency is associated with physical inactivity,219 which in turn 

is linked to the severity of asthma.220 As such, vitamin D may simply be acting as an 

indirect marker of physical activity levels. 

 

On the basis of the in vitro evidence and the clinical data provided by Gupta and 

colleagues,90 we hypothesize that vitamin D deficiency alters lung structure and airway 

structure by increasing ASM mass, leading to AHR, a characteristic feature of asthma. 

We tested this hypothesis by investigating whether vitamin D-deficient mice showed 

evidence of airway remodelling and airway hyperresponsiveness. We also investigated 

the potential role of TGF-β in modulating the effects we observed. 

 

2.3 Materials and Methods 
 

2.3.1 Mouse model  

 

Three-week-old female BALB/c mice (Animal Resource Centre, Murdoch, Western 

Australia) were placed on either vitamin D3-deficient or -replete diets containing 0 or 



 

36 
 

2280 IU of vitamin D3, respectively (Specialty Feeds, Glen Forrest, Western Australia) 

as described previously.221 Deficient diets were supplemented with 2% (vs 1%) calcium 

to prevent hypocalcaemia. This level of supplementation is sufficient to maintain serum 

calcium and prevent bone defects in vitamin D-deficient mice.70 Mice were housed in a 

room with a 12-hour ultraviolet B-free light/dark cycle. At 8-weeks of age, female mice 

were mated with vitamin D-replete male BALB/c mice. Offspring of both sexes were 

maintained on deficient or replete diets and studied at 8-weeks of age.  

 

To obtain fetal tissue samples, females were time-mated. The morning after the first 

observation of a vaginal plug was designated as day 0.5 of gestation. On E17.5, which 

corresponds with a period of substantial airway development (canalicular stage of lung 

development), dams were euthanized by overdose with ketamine (Troy Laboratories, 

NSW, Australia): xylazine (Troy Laboratories) at a dose of 800 mg/kg: 40 mg/kg, by 

intraperitoneal injection and pups obtained by caesarean section. Serum 25(OH)D levels 

were measured using IDS OCTEIA ELISA kits (Immunodiagnostic Systems Ltd, Boston 

Business Park, UK). All procedures were approved by the Telethon Kids Institute Animal 

Ethics Committee (ethics number 230) and conformed to National Health and Medical 

Research Council (NHMRC) of Australia guidelines.  

 

2.3.2 Animal preparation for lung function assessment 

 

Mice were anaesthetized by intraperitoneal injection with a solution containing 40 mg/mL 

of ketamine and 2 mg/mL of xylazine at a dose of 0.01 mL/g body weight. Two-thirds of 

the dose was administered initially to induce surgical anaesthesia prior to tracheostomy 

and cannulation with a polyethylene endotracheal tube (internal diameter = 0.086 cm, 

length = 1.0 cm). Snout-vent length was measured using digital Vernier calipers before 

mice were placed in a whole-body plethysmograph and connected to a small animal 

ventilator (HSE-Harvard MiniVent; Harvard Apparatus, Holliston, MA). The remaining 

anaesthetic was given and mice ventilated at 400 breaths/min with a tidal volume of 10 

mL/kg and 2 cmH2O positive end-expiratory pressure.  

 

2.3.3 Lung volume  

 

Thoracic gas volume (TGV) was measured by plethysmography as described 

previously.222 During periods of apnoea, the trachea and box were occluded at elastic-
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equilibrium lung volume (EELV). Intramuscular electrodes were used to stimulate the 

intercostal muscles and induce inspiratory efforts. TGV was calculated by applying 

Boyle’s Law to the tracheal and box pressure signals after correction for the thermal 

properties of the plethysmograph.222 

 

2.3.4 Methacholine challenge 

 

After performing lung volume measurements, mice were transferred to a flexiVent system 

(SCIREQ, Montreal, Canada) for assessment of responsiveness to methacholine (β-

methacholine chloride, Sigma-Aldrich, MO, USA). Respiratory system input impedance 

(Zrs) was measured using a modification of the low frequency forced oscillation 

technique (LFOT). Lung volume history was standardized using 3 slow inflation-

deflation manoeuvres up to 20 cmH2O transrespiratory pressure before measurement of 

baseline lung mechanics. During pauses in ventilation, a 16-second oscillatory signal 

containing 19 frequencies ranging from 0.25 to 19.625 Hz was delivered by the flexiVent 

piston in order to measure Zrs. A four-parameter model with constant phase tissue 

impedance223 was then fitted to the data for calculation of the Newtonian airway 

resistance (Raw, which primarily reflects airway resistance in the mouse due to the low 

chest wall impedance), tissue damping (G, the parameter describing the viscous 

frequency dependent response in resistance which is thought to reflect resistance of the 

peripheral airways where airflow occurs primarily by diffusion) and tissue elastance (H, 

the elastic properties of the lung parenchyma). LFOT measurements were taken once a 

minute for 5 minutes to establish baseline lung mechanics. Mice were then challenged 

(10 s) with increasing concentrations of aerosolized methacholine from 0.3 mg/mL up to 

100 mg/mL. Five LFOT measurements were taken after each dose of methacholine, and 

the maximum responses for Raw, G and H from these measurements were used to 

construct dose-response curves and compare responses between groups. The dose of 

methacholine required to cause a doubling in Raw (EC200) (as a measure of sensitivity to 

methacholine) was calculated using linear interpolation between log doses of 

methacholine from the full dose-response curve.  

 

2.3.5 Lung structure 

 

Lung structure was assessed in separate groups of mice according to American Thoracic 

Society and European Respiratory Society (ATS/ERS) guidelines.208 After euthanasia, 
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lungs were inflation-fixed with 4% formaldehyde solution at a pressure of 10 cmH2O. 

The left lung was then separated from the right lung at the main bronchus. The left lobe 

was embedded in paraffin with the transverse section face down to obtain cross-sections 

of the first generation airway. The right lung was randomly orientated224 and embedded 

in a separate paraffin block. Starting at a random point, 5-μm sections were taken at 

regular 500 μm intervals throughout the right lung and stained with haematoxylin and 

eosin. Lung structure was assessed in the right lung using stereological methods with the 

NewCast stereology software (Visiopharm, Denmark). Lung volume was calculated 

using the Cavalieri method225 while point counts were used to measure volume of 

parenchyma (Vp), alveolar septa (Vs), air in the major airways (Va) and surface area 

density of alveoli (Sv). 

 

2.3.6 ASM measurements and immunohistochemistry 

 

The left lung was used for assessment of ASM mass. Five-micron-thick transverse 

sections were cut at 500 μm intervals throughout the entire lung. These sections coincide 

with the main bronchus which traverses to the base of the left lung226 allowing sections 

from the central to the peripheral airways to be obtained. Large airways consisted of the 

primary bronchus with a perimeter of basement membrane > 2000 µm (mean area and 

diameter were 517185 µm2 and 982 µm, respectively). Small airways were designated as 

peripheral airways distal to the primary bronchus with a basement membrane perimeter 

< 1000 µm (mean area and diameter were 113281 µm2 and 226 µm, respectively). 

Sections were then stained with Masson’s Trichrome for visualization of structural 

elements. Immunohistochemistry for α-smooth muscle actin [α-SMA (ab5694); 1: 10000 

dilution; Abcam, Cambridge, MA, USA] was carried out to confirm the presence of 

contractile elements. The cross-sectional area of ASM and internal perimeter of the 

basement membrane were measured using the newCast stereology software (Visiopharm, 

Denmark). The square root of the ASM area was then corrected by the perimeter of the 

basement membrane.227 

 

Due to the small size of the lung samples from E17.5 pups and the difficulty in accurately 

determining orientation so as to ensure transverse section of the main conducting airways 

a stereological approach was used to quantify ASM. Briefly, whole E17.5 lungs were 

embedded in paraffin and randomly oriented. Immunohistochemistry for α-SMA was 
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carried out on 5-µm lung sections sections and the percentage of cells staining positive 

for α-SMA was calculated using stereological techniques. 

 

 

2.3.7 Measurement of TGF-β levels 

 

BAL fluid was collected from separate groups of 8-week-old mice by slowly washing 0.4 

mL of saline in and out of the lungs 3 times. TGF-β protein levels in the BAL fluid were 

measured using a DuoSet ELISA Development kit for measuring activated TGF-β1 

(R&D Systems, Minneapolis, MN, USA) following the manufacturer’s instructions. 

 

2.3.8 Quantification of gene expression 

 

RNA was extracted from lung homogenates using an RNeasy® Plus Mini Kit (Qiagen 

Inc, Valencia, CA, USA) according to the manufacturer’s instructions. Concentration and 

quality of the RNA extract were assessed using a ND-1000 Nanodrop spectrophotometer 

(Thermo Scientific, Waltham, MA, USA). Approximately 150 ng of RNA was reverse 

transcribed using the Quick-Start Protocol supplied in the Omniscript Reverse 

Transcriptase kit (Qiagen Inc.). The cDNA was then amplified by real-time PCR using 

commercially available TaqMan hydrolysis probes (Applied Biosystems, Foster City, 

CA, USA) for TGF-β1, TGF-β2, TGF-β3, TGF-β receptor I, TGF-β receptor II and TGF-

β receptor III according to the set-up specified in the TaqMan gene expression master mix 

protocol (Applied Biosystems). The amplification reactions were performed using an ABI 

PRISM 7900HT Sequence Detection System version 3.0 (Applied Biosystems). After 

adjustment of the baseline and threshold for each detector, threshold cycle (Ct) values 

were normalised to the reference gene, 18s ribosomal RNA (Applied Biosystems), by a 

ΔCt calculation (Cttarget gene – Ctreference gene). All statistics were performed on transformed 

ΔCt values.  

 

2.3.9 Statistical analysis 

 

Between group comparisons, within sexes, were made using t tests and repeated-measures 

ANOVA for comparisons of all groups.  Statistical analyses were performed using 

SigmaPlot software (version 12 SysStat Software, Chicago, IL, USA). Data were log 
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transformed where required to satisfy the assumptions of normality for t tests and data are 

shown as mean (SD). P values of < 0.05 were regarded as statistically significant. 

 

2.4 Results 
 

2.4.1 Model characteristics 

 

Mice fed the vitamin D-deficient diet had significantly lower levels of 25(OH)D 

compared to mice fed the replete diet (p < 0.001). There was no difference in vitamin D 

status between vitamin D-deficient mice of both sexes (p = 0.77); however, vitamin D-

replete females had significantly higher levels of serum 25(OH)D compared with -replete 

males (p < 0.001) (Figure 2.1A). 8-week old vitamin D-deficient mice of both sexes had 

significantly lower body weights (p < 0.001) and snout-vent lengths [females (p < 0.01); 

males (p < 0.001)] (Figure 2.1B, C) compared with their -replete counterparts.  Serum 

25(OH)D levels were significantly lower in the vitamin D-deficient dams compared with 

-replete dams (p = 0.024) (data not shown).     
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Figure 2.1 Serum 25(OH)D levels (A), body weights (B) and snout-vent lengths (C) in 

8-week old vitamin D-deficient mice and -replete mice. Vitamin D-deficient mice are 

represented by solid symbols and -replete mice by open symbols (females, circles; males, 

squares). *** indicates p < 0.001; ** indicates p < 0.01. Data are represented as mean 

(SD), n = 12-19/group for serum 25(OH)D levels; n = 20-27/group for body weights and 

n = 13-19/group for snout-vent lengths.  

2.4.2 Lung volume  

 

There were no differences in TGV between groups (Figure 2.2).  
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Figure 2.2 Thoracic gas volumes of vitamin D-deficient and -replete mice. Vitamin D-

deficient mice are represented by solid symbols and -replete mice by open symbols 

(females, circles; males, squares). Data are represented as mean (SD), n = 10-12/group. 

 
2.4.3 Methacholine challenge 

 

There were no significant differences in baseline measurements of Raw and H between 

vitamin D-deficient and -replete mice of either sex. Baseline G was increased in vitamin 

D-deficient female mice compared with -replete female mice. 

 

An increased response in Raw to was detected in vitamin D-deficient females compared 

to -replete females at doses of 3 mg/mL (p = 0.04), 10 mg/mL (p = 0.001), 30 mg/mL (p 

= 0.003) and 100mg/mL of methacholine (p < 0.001) (Figure 2.3A). There was no 

difference in Raw between vitamin D-deficient and -replete males (Figure 2.3B). 

 

There were no significant differences in tissue mechanics (G and H) in response to 

methacholine between vitamin D-deficient and vitamin D-replete male mice (Figure 2.3D 

and 2.3F).  Vitamin D-deficient female mice had increased G compared with vitamin D-

replete females (p = 0.048) which appeared to be due to differences at baseline (Figure 

2.3C). Vitamin D-deficient females also had increased H at 100 mg/mL of methacholine 

(Figure 2.3E). 

 

The concentration of methacholine required to elicit a doubling (EC200) in Raw was 

significantly lower in vitamin D-deficient female mice, suggesting an increased 
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sensitivity to methacholine (p = 0.02) (Figure 2.4). No differences were observed in male 

mice. 

 
Figure 2.3 Airway resistance (Raw; A,B), tissue damping (G; C,D) and tissue elastance 

(H; E,F) in response to increasing doses of methacholine in vitamin D-deficient (female, 

solid circles; male, solid squares) and -replete mice (females, open circles; males, open 

squares). * indicates p < 0.05. Data are represented as mean (SD) n = 10-11/group. 
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Figure 2.4 Concentration of methacholine required to elicit a doubling (EC200) in airway 

resistance (Raw). These values were calculated from the dose-response curves by 

interpolation (see Figure 2.3). * indicates p < 0.05. Data are represented as mean (SD), n 

= 10-11/group. 

2.4.4 Lung structure 

 

Post-fixation and embedding lung volume was significantly smaller in vitamin D-

deficient females compared with -replete females (Figure 2.5A; p = 0.005). The volume 

of the parenchyma (Vp) (Figure 2.5B; p = 0.002), volume of alveolar septa tissue (Vs) 

(Figure 2.5C; p < 0.001), alveolar surface area density (Sv)(Figure 2.5D; p = 0.001) and 

volume of air in the parenchyma (Va) (p = 0.03) (data not shown) were also significantly 

reduced in vitamin D-deficient female mice compared to -replete females. No differences 

were observed between vitamin D-deficient and -replete male mice.  
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Figure 2.5 Lung volume (VL; A), volume of parenchyma (Vp; B), volume of alveolar 

septa (Vs; C) and surface area density of alveoli (Sv; D) measured by stereology from 

fixed lungs of vitamin D-deficient and -replete 8-week old female and male mice. Vitamin 

D-deficient mice are represented by solid symbols and -replete mice by open symbols 

(females, circles; males, squares). *** indicates p < 0.001; ** indicates p < 0.01. Data are 

represented as mean (SD), n = 8-11/group 

2.4.5 ASM mass  

 

Eight-week old vitamin D-deficient female mice had significantly higher levels of ASM 

in the large proximal airways compared with -replete female (p = 0.04) (Figure 2.6E). 

There was no difference in ASM mass in the small distal airways between the groups 

(data not shown). 

 

Likewise, the tissue density of ASM was not altered by vitamin D deficiency in either 

female (p = 0.98) or male (p = 0.38) E17.5 pups (Figure 2.6F). 
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Figure 2.6 Airway smooth muscle (ASM) mass in 8-week old vitamin D-deficient and -

replete female and male mice (A) and ASM tissue density in embryonic day (E) 17.5 

vitamin D-deficient and -replete female and male mice(B). Vitamin D-deficient mice are 

represented by solid symbols and -replete mice by open symbols (females, circles; males, 

squares). * indicates p < 0.05. Data are represented as mean (SD), n = 8-10/group for 8-

week old mice and n = 5/group for E17.5 mice. 

 
2.4.6 TGF-β levels 

 

TGF-β protein levels were significantly reduced in the BAL fluid of both vitamin D-

deficient male and female mice (p = 0.003) (Figure 2.7). The expression of TGF-β1 

(Figure 2.8A, p = 0.01) and TGF- β receptor I (Figure 2.8D, p = 0.01) genes were 
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significantly lower in the lung tissue of female vitamin D-deficient E17.5 mice compared 

to female -replete mice. There were no significant differences in expression of the other 

genes of the TGF-β pathway in female mice (TGF-β2, p = 0.45; TGF-β3, p = 0.12; TGF-

β receptor II, p = 0.64; TGF-β receptor III, p = 0.69) at this time-point. No differences in 

TGF-β pathway gene expression were detected between male vitamin D-deficient and -

replete mice at E17.5 (TGF-β1, p = 0.57; TGF-β2, p = 0.59; TGF-β3, p = 0.42; TGF-β 

receptor I, p = 0.33; TGF-β receptor II, p = 0.18; TGF-β receptor III, p = 0.76) (Figure 

2.8) 

 
Figure 2.7 Transforming growth factor β levels in bronchoalveolar fluid of 8-week old 

vitamin D-deficient and -replete male and female mice. Vitamin D-deficient mice are 

represented by solid bars and -replete mice by open bars. * indicates p < 0.05. Data are 

represented as mean (SD), n = 12-13/group. 
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Figure 2.8 Relative gene expression of TGFβ1 (A), TGFβ2 (B), TGFβ3 (C), TGFβ 

receptor I (D), TGFβ receptor II (E) and TGFβ receptor III (F) in lungs of embryonic day 

17.5 vitamin D-deficient and -replete fetal mice. Data are expressed as fold changes 

obtained by normalizing candidate genes to the 18s ribosomal RNA reference gene. * 

indicates p < 0.05. Data are represented as mean (SD), n = 5/group. 
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2.5 Discussion 
 

Vitamin D deficiency caused AHR in adult female BALB/c mice. This was accompanied 

by an increase in ASM mass as well as smaller lung volume and altered lung structure. 

Male mice appeared to be resistant to these vitamin D-induced changes in airway structure 

and responsiveness. A previous study has similarly shown a positive correlation between 

ASM mass and Raw to methacholine in female mice.228 Increased ASM has an important 

role in the pathophysiology of chronic asthma where it has been shown that the thickness 

of the ASM layer in the airways is related to the clinical severity of asthma and 

independent of age of onset and duration of asthma.193 Our findings provide clear causal 

evidence that low circulating vitamin D levels modulate airway remodelling in vivo. This 

is important since vitamin D deficiency is associated with worse outcomes in asthma89,90 

and COPD,85 both of which are characterised by airway remodelling.229 The majority of 

studies that have attempted to link vitamin D deficiency with outcomes in chronic lung 

disease have primarily focused on the immunomodulatory effects of vitamin D.25 Our 

study suggests that vitamin D deficiency can directly alter airway structure, which in turn 

may lead to heightened respiratory symptoms in chronic lung disease. Given that the mice 

in our study were assessed in the naïve state, this implies that vitamin D deficiency has 

the capacity to adversely alter disease outcomes independently of its potential impact on 

immune function. 

 

We have previously shown altered lung structure in 2-week old mice.70 The current study 

shows that adult 8-week-old vitamin D-deficient female mice have reduced lung volume, 

reduced volume of parenchyma, alveolar septa and air in parenchymal tissue, as well as 

reduced alveolar surface area. This indicates that the impairment in lung development at 

2-weeks persists into adulthood in females. Mechanistic evidence for a role for vitamin 

D in lung development has been provided by animal studies where vitamin D induces the 

maturation of type II AECs and the synthesis of pulmonary surfactant, both of which are 

key events in fetal lung development. Pulmonary surfactant is important for reducing 

surface tension and maintaining alveolar integrity71 while the maturation of type II AECs 

and surfactant synthesis is, in turn, dependent on alveolar epithelial-mesenchymal 

interactions. Vitamin D influences these interactions by increasing the expression of key 

homeostatic epithelial-mesenchymal differentiation markers, increasing lipofibroblast 

and type II AEC proliferation, and decreasing apoptosis.72 TGF-β signalling is also 

implicated in epithelial-mesenchymal interactions,217 and is regulated during lung 
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development and alveolarization.230 Since vitamin D can modulate TGF-β 

signalling,217,231 and TGF-β is associated with ASM proliferation,176 we investigated if 

TGF-β levels were altered in our mouse model of vitamin D deficiency.  

 

TGF-β1 protein levels in the BAL fluid of vitamin D-deficient male and female mice 

were lower compared with vitamin D-replete mice. Impaired activation of TGF-β 

signalling has previously been shown in a mouse model of vitamin D deficiency231 and 

there are in vitro studies demonstrating that 1,25(OH)2D  upregulates the expression  of 

TGF-β1. TGF-β1 concentrations were increased in the BALF of asthmatics compared 

with non-asthmatic controls.232 TGF-β1 is a known mediator of airway remodelling and 

increases the proliferation of ASM.176 Thus, our data appear to be contrary to these 

observations. However, the effects of TGF-β1 on cell proliferation are complex and 

dependent on the local environment. For example, TGF-β1 inhibits ASM cell 

proliferation in sub-confluent culture, but promotes proliferation when the cells are 

confluent.233 Furthermore TGF-β induces ASM cell proliferation at low doses but inhibits 

proliferation at higher doses.234,235 It is therefore possible that reduced TGF-β1 expression 

during lung development may contribute to the increased ASM mass due to the 

complexities of the in vivo environment. Alternatively, the decrease in TGF-β may be a 

homeostatic response as the lung attempts to rectify the increase in ASM in response to 

vitamin D deficiency. 

 

Although the lower levels of TGF-β1 in the BALF of vitamin D-deficient mice were 

observed in both males and females in our study, lung structure and function differences 

were only observed in female mice. Clearly, there are distinct sex-related differences in 

the structural and physiological responses to vitamin D deficiency. Cross-talk between 

vitamin D and TGF-β signalling236 as well as a functional synergy between the vitamin 

D and estrogen endocrine systems,237 may explain why differences were only observed 

in females. Furthermore, as observed previously,238 vitamin D-replete male mice did not 

have the same levels of serum 25(OH)D compared with -replete females in the current 

study. There are several possible explanations for this observation. Male mice may have 

a reduced capacity to produce or retain 25(OH)D, or have an increased rate of breakdown 

of 1,25(OH)2D into other less active metabolites. This is supported by evidence that the 

expression of 1,25(OH)2D synthesis and its breakdown enzymes, (CYP27B1 and 

CYP24A1, respectively) are upregulated in male vitamin D-deficient mice, indicating a 

faster rate of 1,25(OH)2D metabolism and catabolism.238 Importantly, our data are 
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consistent with previous studies investigating the effects of sex on AHR in mice which 

have shown that the increases in Raw, G and H in response to methacholine are generally 

greater in naïve male mice than naïve female mice.239 One intriguing possibility is that 

the lower levels of vitamin D, in male mice, may result in increased ASM, and a greater 

naïve response to bronchoconstricting agents.  

 

Reduced somatic growth was observed in vitamin D-deficient mice of both sexes. In 

health, body size is well known to be strongly associated with lung volume,240 however 

we found no difference in in vivo lung volume in vitamin D-deficient male mice despite 

their lower body lengths and weights, clearly highlighting the importance of direct 

measures of lung volume when comparing the effects of an intervention that may impact 

on somatic growth. Interestingly, while there was no difference in TGV measurements, 

lung volume measured stereologically was smaller in vitamin D-deficient female mice. It 

is important to recognize that TGV measurements in vivo are made at EELV, whereby 

the total volume of air in the lung is a result of the opposing forces generated by the 

inward elastic recoil of the lung and the outward force generated by the chest wall.70 This 

discrepancy between in vivo and ex vivo measurements of lung volume in the females 

suggests that either 1) the elastic recoil of the lung parenchyma was higher in vitamin D 

deficiency such that the lung shrunk to a greater extent after being removed from the 

chest, or 2) there was gas trapping at EELV in the female vitamin D-deficient mice 

resulting in a higher TGV in vivo. While we are not able to distinguish between these 

possibilities, it is clear that there is an impact of vitamin D deficiency on airway responses 

to methacholine despite the apparent lack of an effect of deficiency on lung volume in 

vivo; at least in the female mice.  

 

Our findings of altered lung structure and function in adult female mice led us to further 

investigate whether this was a result of developmental deficits due to vitamin D 

deficiency in utero. While we did not find a difference in ASM density between vitamin 

D-deficient and -replete mice, we found that the relative gene expression of TGFβ1 and 

TGFβ receptor I was downregulated in vitamin D-deficient female E17.5 pups. It is 

possible that any effect on ASM mass due to vitamin D deficiency may not have been 

detectable at E17.5 since maturation of ASM may continue through to adulthood despite 

ASM being laid down in the fetal mouse lung at E12.241 TGF-β1 is important for lung 

branching in the fetal mouse and mediates epithelial-mesenchymal interactions in the 

developing lung by colocalization with extracellular matrix proteins.242  Reduced 
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expression of TGF-β1 in the developing mouse lung as a result of vitamin D deficiency 

may affect lung branching morphogenesis and lead to abnormal development. This 

hypothesis is consistent with the altered expression of this pathway in the females at E17.5 

and increased AHR and ASM at 8 weeks of age; an association that was absent in the 

male mice. 

 

In summary, vitamin D deficiency contributes to AHR and airway remodelling in adult 

female mice. Specifically, vitamin D deficiency caused an increase in ASM mass which 

was in turn associated with an increased response to methacholine. While this effect was 

not observed in males it was interesting to note that the overall levels of vitamin D in the 

male -replete mice were lower than the female -replete mice which also corresponded to 

higher levels of ASM in the males and a greater response to methacholine. Vitamin D 

deficiency also caused a reduction in TGF-β1 protein levels in both male and female mice, 

as well as reduced gene expression of TGF-β1 and TGF-β receptor I in female E17.5 fetal 

pups. These observations may provide a mechanism by which vitamin D deficiency to 

chronic lung disease that is unrelated to the immunomodulatory effects of vitamin D. 
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Chapter 3 In utero vitamin D deficiency increases airway smooth 

muscle mass and impairs lung function 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A modified version of this chapter has been accepted for publication in the following 

peer-reviewed journal:  

 

Foong RE, Bosco A, Jones AC, Gout A, Gorman S, Hart PH, Zosky GR. The effects of 

in utero vitamin D deficiency on airway smooth muscle mass and lung function. Am J 

Respir Cell Mol Biol. 2015; 53: 664-675. 
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3.1 Abstract 
 

We have previously demonstrated increased ASM mass and AHR in whole-life vitamin 

D-deficient female mice. In this study we aimed to uncover the molecular mechanisms 

contributing to altered lung structure and function. RNA was extracted from lung tissue 

of whole-life vitamin D-deficient and -replete female mice, and gene expression patterns 

were profiled by RNA-Seq. The data showed that genes involved in embryonic organ 

development, pattern formation, branching morphogenesis, Wingless/Int (Wnt) 

signalling, and inflammation were differentially expressed in vitamin D-deficient mice. 

Network analysis suggested that differentially expressed genes were connected by the 

hubs MMP9, nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, 

alpha (NFKBIA), EGFR and E1A binding protein p300 (EP300). Given our findings that 

developmental pathways may be altered, we investigated if the timing of vitamin D 

exposure (in utero versus postnatal) had an impact on lung health outcomes. Gene 

expression was measured in utero or postnatal vitamin D-deficient mice, as well as whole-

life vitamin D-deficient and -replete mice at 8-weeks of age. Baseline lung function, AHR 

and lung inflammation were measured and lungs fixed for assessment of lung structure 

using stereological methods, as well as quantification of ASM mass. In utero vitamin D 

deficiency was sufficient to increase ASM mass and baseline airway resistance, as well 

as alter lung structure. There was also increased neutrophilic inflammation but decreased 

lymphocytes in bronchoalveolar lavage. Expression of inflammatory molecules S100A9 

and S100A8 was mainly increased in postnatal vitamin D-deficient mice. These 

observations suggest that in utero vitamin D deficiency can alter lung structure and 

function, and increase lung inflammation, contributing to symptoms in chronic diseases 

such as asthma. 

 

3.2 Introduction 
 

Vitamin D deficiency is associated with chronic lung diseases such as asthma COPD.85,243 

Asthma and COPD are both characterized by AHR and airway remodelling,244 including 

an increase in ASM mass.229 We have recently demonstrated increased ASM mass in 

mice exposed to whole-life vitamin D deficiency.245 The increases in ASM were 

associated with gene expression levels of TGF-β signalling molecules in vitamin D-

deficient embryos at E17.5, indicating that vitamin D deficiency may impinge on 
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developmental pathways in early life. These observations support previous studies 

showing that low serum vitamin D levels are associated with increased ASM mass in 

children with severe asthma.90 Similarly, in vitro studies show that 1,25(OH)2D, the active 

metabolite of vitamin D, inhibits the proliferation of ASM cells,205 providing evidence 

that vitamin D has the capacity to modulate airway remodelling.  

 

Experimental animal studies suggest that vitamin D affects lung development. The 

maturation of fetal rat type II AECs, which are important for the synthesis of surfactant 

and represent a key event in fetal lung development, is induced by 1,25(OH)2D.
71 Alveolar 

epithelial-mesenchymal interactions that are important for alveolar development are also 

influenced by 1,25(OH)2D.
72 Furthermore, genetic studies show a high number of vitamin 

D regulated genes are represented in the developing human and murine lung 

transcriptome.75 One-third of these vitamin D regulated genes were differentially 

expressed in asthmatic children compared to non-asthmatic sibling controls suggesting 

that vitamin D deficiency during lung development may lead to asthma later in life.  

 

A recent study from our group investigating the effects of maternal vitamin D status on 

postnatal lung function outcomes found impaired lung function and increased asthma risk 

in children exposed to  maternal vitamin D deficiency.102 This was consistent with our 

earlier work showing a causal association between early life vitamin D deficiency and 

lung structure and function in a mouse model.70 Based on our recent observation that 

whole-life vitamin D deficiency increases ASM mass, we sought to investigate pathways 

that might be altered by vitamin D deficiency in the adult lung using RNA-Seq. We 

focused on female mice because vitamin D deficiency induced physiological changes are 

only present in female mice.245 Moreover, the maternal effects of vitamin D deficiency 

on postnatal lung function are strongest in girls.102 Given the existing evidence supporting 

a link between early life vitamin D deficiency and lung health, we also investigated the 

relative impact of in utero and/or postnatal vitamin D deficiency on ASM, lung 

mechanics, AHR, inflammation and gene expression patterns to determine when lung 

structure and function are the most sensitive to the effects of vitamin D deficiency. 
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3.3 Materials and Methods 
 

3.3.1 Mouse model 

 

Three-week-old female BALB/c mice (Animal Resource Centre, Murdoch, Australia) 

were fed vitamin D3-deficient or -replete diets containing 0 or 2280 IU vitamin D3, 
respectively (Specialty Feeds, Glen Forrest, Western Australia) as previously 

described.245 Deficient diets were supplemented with 2% (vs 1%) calcium to maintain 

serum calcium in vitamin D-deficient mice which has previously been shown to result in 

no differences in serum calcium levels between groups.70 Mice were housed in a room 

with a 12-hour ultraviolet B-free light/dark cycle. At 8-weeks of age, female mice were 

mated with vitamin D-replete male BALB/c mice. To compare the effects of in utero and 

postnatal vitamin D deficiency, vitamin D-deficient pups were fostered to vitamin D-

replete dams and vice versa. This produced mice that were vitamin D-deficient in utero 

(VitD-|+) or postnatally vitamin D-deficient (VitD+|-). Pups were also fostered to 

different vitamin D-deficient dams, as well as -replete dams, as controls. These were the 

whole-life vitamin D-deficient (VitD-|-) or whole life vitamin D-replete (VitD+|+) 

groups. Vitamin D deficiency was confirmed by measuring serum 25(OH)D using IDS 

OCTIEIA ELISA kits (Immunodiagnostic Systems Ltd, Boston Business Park, UK). 

Serum 25(OH)D levels in VitD-|- and VitD+|- mice (14.6 [0.76] nmol/L) were 

significantly lower than VitD+|+ and VitD-|+ mice (70.0 [12.1] nmol/L). Studies were 

carried out on female mice when they were 8-weeks of age. BAL and lung tissue for gene 

expression studies were collected from euthanized mice upon completion of lung function 

assessment, while lungs fixed for structural assessment were obtained from a separate 

group of mice. All procedures were approved by the Telethon Kids Institute Animal 

Ethics Committee (ethics number 230) and conformed to National Health and Medical 

Research Council of Australia guidelines.  

 

3.3.2 RNA-Seq protocol and data analysis 

 

Lung tissue samples from adult whole-life vitamin D-deficient and -replete female mice 

(n = 6 per group) were stabilized in RNAlater (Sigma-Aldrich, New South Wales, 

Australia). The samples were disrupted in TRIzol (Life Technologies, Victoria, Australia) 

employing a TissueRuptor rotor-stator homogenizer (Qiagen, Victoria, Australia). Total 
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RNA was extracted from TRIzol followed by purification on RNeasy Minelute columns 

(Qiagen). RNA purity was assessed on the NanoDrop ND 1000 spectrophotometer 

(NanoDrop Technologies, Wilmington, DE, USA). The integrity of the RNA was 

assessed on the Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany). 

The total RNA samples were sent to the Australian Genome Research Facility for library 

preparation and sequencing. Library preparation was based on the TruSeq RNA Sample 

Preparation Kit v2 (Illumina, Victoria, Australia), and the samples were sequenced on the 

HiSeq2000 instrument (50 bp single end, ~25 million reads per sample). The raw 

sequencing results are available at the NCBI Short Read Archive under accession 

SRP046087. Sequencing reads were aligned to the mouse reference genome (mm10) 

using Subread and summarized at the gene-level using feature Counts.246 Differentially 

expressed genes were identified using an empirical Bayes approach and exact tests based 

on the negative binomial distribution using edgeR packages (Bioconductor).247 Enriched 

biological functions among differentially expressed genes were identified using 

GeneTerm Linker.248 A molecular interaction network was constructed using prior 

knowledge from the Ingenuity Systems Knowledge Base (IPA) (Ingenuity Systems, 

California, USA).249 

 

3.3.3 Reverse transcription quantitative PCR (RT-qPCR) 

 

A subset of differentially expressed genes identified in the RNA-Seq experiment was 

validated using RT-qPCR. Reverse transcription was carried out using the QuantiTect 

Reverse Transcription Kit (Qiagen). Real-time PCR primer assay sequences were 

obtained from Primerbank250 and the primer list included in the supplemental information 

in Appendix I. QuantiTect SYBR Green was used for qPCR on the ABI7900HT 

instrument. Relative standard curves were prepared from serially diluted PCR products.251 

 

3.3.4 Lung function assessment  

 

Mice were anaesthetized by intraperitoneal injection with 40 mg/mL ketamine and 2 

mg/mL xylazine at a dose of 0.01 mL/g body weight. Two-thirds of the dose was 

administered initially to induce surgical anaesthesia prior to tracheostomy and 

cannulation with a polyethylene endotracheal tube (internal diameter = 0.086 cm, length 

= 1.0 cm). Mice were connected to a small animal ventilator (HSE-Harvard MiniVent; 

Harvard Apparatus, Holliston, MA, USA) within a whole-body plethysmograph. Mice 
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were ventilated at 400 breaths/min with a tidal volume of 10 mL/kg and 2 cmH2O positive 

end-expiratory pressure and the remaining anaesthetic given.  

 

Baseline lung function was assessed using a modification of the LFOT.252 An oscillatory 

signal containing 9 frequencies ranging from 4 to 38 Hz was generated by a speaker and 

delivered to the endotracheal cannula via a wavetube of known impedance. A four-

parameter model with constant phase tissue impedance was then fitted to Zrs for 

calculation of Raw, which primarily reflects airway resistance in the mouse due to the low 

chest wall impedance, G, the parameter describing the viscous frequency dependent 

response in resistance which is thought to reflect resistance of the peripheral airways 

where airflow occurs primarily by diffusion and H, the elastic properties of the lung 

parenchyma. 

 

3.3.5 Methacholine challenge 

 

Baseline lung function was assessed using the LFOT.252 After lung function 

measurements, mice were transferred to a flexiVent system (SCIREQ, Montreal, Canada) 

for assessment of responsiveness to methacholine (β-methacholine chloride, Sigma-

Aldrich, Missouri, USA) as described previously.245  

 

3.3.6 Differential cell counts 

 

BAL was collected from mice by washing 500 µL of sterile saline into the lungs 3 times. 

Total cells collected in the BAL were counted using a haemocytometer. The remaining 

cells were cytospun and stained with Leishman’s stain for differential cell counts. 

 

3.3.7 Lung and airway histology 

 

After euthanasia, lungs were inflation-fixed via tracheal instillation with 4% 

formaldehyde solution at a pressure of 10 cmH2O. The left lung was separated from the 

right lung at the main bronchus prior to tissue processing for embedding in paraffin. The 

right lung was randomly orientated224 and 5-μm sections were taken at 1000 μm intervals 

throughout the right lung starting at a random point. The sections were then stained with 

haematoxylin and eosin prior to stereological measurements for lung structure 
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measurements using the NewCast stereology software (Visiopharm, Denmark) as 

previously described.70 The left lung was embedded with the transverse section face down 

in order to obtain cross sections of the first generation airway.  Five μm sections were 

taken at 500 μm intervals throughout the entire lung and stained with Masson’s Trichrome 

for visualization of the ASM layer. We have previously verified using 

immunohistochemical staining for α-SMA that Masson’s Trichrome stains for structural 

smooth muscle elements.245 The cross-sectional area of the ASM and basement 

membrane perimeter were measured using the NewCast system.  

 

3.3.8 Immunohistochemistry 

 

Immunohistochemical staining was performed using the following primary antibodies: 

S100A9 (1:200 dilution; Abcam, Cambridge, MA, USA), S100A8 (MRP8; 1:200 

dilution; Abcam, Cambridge, MA, USA), phosphorylated IκBα (p-IκBα; 1:100 dilution; 

Santa Cruz Biotechnology, Dallas, TX, USA), phosphorylated EGFR (p-EGFR; 1:200 

dilution; Cell Signaling, Danvers, MA, USA). 

 

3.3.9 Statistical analyses 

  

Between group comparisons were made using t tests or 2-way ANOVAs with Holm-

Sidak posthoc tests. Pearson’s correlation tests were performed to assess correlations 

between AHR and inflammatory parameters. Statistical analyses were performed using 

SigmaPlot software (SysStat Software, Illinois, USA) and Prism (GraphPad Software, 

California, USA). Data are shown as mean (SD). P values of < 0.05 were regarded as 

statistically significant. 

 

3.4 Results 

3.4.1 Functional analysis of genes differentially regulated by vitamin D 
deficiency  

 
Gene expression patterns were profiled by RNA-Seq in lung tissue samples collected 

from whole-life vitamin D-deficient and -replete mice. The data was analysed using the 

edgeR statistical method, and this analysis revealed that 383 genes were differentially 

expressed at False Discovery Rate less than 0.05 (Supplemental information Table S2 in 

Appendix I). 
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GeneTermLinker was then used to classify these genes into functionally coherent 

metagroups of genes and terms.248 The data showed that the upregulated genes were 

characterized by 10 functional metagroups, which included embryonic organ 

development and morphogenesis, pattern formation, and Wnt receptor signalling (Table 

3.1). The downregulated genes were associated with 13 metagroups, most notably the 

cellular response to IFN-γ. Wnt receptor signalling and branching morphogenesis were 

also enriched in the downregulated genes (Table 3.2)
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Table 3.1 Functional metagroups associated with upregulated genes in whole lung of vitamin D-deficient mice. 

 Genes Adjusted p-

value 

Terms 

Metagroup 1 Gata3, Hhex, Foxa2, 

Wnt7a, Ccdc85b, 

Dcdc2a, Ier3 

 

2.16 x 10-10 

 

*GO:0048568:embryonic organ development  (Biological Process; BP); 

GO:0048646:anatomical structure formation involved in morphogenesis (BP);  

GO:0060065:uterus development (BP);  GO:0045599:negative regulation of fat cell 

differentiation (BP); GO:0001764:neuron migration (BP); GO:0050728:negative 

regulation of inflammatory response (BP) 

Metagroup 2 Foxa2, Hhex, Wnt7a 

 

6.98 x 10-9 

 

GO:0009952:anterior/posterior pattern formation (BP); GO:0007492:endoderm 

development (BP); GO:0090009:primitive streak formation (BP); GO:0009887:organ 

morphogenesis (BP); GO:0042127:regulation of cell proliferation (BP); 

GO:0016055:Wnt receptor signaling pathway (BP) 

Metagroup 3 Hoxb5, Wnt7a, Foxa2, 

Hoxb2, Hhex 

 

3.22 x 10-7 GO:0009952:anterior/posterior pattern formation(BP); GO:0009953:dorsal/ventral 

pattern formation(BP);  GO:0048704:embryonic skeletal system morphogenesis (BP) 
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Metagroup 4 Wnt7a, Foxa2, Hoxb2 

 

5.81 x 10-7 

 

GO:0009952:anterior/posterior pattern formation (BP);GO:0009953:dorsal/ventral 

pattern formation (BP);GO:0048705:skeletal system morphogenesis (BP) 

Metagroup 5 Lyl1, Hhex, Cx3cr1, 

Pelo 

 

1.12 x 10-6 

 

GO:0030183:B cell differentiation (BP); GO:0016525:negative regulation of 

angiogenesis (BP); GO:0008283:cell proliferation (BP); GO:0007049:cell cycle (BP) 

Metagroup 6 Cxcr2, Csf3r, Cx3cr1 

 

1.14 x 10-6 

 

GO:0019221:cytokine-mediated signaling pathway (BP); GO:0030593:neutrophil 

chemotaxis (BP); GO:0007186:G-protein coupled receptor protein signaling pathway 

(BP) 

Metagroup 7 Wnt7a, Snai1, Nrarp 1.52 x 10-6 

 

GO:0060021:palate development (BP); GO:0090263:positive regulation of Wnt 

receptor signaling pathway through beta-catenin (BP) 

Metagroup 8 Wnt7a, Atf5, Hhex, 

Gadd45a 

4.08 x 10-5 GO:0042127:regulation of cell proliferation (BP); GO:0050768:negative regulation of 

neurogenesis (BP); GO:0051726:regulation of cell cycle (BP) 

Metagroup 9 Mmp8, Mmp9, Atp1a3, 

Cx3cr1 

 

4.59 x 10-6 GO:0008152:metabolic process (BP); GO:0006508:proteolysis (BP); 

GO:0030574:collagen catabolic process (BP); GO:0042493:response to drug (BP); 

GO:0045766:positive regulation of angiogenesis (BP) 

Metagroup 10 Foxa2, Atp1a3, F13a1 0.001 GO:0008344:adult locomotory behavior (BP); GO:0007596:blood coagulation (BP) 

*GO: repository of gene and gene product ontological attributes across species 
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Table 3.2 Functional metagroups associated with downregulated genes in whole lung of vitamin D-deficient mice. 

 Genes Adjusted p-

value 

Terms 

Metagroup 1 Gbp5, Gbp8, Gbp6, Gbp7, 

Gbp3, Gbp10, Gbp2, Gbp1, 

Iigp1, Tgtp1, Igtp, Abca1 

 

5.27 x 10-14 

 

GO:0071346:cellular response to interferon-gamma (BP); 

GO:0050830:defense response to Gram-positive bacterium (BP); 

GO:0042832:defense response to protozoan (BP); 

GO:0035458:;GO:0051856:adhesion to symbiont (BP); 

GO:0071222:cellular response to lipopolysaccharide (BP) 

Metagroup 2 Fat1, Pkd1, Lrp6, Tnxb, Slit2, 

Egfr, Clec7a, Mgp, Sema5a, 

Dst, Klf7, Apc, Robo2 

2.73 x 10-7 

 

GO:0016337:cell-cell adhesion (BP); GO:0048754:branching 

morphogenesis of a tube (BP); GO:0007409:axonogenesis (BP); 

GO:0007411:axon guidance (BP) 

Metagroup 3 Serpina3h, Plcb1, Serpina3i, 

Serpina3g, Gatm, Serpina3f 

 

3.75 x 10-7 

 

GO:0043434:response to peptide hormone stimulus 

(BP);GO:0034097:response to cytokine stimulus (BP) 
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Metagroup 4 Uhmk1, Lrrk2, Cdkl5,  Sik2, 

Ern1, C230081A13Rik, 

Aak1, Egfr, Dst, Pkd1, Apc, 

Tnks 

6.18 x 10-7 

 

GO:0046777:protein amino acid autophosphorylation (BP); 

GO:0007050:cell cycle arrest (BP); GO:0018105:peptidyl-serine 

phosphorylation (BP) 

Metagroup 5 Lrrk2, Peli2, Ep300, Bmpr2, 

Fam129a, Plcb1, Rgs1, 

Tbc1d9, Adap2, Agfg1, 

Rab3c, Rhobtb1, Rapgef5, 

Rab43, Bcar3, Nipbl, Pkd1, 

Mib1 

1.42 x 10-6 

 

GO:0001934:positive regulation of protein amino acid phosphorylation (BP); 

GO:0043547:positive regulation of GTPase activity (BP); 

GO:0007264:small GTPase mediated signal transduction (BP); 

GO:0007507:heart development (BP) 

Metagroup 6 Synrg, Mrc1, Sorl1, Lrp6, 

Steap2, Siglec1, Aak1, Ly75 

8.06 x 10-6 

 

GO:0006897:endocytosis (BP) 

 

Metagroup 7 Crebbp, Ep300, Lrp6, Arid5b, 

Fzd4 

1.21 x 10-5 

 

GO:0051091:positive regulation of transcription factor activity (BP) 

Metagroup 8 Mertk, Fzd4, 

C230081A13Rik, Axl, Sorl1, 

Shroom2, Apc 

7.72 x 10-5 GO:0034446:substrate adhesion-dependent cell spreading (BP); 

GO:0016477:cell migration (BP) 
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Metagroup 9 Nipbl, Plcb1, Arid5b, 

Alms1,Creb5, Shroom4, 

Shroom2 

8.49 x 10-5 GO:0045444:fat cell differentiation (BP);GO:0007420:brain development 

(BP) 

Metagroup 10 Hipk2, Lrp6, Bmpr2, Zbtb16, 

Apc, Foxo3, Nfkbia, Egfr, 

Fzd4, Strn, Tnks 

2.05 x 10-4 GO:0009952:anterior/posterior pattern formation (BP); 

GO:0042127:regulation of cell proliferation (BP); GO:0016055:Wnt 

receptor signaling pathway (BP) 

Metagroup 11 Iigp1, Tlr8,Axl, Clec7a, 

Nlrc5, Trim56, Sema7a, 

Chi3l3, Olr1 

3.40 x 10-4 GO:0045087:innate immune response (BP); GO:0006954:inflammatory 

response (BP) 

Metagroup 12 Cacna1c, Atp2b4, Itpr2, 

Efcab4b, Pkd1, Slc24a4 

4.88 x 10-4 GO:0006816:calcium ion transport (BP) 

Metagroup 13 Plxna2, Lphn3, Fzd4, Egfr, 

Cbl, Crebbp, Mki67, Glul 

1.53 x 10-3 GO:0007166:cell surface receptor linked signaling pathway 

(BP);GO:0008283:cell proliferation (BP) 
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3.4.2 Network analysis identified hub genes that may regulate differentially 

expressed genes in the lungs of vitamin D-deficient mice 

 

To provide some insight into the regulation of the differentially expressed genes identified 

above, we used the Ingenuity Systems Knowledge base of functional molecular 

interaction data derived from previous studies to build a network of functionally 

interacting genes249 (Figure 3.1). This analysis demonstrated that EGFR was the most 

dominant hub in the network with 31 links to other genes, followed by NFKBIA with 23 

links. Two other dominant hubs identified were MMP9 and EP300, both with 18 links 

each. NFKBIA, an inhibitor of NF-қB mediated inflammation, was downregulated with 

vitamin D deficiency. EGFR, signalling from which regulates cell differentiation, 

proliferation, and inflammation was also downregulated. MMP9 which is involved in the 

breakdown of extracellular matrix and degrades type IV and V collagens was upregulated 

with vitamin D deficiency, while EP300, which codes for a transcriptional coactivator 

that has a central role in Wnt signalling, was downregulated.  

 

3.4.3 Validation of gene expression patterns by RT-qPCR  

 

A subset of the differentially expressed genes that are relevant to the biology of airway 

remodelling and respiratory disease was selected for RT-qPCR validation. These genes 

included S100A8, S100A9, MMP8, as well as the hubs – EGFR, NFKBIA, MMP9 and 

EP300. Genes were initially validated in the same samples that were used for the RNA-

Seq experiment.  

 

In the samples from the RNA-Seq experiment, S100A9 and S100A8 RNA expression 

were significantly upregulated in vitamin D-deficient mice compared with -replete mice 

(Figure 3.2A,B; p < 0.001). MMP8 was also significantly upregulated in vitamin D-

deficient mice (Figure 3.2C; p = 0.013), while there were no significant differences 

between groups for MMP9 (Figure 3.2D; p = 0.764), EGFR (Figure 3.2E; p = 0.136) and 

EP300 (p = 0.583) (data not shown). NFKBIA was downregulated in vitamin D-deficient 

mice (Figure 3.2F; p = 0.007). 
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Figure 3.1 Gene network analysis of differentially expressed genes in vitamin D-deficient 

female mice. Major hub genes are enlarged. Upregulated genes are shown in red and 

downregulated genes in green.  
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Figure 3.2 Gene expression of S100A9 (A), S100A8 (B), MMP8 (C), MMP9 (D), EGFR 

(E) and NFKBIA (F) in lungs from whole-life vitamin D-replete (VitD+), and whole life 

vitamin D-deficient (VitD-) mice used for RNA-Seq experiment. Data are expressed as 

fold changes obtained by normalizing candidate genes to the ribosomal protein L37 

(RPL37) reference gene. *** indicates p < 0.001; ** indicates p < 0.01; * indicates p < 

0.05. Data are represented as mean (SD), n = 6/group. 
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3.4.4 Gene expression and lung function patterns depend on the timing of 

vitamin D deficiency 

 

Given our findings that vitamin D deficiency may alter developmental pathways within 

the lung, we designed a study to investigate if the timing of vitamin D deficiency (i.e. in 

utero and/or postnatal exposure) had an impact on gene expression, lung structure and 

function. We measured RNA expression in lungs of in utero vitamin D-deficient (VitD-

|+) or postnatally vitamin D-deficient (VitD+|-) mice, and included an independent group 

of whole-life vitamin D-deficient (VitD-|-) or whole-life vitamin D-replete (VitD+|+) 

mice, as controls.  

 

S100A9 was significantly upregulated in VitD+|-, VitD-|+ and VitD-|- mice compared to 

VitD+|+ mice (Figure 3.3A; p < 0.05), while S100A8 was significantly upregulated in 

mice that were postnatally deficient (VitD+|- and VitD-|-) (Figure 3.3C; p < 0.001). 

NFKBIA was also significantly downregulated in the VitD+|-, VitD-|+ and VitD-|- groups 

(Figure 3.3E; p = 0.001). MMP8 was not differentially expressed between groups, 

although there was a trend for increased expression in postnatal vitamin D-deficient mice 

(p = 0.067). MMP9 was significantly downregulated in the VitD+|- and VitD-|+ groups 

(p < 0.001) while EGFR was only downregulated in the VitD-|+ group (p = 0.015).  There 

were no differences in RNA expression for EP300 between all groups (Figure 3.4). In 

addition, MUC5AC RNA expression was measured but there was no difference in 

expression between groups (data not shown). There were also no differences in 

expression of the reference gene RPL37 (data not shown).   

 

Immunohistochemical staining was then performed on lung sections to determine protein 

expression. Immunohistochemical staining revealed more intense staining of S100A9 and 

S100A8 (MRP8) in lung sections from VitD+|- and VitD-|- mice (Figure 3.3B and 3.3D), 

while phosphorylated IκBα staining was evident in lung sections from VitD+|+, VitD+|- 

and VitD-|- mice (Figure 3.3F), reflecting our findings in RNA expression. 

Immunohistochemical staining for phosphorylated EGFR and MMP9 is shown Figure 

3.4.
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Figure 3.3 Gene and protein expression of S100A9 (A), 

S100A8 (C) and NFKBIA (E) in lungs from whole-life 

vitamin D-replete (VitD+|+), postnatal vitamin D-

deficient (VitD+|-), vitamin D-deficient in utero (VitD-

|+) and whole life vitamin D-deficient (VitD-|-) mice. 

Gene expression data are expressed as fold changes 

obtained by normalizing candidate genes to the 

ribosomal protein L37 (RPL37) reference gene. 

Representative images of lung sections 

immunohistochemically stained for the protein 

products of S100A9 (S100A9; B), S100A8 (MRP8; D) 

and NFKBIA (phosphorylated-IκBα; F) are shown 

(Scale 100 µm). *** indicates p < 0.001; ** indicates p 

< 0.01; * indicates p < 0.05. Data are represented as 

mean (SD), n = 10/group.  
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Figure 3.4 Gene and protein expression of EGFR 

(A), MMP9 (C), MMP8 (E) and EP300 (F) in lungs 

from whole-life vitamin D-replete (VitD+|+), 

postnatal vitamin D-deficient (VitD+|-), vitamin 

D-deficient in utero (VitD-|+) and whole life 

vitamin D-deficient (VitD-|-) mice. Gene 

expression data are expressed as fold changes 

obtained by normalizing candidate genes to the 

ribosomal protein L37 (RPL37) reference gene. 

Representation images lung sections 

immunohistochemically stained for the protein 

products of EGFR (phosphorylated-EGFR;B) and 

MMP9 (D) are shown (Scale 100 µm). *** 

indicates p < 0.001; ** indicates p < 0.01; * 

indicates p < 0.05. Data are represented as mean 

(SD), n = 10/group. 
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3.4.5 Baseline lung function 

 

At baseline, in utero vitamin D-deficient (VitD-|+ and VitD-|-) mice had increased Raw 

compared with in utero vitamin D-replete (VitD+|- and VitD+|+) mice (Figure 3.5A; p = 

0.01). There were no differences between groups in G (Figure 3.5B) or H (Figure 3.5C). 

 
Figure 3.5 Baseline airway resistance (Raw; A), tissue damping (G; B) and tissue 

elastance (H; C) in whole-life vitamin D-replete (VitD+|+), postnatal vitamin D-deficient 

(VitD+|-), vitamin D-deficient in utero (VitD-|+) and whole-life vitamin D-deficient 

(VitD-|-) mice.* indicates p < 0.05. Data are represented as mean (SD), n = 8-11/group. 
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3.4.6 Responsiveness to methacholine 

 

Responsiveness to methacholine was presented as a percentage increase from saline at 

the maximal dose (100 mg/mL) due to differences in baseline lung function. VitD-|- mice 

had a greater increase in Raw in response to the highest dose of methacholine compared 

to the other groups (Figure 3.6A; p = 0.036). There were no differences for G (Figure 

3.6B) or H (Figure 3.6C) between groups. 

 
Figure 3.6 The percentage increase from saline of airway resistance (Raw; A), tissue 

damping (G; B) and tissue elastance (H; C) in response 100 mg/mL of methacholine in 

whole-life vitamin D-replete (VitD+|+), postnatal vitamin D-deficient (VitD+|-), vitamin 

D-deficient in utero (VitD-|+) and whole life vitamin D-deficient (VitD-|-) mice. * 

indicates p < 0.05. Data are represented as mean (SD), n = 9-10/group. 
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3.4.7 ASM mass 

 

In utero vitamin D-deficient (VitD-|+ and VitD-|-) mice had increased ASM compared 

with in utero vitamin D-replete (VitD+|- and VitD+|+) mice (Figure 3.7E; p = 0.029).  

 

3.4.8 Lung stereology 

 

Post-fixation and embedding lung volume was significantly smaller in mice that were 

vitamin D-deficient in utero (VitD-|+ and VitD-|-) compared with mice that were -replete 

in utero (VitD+|- and VitD+|+) (Figure 3.8A; p = 0.019). The volume of the parenchyma 

(Vp) (Figure 3.8B; p = 0.002) and volume of air in the major airways (Va) (Figure 3.8C; 

p = 0.03) were also significantly reduced in in utero deficient (VitD-|+ and VitD-|-) mice. 

There was no difference in the volume of alveolar septa (Figure 3.8D) and surface area 

of the alveoli between groups.  
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Figure 3.7 Representative images for airway sections stained with Masson’s Trichrome 

in whole-life vitamin D-replete (VitD+|+; A), postnatal vitamin D-deficient (VitD+|-; B), 

vitamin D-deficient in utero (VitD-|+; C) and whole life vitamin D-deficient (VitD-|-; D) 

mice (Scale 60 µm). Airway smooth muscle (ASM) mass corrected for the basement 

membrane perimeter was then quantified in lung sections from VitD+|+, VitD+|-, VitD-

|+ and VitD-|- mice. * indicates p < 0.05. Data are represented as mean (SD), n = 7-

12/group. 
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Figure 3.8 Lung volume (VL; A), volume of parenchyma (Vp; B), volume of air in major 

airways (Va; C) and surface area of the alveoli (Sv; D) measured by stereology from fixed 

lungs of whole-life vitamin D-replete mice (VitD+|+), postnatal vitamin D-deficient 

(VitD+|-), vitamin D-deficient  in utero (VitD-|+) and whole life vitamin D-deficient 

female mice(VitD-|-). * indicates p < 0.05. Data are represented as mean (SD), n = 7-

11/group. 

 
3.4.9 Inflammatory cell counts correlate with AHR 

 

Differential cell counts of the BAL revealed that in mice that were vitamin D-deficient in 

utero (VitD-|+ and VitD-|-), neutrophil numbers were increased (Figure 3.9B; p = 0.027) 

while lymphocyte numbers were decreased (Figure 3.9C; p = 0.014), but there were no 

differences in macrophage cell counts between groups (Figure 3.9A; p = 0.554). 

 

AHR, presented as the percentage increase from saline of airway resistance, significantly 

correlated with neutrophil cell counts (Figure 3.10A; p = 0.007). Neutrophil cell counts 

also correlated with MMP8 (Figure 3.10B; p < 0.001) and MMP9 (Figure 3.10C; p = 

0.02).  
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Figure 3.9 Differential cell counts showing the number of macrophages (A), neutrophils 

(B) and lymphocytes (C) collected from bronchoalveolar lavage of whole-life vitamin D-

replete (VitD+|+), postnatal vitamin D-deficient (VitD+|-), vitamin  D-deficient  in utero 

(VitD-|+) and whole life vitamin D-deficient (VitD-|-) mice. * indicates p < 0.05. Data 

are represented as mean (SD), n = 7-12/group. 
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Figure 3.10 Correlation of neutrophil cell counts with airway hyperresponsiveness, 

presented as the percentage increase from saline at the highest dose of methacholine 

exposure (A), MMP8 gene expression (B) and MMP9 gene expression (C). 

 
3.5 Discussion 
 

In this study, we set out to uncover the mechanisms contributing to increased ASM and 

AHR in 8-week old adult vitamin D-deficient female mice by examining changes in gene 

expression. RNA-Seq analysis of gene expression patterns in lung tissue found that 

whole-life vitamin D deficiency resulted in differential expression of genes involved in 

embryonic organ development, branching morphogenesis and Wnt signalling. These data 

provide a plausible mechanism to explain how maternal vitamin D deficiency may impair 

lung development in utero. We subsequently studied the impact of in utero versus 

postnatal vitamin D deficiency on gene expression, as well as ASM, lung mechanics and 

AHR. In utero vitamin D deficiency, irrespective of postnatal vitamin D status was 

sufficient to cause increased ASM mass and baseline airway resistance, as well as altered 
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lung structure. Increased neutrophilic inflammation and a reduced number of 

lymphocytes was also observed. This suggests that in utero vitamin D deficiency has the 

potential to have long-lasting impacts on the lung. In addition to these effects on lung 

development, vitamin D deficiency upregulated the expression of inflammatory 

molecules S100A9 and S100A8. Collectively these observations suggest that the lung is 

highly susceptible to vitamin D deficiency during lung development, and that low vitamin 

D levels could lead to increased inflammation following an insult, which may contribute 

to symptoms in chronic inflammatory diseases such as asthma.  

 

Vitamin D deficiency altered the expression levels of genes with roles in embryonic organ 

development, branching morphogenesis and Wnt receptor signalling pathways. 

Canonical Wnt signalling, of which EP300, Wnt7a and the Frizzled (Fzd)4 receptor are 

members, has been shown to be active during lung development in both the murine and 

human lung. 253 Furthermore, genes that regulate Wnt signalling during airway branching 

morphogenesis have been associated with impaired lung function in two cohorts of 

childhood asthma.254 A recent review by Larriba et al. found that 1,25(OH)D inhibits 

canonical Wnt signalling,255 thus supporting our findings that vitamin D deficiency in 

utero can alter Wnt signalling pathways. Wnt signalling is also associated with the 

development of airway remodelling.256 An aberration in Wnt signalling may lead to 

impaired lung development and altered lung structure as we have observed in our model, 

and this impairment may track into later life resulting in increased ASM mass and airway 

resistance.  

 

We have previously shown that whole-life vitamin D deficiency increases ASM leading 

to increased responsiveness to methacholine.245 In the present study, in utero deficiency 

alone was sufficient to increase ASM mass and baseline airway resistance. The link 

between airway structure and function is not surprising given that increased ASM mass 

may lead to a thicker airway wall and smaller airway lumen, which is likely to increase 

resistance to flow and contribute to the increase in baseline airway resistance we 

observed. Human data support a link between vitamin D and ASM; Gupta et al. 

demonstrated that serum 25(OH)D levels were negatively correlated with volume fraction 

of ASM in endobronchial biopsies from children with severe asthma with a median age 

of 11 years,90 suggesting that vitamin D deficiency may be associated with increased 

ASM from an early age.  
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It is noteworthy that ASM thickness correlates with AHR in adult patients with asthma.257 

Interestingly, we only found an increased response to methacholine in mice that were 

whole-life vitamin D-deficient despite the fact that in utero deficiency was sufficient to 

increase ASM mass. This indicates that, although maternal vitamin D deficiency caused 

airway remodelling and subsequent increased baseline airway resistance, having 

sufficient vitamin D postnatally may protect against AHR. S100A8 and S100A9 RNA 

expression was upregulated with postnatal vitamin D deficiency and 

immunohistochemical staining showed it was highly expressed in the airway epithelium 

of postnatal vitamin D-deficient mice. These S100 proteins are damage-associated 

molecular patterns (DAMPs), which are proinflammatory mediators that are 

overexpressed in inflammatory and autoimmune diseases.258 S100A8 and S100A9 

dimerize to form a S100A8/A9 heterodimeric complex and are released by  neutrophils 

and activated macrophages during inflammatory responses.258  BAL was performed in 

mice after a methacholine challenge and while this may affect inflammatory cell counts, 

interestingly, we demonstrated that neutrophils were increased in the airways of mice that 

were vitamin D-deficiency in utero and neutrophil cell count correlated with AHR. Thus, 

neutrophilic inflammation and its contribution to the release of S100 molecules may 

explain, in part, the induction of the AHR phenotype in this model. 

 

Network analysis suggested that NFKBIA, EGFR, MMP9 and EP300 may be major 

players in the regulation of gene expression patterns during vitamin D deficiency. We 

chose to verify the expression of NFKBIA, EGFR, MMP9 and EP300, together with the 

differentially regulated genes, S100A8, S100A9 and MMP8, since these genes are 

associated with respiratory disease. Of these six genes, expression of MMP9, EGFR and 

EP300 was not significantly different between the groups in the samples used for the 

RNA-Seq study. It should be noted that the log fold change of these genes as determined 

in the by RNA-Seq analysis were small to begin with. Moreover, RNA-Seq considers 

reads along the full length of the mRNA transcript, whilst RT-qPCR measures a small 

region of the transcript consisting of around two hundred base pairs. Notwithstanding 

this, it is pertinent to note that hubs need not be differentially expressed to play important 

roles in biological processes, and hubs have been reported to exhibit low expression 

changes in asthma.259 We decided to expand this study and test these genes in an 

independent group of whole-life vitamin D-deficient and -replete mice, together with the 

additional in utero or postnatal vitamin D-deficient groups. Differential RNA expression 

of MMP8 was not significant in these analyses although a trend was observed with a p-
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value of 0.067, suggesting that there was some variation between the independent groups 

of mice. A potential contributor to variation is the fostering of pups at birth to different 

dams in the whole-life vitamin D-deficient and -replete groups of mice. Fostering was 

performed as they were controls for the in utero and postnatal vitamin D-deficient groups. 

RNA expression of MMP9 and EGFR were however both significantly downregulated in 

the in utero vitamin D-deficient group, but not whole-life vitamin D-deficient group and 

interestingly, followed a similar trend in our RT-qPCR results. Previous studies show that 

the expression of MMP9 is dependent on EGFR activation.260,261 While it is unknown 

why expression would be lower in the in utero vitamin D-deficient group and not in 

whole-life vitamin D deficiency, MMP9 has been found to be highly expressed in 

asthmatic ASM and downregulated with vitamin D treatment.203 EGFR expression in 

human ovarian cancer cells is also downregulated by vitamin D.262 Thus, it is possible 

that the “supplementation” of vitamin D postnatally reduced MMP9 and EGFR 

expression. Furthermore, MMP9 and MMP8 RNA expression correlated with neutrophil 

cell count, thus reduced inflammation with higher vitamin D levels may be another 

contributing factor to reduced expression of these genes.  

 

NFKBIA was the second most dominant hub in the network and encodes IқBα, an 

inhibitor of NF-қB activity.263 We found that phosphorylated IқBα was expressed in the 

airway epithelium. A network analysis of microarray datasets for children with 

respiratory syncytial virus bronchiolitis, asthma and bronchopulmonary dysplasia has 

also demonstrated that NFKBIA is a significant hub in networked cellular transcriptional 

responses,263 demonstrating its importance in respiratory disease in early life. Previous 

studies have shown that degradation of NFKBIA increases the transcription of both 

S100A8 and S100A9.264 S100A8 and S100A9 mediate the expression of MUC5AC by 

airway epithelial cells via activation of NF-қB pathways.265 Although we did not observe 

altered expression of MUC5AC, in our model, NFKBIA expression was downregulated 

with vitamin D deficiency, and this may lead to increased NF-қB activity, and subsequent 

upregulation of S100A8/A9 and inflammation. Notably, Zhang et al. recently 

demonstrated that maternal vitamin D deficiency during pregnancy in rats decreased the 

expression of IқBα in offspring and subsequently increased inflammation after birth.266 It 

is also noteworthy that vitamin D treatment of airway epithelial cells increases expression 

of IқBα in a dose-dependent manner, leading to decreased viral induction of NF-қB-

driven inflammatory mediators,267 further suggesting that NFKBIA is a regulator of 

inflammation in response to vitamin D deficiency. 
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This study has limitations, which should be acknowledged. Firstly, whole lung tissue was 

used for gene expression studies, thus we are unable to pin-point the cellular source(s) of 

the inflammatory mediators. Also, since whole lung is a highly complex and 

heterogeneous tissue, it is likely that follow-up studies on highly purified cell populations 

would identify additional differentially expressed genes. However, at the outset of the 

study, it was not clear which cell types were likely to be the most relevant for studying 

the effects of vitamin deficiency, thus it seemed logical to measure gene expression in 

whole lung. Secondly, lung structure and function measurements were all carried out in 

adult mice. We are therefore unable to ascertain exactly when the lung function and 

structure changes occur, although we were able to isolate responses that were specific to 

in utero deficiency. Finally, this is largely a descriptive study demonstrating associations 

between altered lung structure, function with inflammation and altered gene expression 

in vivo. Unfortunately, we are unable to determine if inflammation correlated with 

changes in airway structure since BAL was not collected from this subset of mice, 

although we observed altered expression of S100A8, S100A9 and phosphorylated IқBα 

in the airway epithelium of vitamin D-deficient mice. Further in vitro studies using airway 

epithelial cells exposed to vitamin D to investigate if these molecules are released may 

be warranted.  

 

In summary, maternal vitamin D deficiency during pregnancy was associated with 

increased ASM mass, baseline airway resistance, airway inflammation and altered lung 

structure in adulthood. Expression of S100A8/A9 was increased in adulthood in mice as 

a result of vitamin D deficiency. Since neutrophilic inflammation influences the 

expression of many genes found to be differentially expressed in our RNA-Seq analysis, 

including S100A8, S100A9, MMP8 and MMP9, neutrophils may be the link between 

vitamin D deficiency and altered lung structure and function. Postnatal 

“supplementation” with vitamin D protected against AHR but did not resolve the other 

deficits. It is possible that while postnatal supplementation may reduce inflammation it 

was not sufficient to alter lung structure defects, which are likely to be established early 

in life. This could explain why vitamin D supplementation studies in asthmatic patients 

have not revealed beneficial effects.113 
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Chapter 4 Vitamin D deficiency differentially regulates responses 
to house dust mite exposure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

A modified version of this chapter is in preparation for publication in a peer-reviewed 

journal:  

 
Identification of altered Midline 1 expression due to vitamin D deficiency in a mouse 

model of house dust mite-induced allergic airways disease. 2015. (Under review) 
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4.1 Abstract 
 
We have previously shown that vitamin D deficiency causes airway remodelling and 

AHR in a mouse model. Vitamin D deficiency is also associated with an increased risk 

of wheeze and exacerbations in asthma. We therefore hypothesize that vitamin D 

deficiency exacerbates respiratory outcomes in asthma. This hypothesis was tested by 

exposing vitamin D-deficient and -replete mice to either 25 µg of house dust mite (HDM) 

extract or saline five days a week for five weeks. Responsiveness to methacholine, 

changes in ASM, number of mucus-producing cells in the airway and inflammatory cells 

in BAL were measured 72 hours after the final HDM exposure.  RNA-seq was performed 

using RNA extracted from mouse lungs to identify genes differentially regulated by 

HDM, as well as genes regulated by vitamin D deficiency following HDM exposure. 

Vitamin D-deficient mice had increased responsiveness to methacholine. However, they 

had reduced ASM mass compared with -replete mice following HDM exposure.  Mucus-

producing cells were significantly increased in HDM-treated mice. Within the HDM-

treated group, lymphocytes were increased in the BAL of vitamin D-deficient mice 

compared with -replete mice, while neutrophil counts were only increased in vitamin D-

deficient mice in the saline-treated group. RNA-seq results showed that vitamin D 

deficiency upregulated Midline 1 (MID1) expression. This was validated in HDM-treated 

human airway epithelial cells that had been supplemented with vitamin D, whereby 

protein expression of MID1 was decreased. MID1 is a driver of allergic inflammation in 

asthma, and vitamin D deficiency may contribute to asthma outcomes by differentially 

regulating MID1 expression. 

 
4.2 Introduction 
 
Asthma is one of the most common chronic disorders in children and has a high 

prevalence around the world.268 There is strong evidence that asthma, and other allergic 

diseases, are caused by interactions between environmental and genetic factors.269,270 

Genome wide association studies have identified numerous asthma susceptibility genes. 

However, it is also clear that genes do not operate in isolation and environmental factors 

such as viral infections, pollutants and nutrition can modify gene expression.271 Vitamin 

D may be one such example of an environmental modifier, where it has been shown in a 

genome-wide study that three variants of the class I MHC-restricted T cell-associated 

molecule gene (CRTAM) are associated with asthma exacerbations, but only when 

vitamin D levels are low.272 
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Data suggest that structural alterations in the lung observed in asthmatics may have 

origins in early life193 and vitamin D may contribute to asthma pathogenesis by 

influencing lung development. We have recently shown that in utero vitamin D 

deficiency increases ASM mass and AHR in mice and differentially regulates genes 

involved in embryonic lung development.273 In addition to its potential role in airway 

remodelling and the development of AHR, vitamin D deficiency may enhance allergic 

responses in the airway by skewing the immune response towards a Th2 phenotype in 

mice.107 It is thus possible that vitamin D supplementation may alleviate asthma 

symptoms not only by reducing AHR and airway remodelling, but also by its effects on 

reducing inflammation.  

 

Given that vitamin D deficiency has the propensity to cause airway remodelling, AHR 

and promote Th2 driven inflammation, we hypothesized that vitamin D deficiency would 

exacerbate respiratory outcomes in allergic airways disease. We tested this hypothesis in 

a mouse model of chronic allergic asthma, developed by challenging mice with HDM. 

Similar to our previous study, we chose to focus on female mice since physiological 

changes were observed in females only following vitamin D deficiency.245 In addition, 

we also investigated pathways that were altered by vitamin D deficiency in this model of 

allergic airways disease using RNA-Seq. We validated our findings by examining if 

changes in gene expression occurred in human bronchial epithelial cells treated with 

vitamin D and HDM.  

 
4.3 Materials and Methods 
 

4.3.1 Mouse model 
 
Three-week-old female BALB/c mice (Animal Resource Centre, Murdoch, Western 

Australia) were placed on either vitamin D3-deficient or -replete diets containing 0 or 

2280 IU of vitamin D3, respectively, (Specialty Feeds, Glen Forrest, Western Australia) 

as described previously.245 Replete diets contained 1% calcium while deficient diets were 

supplemented with 2% calcium for prevention of hypocalcaemia.70 Mice were housed in 

a room with a 12-hour ultraviolet B-free light/dark cycle. At 8-weeks of age, female mice 

were mated with vitamin D-replete male BALB/c mice. Female offspring were 

maintained on -deficient or -replete diets and intranasally inoculated with 25 µg HDM 

extract (Greer Laboratories, Lenoir, NC, USA) in 50 µL of saline or saline alone (control), 
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five days a week for five weeks when they were 8-weeks of age. Studies were performed 

72 hours after the final exposure. All procedures were approved by the Telethon Kids 

Institute Animal Ethics Committee (ethics number 230) and conformed to National 

Health and Medical Research Council of Australia guidelines. 

 

4.3.2 Lung function assessment  

 

Mice were anaesthetized by intraperitoneal injection with 40 mg/mL ketamine and 2 

mg/mL xylazine at a dose of 0.01 mL/g body weight. Two-thirds of the dose was 

administered initially to induce surgical anaesthesia prior to tracheostomy and 

cannulation with a polyethylene endotracheal tube (internal diameter = 0.086 cm, length 

= 1.0 cm). Mice were connected to a small animal ventilator (HSE-Harvard MiniVent; 

Harvard Apparatus, Holliston, MA) within a whole-body plethysmograph. Mice were 

ventilated at 400 breaths/min with a tidal volume of 10 mL/kg and 2 cmH2O positive end-

expiratory pressure and the remaining anaesthetic given.  

Baseline lung function was assessed using a modification of LFOT. An oscillatory signal 

containing 9 frequencies ranging from 4 to 38 Hz was generated by a speaker and 

delivered to the endotracheal cannula via a wavetube of known impedance. A four-

parameter model with constant phase tissue impedance was then fitted to Zrs for 

calculation of the Raw, G, and H. 

 
4.3.3 Methacholine challenge 

 
After performing lung function measurements, mice were transferred to a flexiVent 

system (SCIREQ, Montreal, Canada) for assessment of responsiveness to methacholine 

(β-methacholine chloride, Sigma-Aldrich, MO, USA) as previously described.245 

 
4.3.4 Airway histology 

 
Lung structure was assessed in separate groups of mice following ATS/ERS guidelines.208 

After euthanasia, lungs were inflation-fixed via tracheal instillation with 4% 

formaldehyde solution at a pressure of 10 cmH2O. The left lung was separated from the 

right lung at the main bronchus prior to tissue processing for embedding in paraffin. The 

left lung was embedded with the transverse section face down in order to obtain cross 

sections of the first generation airway.  Five μm sections were taken at 500 μm intervals 

throughout the entire lung and stained with Masson’s Trichrome for visualization of the 
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ASM layer. The cross-sectional area of the ASM and basement membrane perimeter were 

measured using the NewCast system (Visiopharm, Denmark). Airway sections were 

stained with Alcian blue-periodic acid-Schiff to detect mucus-producing cells. The 

expression of mucus-producing cells was calculated as the percentage of positively-

stained epithelial cells divided by total number of epithelial cells in the airway. 

 

4.3.5 Differential cell counts 
 
BAL was performed after methacholine challenge and was collected from mice by 

washing 500 µL of sterile saline into the lungs 3 times. Total cells collected in the BAL 

were counted using a haemocytometer. Light microscopy was used to determine 

differential counts from cytospin cell samples stained with Leishman's stain (BDH 

Laboratory Supplies, Poole, England). 

 

4.3.6 RNA-Seq protocol 
 

Lung tissue samples from adult HDM and saline-treated vitamin D-deficient and -replete 

female mice (n = 6 per group) were stabilized in RNAlater (Sigma-Aldrich, Sydney, 

Australia). The samples were disrupted in TRIzol (Life Technologies, Australia) 

employing a TissueRuptor rotor-stator homogenizer (Qiagen, Australia). Total RNA was 

extracted from TRIzol (Ambion) followed by purification on RNeasy Minelute columns 

(Qiagen). The samples were then sent to the Australian Genome Research Facility for 

library preparation and RNA-Seq analysis. Library preparation was based on the TruSeq 

RNA Sample Preparation Kit v2 (Illumina), and the samples were sequenced on the 

HiSeq2000 instrument (50 bp single end, ~25 million reads per sample). 

 

4.3.7 RNA-Seq data analysis  
 
The sequencing reads were aligned to the reference genome (mm10) using the R subread 

aligner.274 Reads were summarized at the gene-level using feature Counts.246 Genes with 

a low read count (< 5 reads/million in < 50 % of the samples) were filtered out of the 

analysis. Differentially expressed genes were identified using the edgeR methods with 

False Discovery Rate (FDR) control for multiple testing.275 Biological functions, 

pathways, and networks enriched in the data were identified using IPA (Ingenuity 

Systems, Mountain View, CA)249 and GeneTerm Linker.248  
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4.3.8 RT-qPCR 
 
A subset of differentially expressed genes identified in the RNA-Seq experiment was 

validated using RT-qPCR. Total RNA from lung tissue samples obtained from an 

independent group of HDM and saline-treated vitamin D-deficient and -replete mice were 

extracted as described above. Reverse transcription was carried out using the QuantiTect 

Reverse Transcription Kit (Qiagen). Real time PCR primer assay sequences were 

obtained from primerbank250 and the primer list included in the supplemental information 

in Appendix I. QuantiTect SYBR Green was used for qPCR on the ABI 7900 HT 

instrument. Relative standard curves were prepared from serially diluted PCR products. 

Expression was normalized to the housekeeping gene eukaryotic translation elongation 

factor 2 (EEF2). 

 

4.3.9 Cell culture 
 
Transformed human bronchial epithelial cells (BEAS-2B) were cultured in bronchial 

epithelial cell growth medium (BEGM; Lonza, North Sydney, NSW, Australia) with 

serum substitute, Ultroser G (Pall Australia, Cheltenham VIC, Australia) (2% v/v), and 

gentamycin (Sigma-Aldrich, Castle Hill, NSW, Australia) (50 µg/mL). Prior to study, 2 

x 105 cells were seeded into 12-well plates for collection of RNA and 1.7 x 104 cells were 

seeded into 96-well black-sided plates with clear bottoms for In-cell Westerns. Once cells 

were cultured to 80% confluency, appropriate wells were supplemented with 100 nM 

1,25(OH)2D. After 24 hours, 50 µg/mL of HDM extract was added to wells with and 

without 1,25(OH)2D. Cells not treated with 1,25(OH)2D and HDM were used as controls. 

This resulted in four treatment groups: untreated cells (Control), 1,25(OH)2D only (VitD), 

HDM only (HDM) and 1,25(OH)2D followed by HDM (VitDHDM). RNeasy Lysis 

buffer (RLT buffer) (Qiagen) was added to cells in 12-well plates 4 hours after HDM 

exposure for RNA extraction, while 24 hours later, cells in 96-well plates were fixed for 

20 minutes in 3.7% formaldehyde solution for In-Cell Westerns. All experiments were 

performed in triplicate.  

 

4.3.10 In-Cell Westerns 
 
After fixation, cells were washed 5 times sequentially with 0.1% Triton-X (Sigma-

Aldrich) in phosphate buffered saline (PBS) for 5 min to permeabilize cells. Cells were 

then blocked with LI-COR Odyssey Blocking Buffer (LI-COR Biotechnology, Lincoln, 
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NE, USA) for 90 min at room temperature. Cells were incubated with MID1 primary 

antibody (ab70770; Abcam, Cambridge, MA, USA) diluted 1:500 in Blocking Buffer at 

4oC overnight. Cells were then washed with 1x PBS containing 0.1% Tween-20 (Sigma-

Aldrich)  sequentially 5 times for 5 min before addition of fluorescently-labelled 

secondary antibody IRDye 800CW Goat anti-Rabbit (1:800 dilution; LI-COR 

Biotechnology). The plate was protected from light after addition of secondary antibody 

and incubated for one hour prior to washing with 1x PBS containing 0.1% Tween-20 

sequentially 5 times for 5 min.  All liquid was removed from cells and the plate scanned 

with detection in both 700 and 800 nm channels using an Odyssey Infrared Imaging 

System (LI-COR Biosciences). The images were then analysed using Image Studio 

Software (LI-COR Biosciences). 

 

4.3.11 Statistical analysis 
 
Between group comparisons were made using t tests or 2-way ANOVAs with Holm-

Sidak post hoc tests. Statistical analyses were performed using SigmaPlot software 

(Systat Software, California, USA) and Prism (GraphPad Software, California, USA). 

Data are shown as mean (SD). P values of < 0.05 were regarded as statistically significant. 

 

4.4 Results 
 

4.4.1 Baseline lung function 
 
At baseline prior to methacholine challenge, HDM-treated mice had significantly higher 

Raw than saline-treated mice (Figure 4.1A; p = 0.048). There were no differences between 

groups in G (Figure 4.1B) and H (Figure 4.1C). 

 

4.4.2 Responsiveness to methacholine 
 
Responsiveness to methacholine was presented as a percentage increase from saline at 

the maximal dose (100 mg/mL) due to differences in baseline lung function. For Raw, 

there was an effect of vitamin D status, but not HDM treatment. Vitamin D-deficient mice 

had increased Raw compared to -replete mice (Figure 4.2A; p = 0.014). There was no 

difference in G (Figure 4.2B), however there was increased H in HDM-treated mice 

compared to control mice (Figure 4.2C; p < 0.01). 
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Figure 4.1 Baseline airway resistance (Raw; A), tissue damping (G; B) and tissue 

elastance (H; C) in saline and HDM-treated vitamin D-deficient and -replete mice.* 

indicates p < 0.05. Data are represented as mean (SD), n = 9-12/group. 
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Figure 4.2 The percentage increase from saline of airway resistance (Raw; A), tissue 

damping (G; B) and tissue elastance (H; C) in response 100 mg/mL of methacholine in 

saline and HDM-treated vitamin D-deficient and -replete mice.* indicates p < 0.05. Data 

are represented as mean (SD), n = 7-9/group. 

 

4.4.3 Differential cell counts 
 
There was increased inflammation in BAL of HDM-treated mice, with a significant 

increase in all inflammatory cell types (Figure 4.3; p < 0.05). Within saline-treated 

groups, neutrophil counts were increased in vitamin D-deficient mice (Figure 4.3B; p = 
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0.008), while within the HDM-treated group, lymphocytes were increased in BAL of 

vitamin D-deficient mice compared with -replete mice (Figure 4.3C; p = 0.034). 

 
Figure 4.3 Differential cell counts showing the number of macrophages (A), neutrophils 

(B), lymphocytes (C) and eosinophils(D) collected from bronchoalveolar lavage of saline 

and HDM-treated vitamin D-deficient and -replete mice. * indicates p < 0.05. Data are 

represented as mean (SD), n = 8-12/group. 

 

4.4.4 ASM mass 
 
ASM was significantly increased in HDM-treated, vitamin D-replete mice compared with 

saline-treated vitamin D-replete mice (p < 0.001). Within the saline-treated group, 

vitamin D-deficient mice had increased ASM compared to -replete mice (p < 0.009); 

however, within the HDM-treated group, ASM was decreased in vitamin D-deficient 

mice (Figure 4.4; p = 0.005). 
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Figure 4.4 Representative images for airway sections stained with Masson’s Trichrome 

in saline-treated, vitamin D-replete (SalVitD+), saline-treated, vitamin D-deficient 

(SalVitD-), HDM-treated, vitamin D-replete (HDMVitD+) and HDM-treated, vitamin D-

deficient (HDMVitD-) mice (Scale 60 µm). Airway smooth muscle (ASM) mass 

corrected for the basement membrane perimeter was quantified in lung sections from 

saline and HDM-treated vitamin D-deficient and -replete mice. * indicates p < 0.05. Data 

are represented as mean (SD), n = 7-12/group. 
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4.4.5 Mucus-producing cells  
 
Airway sections stained with Alcian-blue-periodic acid Schiff showed that the percentage 

of mucus-producing cells was increased in HDM-treated mice compared with saline-

treated mice (Figure 4.5; p < 0.001). There was no effect of vitamin D deficiency. 

 

 
Figure 4.5 Representative images for airway sections stained with Alcian-blue periodic-

acid Schiff in saline and HDM-treated vitamin D-deficient and -replete mice (scale 60 

µm). Mucus-producing cells were quantified and the percentage of mucus-producing cells 

over the total number of epithelial cells in the airway. ** indicates p < 0.01. Data are 

represented as mean (SD), n = 7-12/group. 

 

4.4.6 Validation of genes differentially regulated by HDM exposure using 

RT-qPCR 

 
Gene expression was profiled using RNA-Seq in lung tissue samples from vitamin D-

deficient and -replete mice treated with either HDM or saline as controls. Data from 

vitamin D-replete mice exposed to HDM or saline were analysed using the edgeR 

statistical method and 1182 genes were differentially expressed at a False Discovery Rate 
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less than 0.05 (Data not shown). A subset of the differentially expressed genes that are 

relevant to the biology of airway remodelling and respiratory disease was selected for 

RT-qPCR validation. These genes included chloride channel regulator 3 (CLCA3), 

eosinophil-associated, ribonuclease A family, member 11 (EAR11), resistin like alpha 

(RETNLA), MUC5AC, regenerating islet-derived 3 gamma (REG3G), MMP12, 

secretory leukocyte peptidase inhibitor (SLPI) and trefoil factor 2 (TFF2) (Figure 4.6). 

The expression of all of these genes was significantly upregulated by RT-qPCR in HDM-

treated mice (p < 0.05) except for REG3G (Figure 4.6E; p = 0.086). 

 

4.4.7 Functional analysis of genes differentially regulated by HDM exposure 

in vitamin D-replete mice 

 
GeneTermLinker was used to classify the top 764 genes differentially regulated by HDM 

in vitamin D-replete mice into functionally coherent metagroups of genes and terms.248 

HDM exposure was characterized by 35 functional metagroups. Inflammatory and 

immune responses were highly represented in these metagroups. However, other notable 

functions include lung development, positive regulation of smooth muscle migration and 

regulation of cell proliferation (A subset of these metagroups are detailed in Table 4.1; 

the complete list of metagroups is in Table S3 in Appendix I). 
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Figure 4.6 Gene expression of chloride channel regulator 3 (CLCA3; A), eosinophil-

associated, ribonuclease A family, member 11 (EAR11; B), resistin like alpha (RETNLA; 

C), mucin 5AC (MUC5AC; D), regenerating islet-derived 3 gamma (REG3G; E), matrix 

metallopeptidase 12 (MMP12; F), secretory leukocyte peptidase inhibitor (SLPI; G) and 

trefoil factor 2 (TFF2; H) in lungs from saline and HDM-treated, vitamin D-replete mice. 

Data are expressed as fold changes obtained by normalizing candidate genes to the 

eukaryotic translation elongation factor 2 (EEF2) reference gene. ** indicates p < 0.01; * 

indicates p < 0.05. Data are represented as mean (SD), n = 16/group. 
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Table 4.1 Functional groups associated with differentially regulated genes in whole lung of HDM-treated mice. 

 Genes Adjusted p-

value 

Terms 

Metagroup 

1 

 

Reg3g, Vnn1, Sema7a, Hc, Pla2g7 , Ccl11, 

F2r, Ccl8, Ccr1, Cxcl5, Cxcl15, C3, Cxcl1, 

Elf3, Hmgb1, Nfkbiz, Adam8, Ccr2, 

Kdm6b, Ptafr, Ly86, Cmtm7, Slit2, Ccr3, 

Ear11,  C3ar1, Fcgr2b, Ltb, Cd4, Lax1, 

Tgfbr3 

1.30 x 10-13 GO:0006954:inflammatory response (BP);GO:0006935:chemotaxis 

(BP); GO:0006955:immune response (BP) 

Metagroup 

3 

Il1rl1, Serpine1, Adora3, Il33, Adam8, 

Ccr2, Adrb2, Lrg1, Scd1, Bnip3, Selenbp1, 

Tff2, Slit2, Nt5e, Lyz1, Pglyrp1, Gbp9, 

Foxo3, Nr3c2, Bid, Fes, Apobec1, Igf1, 

Hpse, Lox 

1.38 x 10-10 GO:0050729:positive regulation of inflammatory response (BP); 

GO:0050873:brown fat cell differentiation (BP); GO:0050728:negative 

regulation of inflammatory response (BP); GO:0050830:defense response 

to Gram-positive bacterium (BP); GO:0042127:regulation of cell 

proliferation (BP); GO:0042060:wound healing (BP) 

Metagroup 

6 

Epha1, Hc, Hipk2, Hmox1, Ccl11, Kdr, C3, 

Serpine1, C6, Gata2, Ccr3, Adm, C3ar1, 

Flt4 

5.25 x 10-9 GO:0045766:positive regulation of angiogenesis (BP); 

GO:0006935:chemotaxis (BP); GO:0030335:positive regulation of cell 
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migration (BP); GO:0001938:positive regulation of endothelial cell 

proliferation (BP) 

Metagroup 

7 

Hpse, Hc, C3, Flt4, C3ar1, Fcgr2b, Gata2, 

Fcgr3, Ighg1, Vnn1, Tmem173, Il1rl1, 

Pglyrp1, Lcn2, Unc93b1, Cfp, Ly86, C1qa 

5.45 x 10-9 GO:0010575:positive regulation vascular endothelial growth factor 

production (BP); GO:0050766:positive regulation of phagocytosis (BP); 

GO:0045087:innate immune response (BP); GO:0006958:complement 

activation, classical pathway (BP); GO:0006954:inflammatory response 

(BP) 

Metagroup 

9 

Mmp14, Pkd1, Mgp, Kdr, Slit2, Sema5a, 

Igf1, Rbp4, Lox, Hsd11b1, Tbx4, Hmgb1, 

Errfi1, Tcf21 

1.07 x 10-7 GO:0048754:branching morphogenesis of a tube (BP); GO:0030324:lung 

development (BP); GO:0048286:lung alveolus development (BP) 

Metagroup 

11 

Lat2, Lax1, Ms4a1, Blnk, Nfam1, Ighm, 

Nckap1l, Cxcl15, Cxcl1, Fcgr3, Pcnp, 

Ube2i, Cd2ap, Ube2d3, Fzd4, Arid5b 

2.67 x 10-7 GO:0042113:B cell activation (BP);GO:0050853:B cell receptor 

signaling pathway (BP); GO:0030593:neutrophil chemotaxis (BP); 

GO:0043161:proteasomal ubiquitin-dependent protein catabolic process 

(BP); GO:0051091:positive regulation of transcription factor activity 

(BP) 
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Metagroup 

14 

Vnn1, Rpsa, Pkd1, Dsp, Cd2ap, Tnxb, Slit2, 

Adam8, Eln, Olfml2a, Elf3, Reck, Crispld2, 

Pla2g15, Lpin2, Acaa1b, Hadhb 

1.07 x 10-6 GO:0070374:positive regulation of ERK1 and ERK2 cascade (BP); 

GO:0006954:inflammatory response (BP); GO:0007596:blood 

coagulation (BP) 

Metagroup 

15 

Nox4, Rapgef4, Hmgb1, P2ry6, Igf1, 

Hipk2, Irf4, Rapgef3, Socs3 

1.43 x 10-6 GO:0014911:positive regulation of smooth muscle cell migration (BP); 

GO:0043388:positive regulation of DNA binding (BP); 

GO:0001932:regulation of protein amino acid phosphorylation (BP) 

Metagroup 

24 

Rbp4, Fzd4, Taf10, Foxo3, Scel, Elf3, 

Tgfbr3, Hipk2, Cited2, Ltbp4, Fos, Lox, 

Pkd1 

1.09 x 10-4 GO:0009790:embryonic development (BP); GO:0007179:transforming 

growth factor beta receptor signaling pathway (BP); GO:0001568:blood 

vessel development (BP) 

Metagroup 

30 

Ccl11, F2r, Hmgb1, Adam8, Ccr2, Epha1, 

Kdr, C3ar1  

1.16 x 10-3 GO:0030335:positive regulation of cell migration (BP); 

GO:0006954:inflammatory response (BP) 

* GO: repository of gene and gene product ontological attributes across species 
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4.4.8 Genes differentially regulated by vitamin D deficiency in HDM-

treated mice 

 
RNA-Seq data from RNA extracted from lung tissue of HDM-treated, vitamin D-

deficient and -replete mice was analysed using edgeR and 9 genes were differentially 

regulated (Table 4.2).  

 

RT-qPCR for MID1 and adrenomedullin (ADM) expression was performed as these are 

asthma-related genes.276,277 MID1 expression was significantly upregulated in vitamin D-

deficient mice (Figure 4.7A; p = 0.009). Differences for ADM expression were not 

significant (Figure 4.7B; p = 0.235). 

 

Table 4.2 Identification of differentially regulated genes in house dust mite-treated, 

vitamin D-deficient versus -replete mice. 

Gene Log fold change Log counts per million P-value FDR 

Angptl4 

Acot1 

Igkv14-100 

Igkv14-111 

Mid1 

Hilpda 

Alas1 

Adm 

Per2 

-1.47 

-1.16 

3.99 

-2.67 

1.11 

-0.52 

0.44 

-1.04 

0.81 

4.78 

3.12 

4.17 

6.03 

5.82 

6.51 

8.19 

4.08 

6.23 

2.16 x 10-16 

1.01 x 10-8 

5.05 x 10-7 

1.89 x 10-6 

3.82 x 10-6 

1.17 x 10-5 

1.43 x 10-5 

2.93 x 10-5 

3.46 x 10-5 

2.43 x 10-12 

5.66 x 10-5 

0.002 

0.005 

0.009 

0.022 

0.023 

0.041 

0.043 
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Figure 4.7 Gene expression of Midline (MID1; A) and adrenomedullin (ADM; B) in 

lungs from HDM-treated, vitamin D-deficient and -replete mice. Data are expressed as 

fold changes obtained by normalizing candidate genes to the eukaryotic translation 

elongation factor 2 (EEF2) reference gene. ** indicates p < 0.01. Data are represented as 

mean (SD), n = 16/group. 

 
4.4.9 MID1 expression in human airway epithelial cells 

 
Given our findings of altered RNA expression in lungs of HDM-treated, vitamin D-

deficient mice compared with HDM-treated, vitamin D-replete mice, we examined if 

gene expression would also be altered in human airway epithelial cells by vitamin D with 

and without HDM stimulation. As MID1 expression is altered by HDM treatment in 

BEAS-2B cells,276 we chose to use this cell line. Cells were also grown in medium with 

the serum substitute, Ultroser G, to prevent unintentional addition of vitamin D, which is 

present in animal serum. In-cell Westerns were performed to measure MID1 protein 

expression in BEAS-2B cells. After normalization of fluorescence intensity with control 

cells, MID1 protein expression was reduced in vitamin D- and HDM-treated cells 

compared with vitamin D only (p = 0.03) and HDM-treated cells (p = 0.02) (Figure 4.8). 
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Figure 4.8 Fluorescent intensity of Midline (MID1) protein expression in BEAS-2B cells 

detected by In-cell Westerns. Treatments were performed in triplicate. N = 3 independent 

experiments.  

 
4.5 Discussion 
 
We sought to determine if respiratory outcomes following a chronic allergen challenge 

would be exacerbated by vitamin D deficiency. We found that vitamin D-deficient mice 

had increased airway resistance compared with -replete mice. Vitamin D deficiency also 

caused an increase in ASM mass in saline-treated mice. However, following chronic 

HDM challenge, ASM mass was decreased in vitamin D-deficient mice compared with -

replete mice.  In HDM-challenged mice, expression of MID1 was upregulated with 

vitamin D deficiency. Protein expression of MID1 was decreased in HDM-treated cells 
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that had been supplemented with vitamin D. This demonstrates that vitamin D has the 

potential to downregulate gene expression of MID1.  

 

MID1 plays a key role in allergic airway inflammation and is upregulated in mouse and 

human bronchial epithelium following HDM exposure.276 Collison et al. demonstrated 

that MID1 expression is regulated by TLR4- and tumour necrosis factor-related 

apoptosis-inducing ligand (TRAIL)-dependent manner to decrease protein phosphatase 

2A (PP2A). A decrease in PP2A leads to increased phosphorylated nuclear factor-κB 

(NFκB) and mitogen-activated protein kinases (MAPKs), which are important in Th2-

mediated airway inflammation.276 Collison et al. further demonstrated in a TRAIL 

knockout mouse model that MID1 expression was downregulated and following a 

challenge with OVA, these mice were protected from AHR, airway remodelling and Th2-

mediated inflammation.278 Our findings therefore suggest that outcomes in allergic 

asthma may be modified by vitamin D via reduced expression of MID1. 

 

Interestingly, while AHR was increased due to vitamin D deficiency, ASM was decreased 

in HDM-treated vitamin D-deficient mice, despite being increased in vitamin D-deficient, 

saline-treated mice compared with -replete, saline-treated mice. We have previously 

demonstrated that vitamin D deficiency increases ASM mass and results in AHR.245,273 

This implies that in the HDM model, ASM does not directly correlate with AHR, and it 

may be that increased inflammation and mucus production are the main contributors to 

airway resistance. Results from the RNA-Seq analysis showed that HDM regulates more 

than 1000 genes in the lung. The top differentially regulated genes CLCA3, TFF2, 

RETNLA are all expressed in airway epithelial cells and contribute to goblet cell 

metaplasia,279 which increases mucus production. We demonstrated increased mucus 

production in our model with upregulation of the MUC5AC mucin gene and increased 

mucus-producing cells in airway sections of HDM-treated mice. We also found increased 

lymphocytes in BAL of HDM-treated, vitamin D-deficient mice, which may contribute 

to airway resistance. This is supported by a study using an IκBα super repressor transgenic 

mouse model, in which NFκB activation is repressed in airway epithelial cells. This study 

found that neutrophils and eosinophils, but not lymphocytes, were reduced following 

HDM exposure in this mouse model, and this was accompanied by a decreased in tissue 

damping and tissue elastance, but not airway resistance.280 CD4+ T lymphocytes in 

particular, have long been implicated in allergen-induced AHR.281 This result suggests 
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that in the HDM mouse model, increased lymphocytes may be associated with airway 

resistance.  

 

In our study, HDM exposure in vitamin D-deficient mice did cause an increase in ASM. 

This is an interesting finding and may reflect complex interactions between HDM extract 

components. HDM is made up of an array of protein allergens as well as non-protein 

components such as lipopolysaccharide (LPS), which itself can activate the innate 

immune system.282 Both HDM and LPS activate TLR4 to drive allergic inflammation,283 

and vitamin D can modulate TLR4 expression.284 Both the VDR and TLR4 are expressed 

in ASM cells.285,286 Under inflammatory conditions, expression of VDR is reduced in 

ASM of vitamin D-deficient mice.285 The effects of vitamin D on TLR4 activation is 

dependent on the order of VDR and TLR4 engagement,287 where certain 

immunosuppressive effects of vitamin D occurred only when the VDR was engaged prior 

to TLR4 stimulation and no differences were found if TLR4 was engaged prior to VDR, 

or if both TLR and VDR were stimulated at the same time.287 These interactions between 

vitamin D and HDM responses may determine why responses to vitamin D deficiency 

within the HDM model are not the same as in the saline-treated control mice.   

 

There have been varied results in previous studies investigating the effects of vitamin D 

deficiency in an asthma model. Similar to our findings, Agrawal et al. demonstrated AHR 

in a vitamin D-deficient OVA model. However, there was no increase in AHR as a result 

of vitamin D deficiency in the control group. This study also showed increased 

eosinophils in the BAL, but there were no differences in neutrophil, lymphocyte and 

macrophage cell counts between OVA-sensitized vitamin D-deficient and -replete 

groups.106 Gorman et al. did not observed differences in inflammatory cells in the BAL 

of vitamin D-deficient mice following OVA challenge,221 however following 

sensitization with a lower dose of OVA (1 µg vs 20 µg), vitamin D deficiency increased 

eosinophils and neutrophils in the BAL of male mice.108 These variable findings are likely 

to be due to differences in timing and method of OVA sensitization and challenge. 

Vasilou et al. also used a HDM model but did not find changes in AHR in vitamin D-

deficient mice.107 Increased eosinophils were found in lung tissue of vitamin D-deficient 

mice, but not BAL. Again, the method for HDM challenge was different when Vasilou et 

al. administered HDM was when mouse pups were 3 days old and experiments performed 

when mice were 6-weeks old. None of these studies quantified ASM, although reduced 

collagen deposition was shown in vitamin D-supplemented mice.106,107 Despite the 
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differential effects of vitamin D deficiency in different asthma models, we were able to 

validate our findings of increased MID1 expression in the vitamin D-deficient, allergic 

asthma mouse model, by demonstrating decreased protein expression of MID1 in human 

airway epithelial cells treated with HDM and vitamin D.  

 

This study has several limitations. Firstly our choice of model using a chronic HDM 

exposure with prolonged exposure may have masked the effects of vitamin D; we may 

have had alternate findings had we chosen a shorter exposure protocol. We chose to use 

a HDM model instead of an OVA model because it is a common aeroallergen and up to 

85% of atopic asthmatics are sensitized to HDM.288 Unlike OVA exposure models, HDM 

does not require systemic sensitization and can be given directly via the airway, which is 

the entry route by which humans are exposed to HDM. The prolonged exposure protocol 

was chosen as Johnson et al. had previously shown that this exposure duration elicited 

marked airway remodelling, inflammation and AHR.289 Secondly, timing of the exposure 

protocol and data collection may have influenced results. A study investigating the effects 

of LPS on VDR expression showed that at 60 hours post-LPS addition, VDR expression 

was inhibited. However, at 48 hours there was high expression of VDR.290 We chose to 

assess the animals 72 hours after the final HDM exposure as this was the protocol used 

by Johnson et al.286 Similarly, in animal studies, inflammatory parameters vary depending 

on timepoint of measurement.291 It is thus possible that in the in vitro study, longitudinal 

assessments of various time points of exposure to vitamin D and HDM may be required 

to further validate our findings.  

 

In summary, we demonstrate that vitamin D deficiency differentially regulates responses 

to HDM in a mouse model. Importantly, we have shown that vitamin D can downregulate 

MID1 expression in response to HDM. MID1 promotes inflammation in allergic asthma 

and our findings suggest that vitamin D status may be able to influence asthma outcomes 

via modulation of MID1 expression. Further studies investigating if vitamin D status can 

alter MID1 expression in asthmatics are warranted to further uncover if vitamin D has 

potential benefits in asthma. 
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5.1 Discussion of findings 
 
In this thesis, I set out to determine if associations between vitamin D deficiency and 

chronic lung disease observed in human populations were due to airway remodelling and 

impaired lung structure and function. Firstly, I investigated if vitamin D deficiency 

increaseed ASM mass, a prominent feature of airway remodelling, and if an increase in 

ASM mass would correspond with AHR. Secondly, I aimed to determine if in utero 

vitamin D deficiency would have an impact on airway remodelling, lung structure and 

function. Finally, I studied the effects of vitamin D deficiency in a model of chronic 

allergic airways disease to determine if vitamin D deficiency exacerbated HDM-induced 

impairments in lung health. These studies were carried out in a mouse model of vitamin 

D deficiency developed via dietary manipulation. This physiologically relevant mouse 

model enabled the study of the in vivo effects of vitamin D deficiency without the need 

to control for variability in ultraviolet light exposure or physical inactivity, which are 

confounding factors when assessing the link between vitamin D status and health in 

human studies. 

 

This study is the first to employ the high through-put DNA sequencing method, RNA-

seq, for transcriptome profiling of lungs from vitamin D-deficient and vitamin D-replete 

mice to compare gene expression profiles. Comparison was also performed to identify 

differential effects of vitamin D status with chronic HDM challenge. RNA-seq enables 

precise measurement of all levels of transcripts (mRNA, non-coding RNA and small 

RNA) to determine the transcriptional structure of genes, and to quantify changes in 

transcript expression under different conditions.292 Unlike existing sequencing methods 

such as microarrays, RNA-seq can directly determine the cDNA sequence without the 

requirement of an existing reference genome, and can thus detect novel sequences. In 

addition, RNA-seq is quantitative and in contrast to microarrays which lack sensitivity 

for genes expressed at very high or low levels, has a large dynamic range for detection of 

transcripts.292 RNA-seq data was analysed using bioinformatics tools to map gene 

networks and identify functional groups regulated by vitamin D deficiency, under both 

normal and disease conditions. 

 
This study provides in vivo evidence that vitamin D deficiency causes increased ASM 

and AHR. Stereological measurements also showed that vitamin D deficiency alters lung 

structure. These changes were observed in adult female vitamin D-deficient mice but not 

in male mice. Similar to findings in a previous study,238 serum 25(OH)D levels of vitamin 
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D-replete male mice were lower than -replete females despite being fed the same diet 

containing 2280 IU of vitamin D. This may be attributed to a reduced capacity to produce 

or retain 25(OH)D, or the increased rate of breakdown of 1,25(OH)2D into other less 

active metabolites in male mice, but fundamentally demonstrates that there is a 

differential effect of sex on vitamin D metabolism. An early study using a rat model 

showed that male rats developed hyperparathyroidism earlier than female rats following 

establishment of vitamin D deficiency, and after maturity, female vitamin D-deficient rats 

had higher calcium levels than -deficient males.293 Sex differences have also been 

reported in a longitudinal community-based study investigating the relationship between 

serum 25(OH)D levels with respiratory and allergic outcomes where negative 

associations between serum 25(OH)D levels and asthma-associated phenotypes were 

mainly observed in males and not females.294 This is in contrast to our study. However 

study subjects were in an age range where there is a higher prevalence of asthma in males, 

whereas the mice used in our study had reached adulthood. Our findings may therefore 

reflect asthma prevalence patterns in humans where women (i.e. post puberty) are more 

susceptible to developing asthma.295 Because changes in lung structure and function were 

observed in vitamin D-deficient female mice, subsequent studies were performed in 

females only. 

 

Data from this thesis showed that TGF-β gene expression was reduced in fetal lung 

samples from vitamin D-deficient mice.  These findings, together with RNA-seq results 

showing that genes associated with embryonic development were differentially 

expressed, suggest that vitamin D deficiency affects lung development. In utero vitamin 

D deficiency was sufficient to cause an increase in ASM mass and baseline airway 

resistance. Lung structure was also altered as a result of vitamin D deficiency in utero, 

thus supporting the hypothesis that vitamin D deficiency can alter lung development. 

Despite increased ASM mass with in utero vitamin D deficiency, airway resistance in 

response to methacholine challenge was only increased in whole-life vitamin D-deficient 

mice, suggesting that having sufficient vitamin D levels at the time of testing may prevent  

AHR.  

 

Vitamin D deficiency was associated with increased expression of S100A9 and S100A8 

proteins. Both S100A9 and S100A8 belong to a large calcium (Ca2+)-binding superfamily 

of S100 proteins. They bind together forming a heterodimer complex, and are highly 

expressed in neutrophils and macrophages.296 It has been proposed that the S100A8/A9 
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complex are important mediators of airway remodelling and inflammation in severe 

asthma.296 S100A9 protein is significantly higher in the sputum of patients with severe 

neutrophilic uncontrolled asthma compared with patients with severe eosinophilic 

asthma, suggesting that S100A9 may be a biomarker of severe neutrophilic asthma.297 

The induction of MUC5AC in airway epithelial cells by S100A9 and S100A8 may be a 

potential mechanism for increased mucus production by neutrophilic inflammation.265 

Neutrophilic inflammation occurs mostly in severe asthma and is associated with 

corticosteroid resistance in severe asthmatics.298 Results from this thesis show that 

neutrophilic inflammation was increased in the BAL as a result of in utero vitamin D 

deficiency and this correlated with AHR. This findings suggest that vitamin D deficiency 

may play a role in neutrophilic asthma. 

 

NFKBIA, EGFR, MMP8 and MMP9 were also differentially regulated by vitamin D 

deficiency. NFKBIA codes for IκBα protein, an inhibitor of the NFκB pathway. 

Activation of the NFκB pathway in lung epithelial cells regulates inflammation, AHR and 

fibrotic airway remodelling in the lung.280 Since IκBα inhibits NFκB activity, expression 

of NFKBIA may prevent inflammation and airway remodelling in asthma. The 

importance of NFKBIA has been further demonstrated in a study showing that 

NFKBIA/IκBα is a central hub for transcriptional responses in asthma.263 EGFR, MMP8 

and MMP9 have been implicated in airway remodelling. EGFR inhibition reduced AHR, 

ASM thickening and goblet cell metaplasia in a mouse model of athma.299 MMP8 and 

MMP9 are involved in the degradation of extracellular matrix components in the airway 

wall, as well as the cellular migration of neutrophils, lymphocytes and other immune 

cells.300 In this study, MMP8 and MMP9 expression correlated with neutrophil counts. 

Therefore, this study suggests that vitamin D deficiency may play a role in the 

pathogenesis of chronic lung disease by increasing neutrophilic inflammation and the 

expression of associated mediators. 

 

It is important to note that S100A9 and S100A8 are also Ca2+ sensing receptors and their 

differential expression as a result of vitamin D deficiency may be a reflection of altered 

calcium levels. One of the major roles of vitamin D is to maintain calcium homeostasis 

in the body.301  Ca2+ levels are maintained within narrow limits in extracellular fluid for 

normal cell physiology and skeletal integrity by 1,25(OH)2D produced in the kidney. 

Mechanisms for maintaining Ca2+ levels include inducing intestinal Ca2+ absorption, renal 

Ca2+  reabsorption, suppressing PTH function and controlling bone remodelling.301 Under 
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vitamin D-deficient conditions, intestinal Ca2+ absorption may be reduced resulting in an 

influx in extracellular Ca2+ in order to maintain calcium homeostasis. Activation of Ca2+ 

influx pathways in ASM cells triggers ASM contraction and proliferation, contributing to 

airway remodelling.302  In this study, mice on a vitamin D-deficient diet were 

supplemented with calcium in an attempt to correct for hypocalcaemia. While this was 

sufficient to prevent impaired bone health outcomes as demonstrated using dual-energy 

X-ray absorptiometry scans and by measuring serum calcium levels,221 it may not have 

prevented intracellular Ca2+ imbalances. The effects of vitamin D deficiency on Ca2+ 

levels in ASM cells may be a potential mechanism for further modulation of airway 

remodelling. This warrants further investigation but is beyond the scope of this thesis.  

 

In order to study the effects of vitamin D deficiency in allergic airways disease, a mouse 

model of chronic HDM exposure was established. Consistent with previous findings, 

AHR was increased with vitamin D deficiency, with or without HDM exposure.  

Unexpectedly, ASM mass was increased in vitamin D-replete mice exposed to HDM 

compared with vitamin D-deficient mice exposed to HDM. It is important to note that 

changes to ASM are not the only structural change in airway remodelling, but that 

remodelling processes also involve inflammatory cells, damage to the airway epithelium 

and fibrosis. It is possible that in this HDM model, interactions between the VDR and 

TLR4 resulted in a phenotype where structural changes in the airway epithelium and 

increased mucus production were more prominent than changes to ASM. In addition, 

while neutrophil counts in BAL were increased by vitamin D deficiency in the saline-

treated, vitamin D-deficient and -replete mice, this effect was lost following HDM 

treatment. Lymphocyte counts were however increased by vitamin D deficiency in the 

HDM-treated mice but not in saline-treated mice, further demonstrating differential 

effects of vitamin D deficiency with HDM treatment. Lymphocytes, and CD4+ T cells in 

particular, have been implicated in asthma pathogenesis.14 While the type of lymphocyte 

was not determined in this study, a previous study using a HDM mouse model has shown 

that CD4+ Th2 cells is increased in the lungs of vitamin D-deficient mice.107 Further 

analysis are required to determine if CD4+ Th2 cells are increased in BAL of HDM-

treated vitamin D-deficient mice. 

 

Analysis of RNA-seq results revealed that more than 1000 genes within the mouse lung 

were differentially regulated by HDM exposure. However, using the same analysis 

methods, only 9 genes were identified as being differentially regulated by vitamin D 
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deficiency following HDM exposure. Of particular interest was the discovery that MID1 

was significantly upregulated in vitamin D-deficient mice compared with -replete mice. 

Mutations in MID1 cause Opitz syndrome, a pleiotropic genetic disorder characterized 

by facial anomalies.303 MID1 has however recently been identified as an important 

mediator of allergic airway inflammation in asthma.276 A study by Collison et al. found 

that MID1 was upregulated in mouse bronchial epithelium following HDM exposure via 

a TLR4-dependent manner. Inhibition of MID1 reduced AHR and inflammation in this 

study.276 In this thesis, differential regulation of MID1 expression by vitamin D was 

further validated in human airway epithelial cells. Cells exposed to both 1,25(OH)2D and 

HDM had reduced MID1 expression, compared to cells with HDM exposure only. These 

results suggest that vitamin D deficiency could contribute to impaired respiratory 

outcomes in asthma by increasing MID1 expression.  

 

Despite much of the literature suggesting that vitamin D supplementation may improve 

asthma outcomes, results from the Vitamin D Add-on Therapy Enhances Corticosteroid 

Responsiveness in Asthma (VIDA) trial did not show a beneficial effect of vitamin D 

supplementation in patients with symptomatic asthma.113 This large multicentre, 

randomized, parallel, placebo-controlled trial supplemented vitamin-deficient asthmatic 

patients with high-dose vitamin D3 (100 000 IU once, followed by 4000 IU/day for 28 

weeks) or placebo, added to inhaled corticosteroid treatment, to determine if rate of first 

treatment failure or exacerbations would be reduced. No significant differences were 

found for this primary outcome and there were also no significant effects of vitamin D 

supplementation for secondary outcomes which included asthma control, airway 

function, quality of life and airway inflammation.113 These findings were supported by 

another randomized control trial of vitamin D supplementation in adults with asthma, 

which showed that supplementation with  six 2-monthly oral doses of 120 000 IU vitamin 

D3 over a 12 month period did not influence time to exacerbation or viral upper respiratory 

infections.304 Both trials were however performed in adults. In The VIDA trial, the mean 

age of participants was 40 years. Studies indicate that asthma has origins in early life.193 

Results from this thesis show that vitamin D deficiency in utero has long term effects on 

lung structure and function outcomes and inflammation. Vitamin D supplementation may 

therefore only have beneficial effects on asthma outcomes when administered in early 

life.   
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In another trial, the Vitamin D Antenatal Asthma Reduction Trial (VDAART) has been 

designed to address the question as to whether vitamin D supplementation during 

pregnancy would prevent the development of asthma and allergies in children.305 Primary 

outcomes include a diagnosis of asthma, recurrent wheeze and allergic sensitization by 

age 3, as well as the occurrence of lower respiratory infections and atopic eczema. The 

results of this trial, which is yet to be published, may have important implications for 

determining adequate vitamin D status during pregnancy. However, vitamin D 

supplementation only commences at 10 to 18 weeks gestation after lung development has 

commenced at weeks 4 to 6 weeks, therefore the window of opportunity for preventing 

impaired lung development may have been missed. In contrast, mice in this study were 

maintained on vitamin D-deficient or -replete diets prior to breeding, hence vitamin D 

status in pregnancy would be established before fetal lung development occurs.  

 

5.2 Limitations and future directions 
 
There are several limitation in this thesis which should be acknowledged. Firstly, a 

chronic HDM exposure protocol was used for development of a mouse model of allergic 

airways disease. The prolonged HDM exposure had a strong effect on inflammation and 

significantly increased mucus-producing cells in the mouse lung.  As a result, any effects 

due to vitamin D deficiency were small. It is possible that a larger sample size would be 

required to fully determine the effects of vitamin D deficiency in this HDM model. As 

previously discussed in Chapter 4, the use of different exposure protocols or allergen such 

as OVA, also causes markedly different findings. It would therefore be worth 

investigating if using a lower HDM exposure protocol would lead to results whereby 

vitamin D deficiency had more significant effects on lung structure and function. 

Nonetheless, by using the current chronic HDM exposure protocol, differential effects of 

vitamin D deficiency on gene expression, inflammation and lung structure and function 

were still identified.  

 

Another limitation of this thesis is that the results described are based on findings in 

female mice. In addition to the differential effects of sex on vitamin D metabolism, there 

are also known sex differences in respiratory outcomes in the mouse. For instance, 

increases in Raw, G and H in response to methacholine in naïve male mice are generally 

greater than responses in naïve female mice.239 By investigating lung structure/function 

outcomes and gene expression in females, the confounding effects of sex have been 
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removed. However, this means that the findings in this thesis do not apply to males. 

Further investigation into whether expression of genes identified as being differentially 

regulated by vitamin D deficiency (MID1, S100A8, S100A9 and NFKBIA), should also 

be performed in male mice.  

 

This thesis demonstrated increased ASM mass in adult mice with in utero vitamin D 

deficiency. A limitation of this study is that the time point for when ASM increased 

occurred was not determined. While Zosky et al. showed that impaired lung function and 

lower lung volumes was already present at 2-weeks of age in vitamin D-deficient mice, 

ASM mass was not examined.70 Increased ASM mass was not significantly increased in 

fetal embryonic day 17.5 lungs.245 However, the number of mice used was low in this 

experiment. Furthermore, the small size of fetal lungs made identification and 

quantification of ASM difficult. Measurement of ASM mass should be performed at birth, 

2 weeks of age and at 4 weeks of age (adolescence in mice), to determine the time point 

at which increased ASM mass occurs. 

 

This study is descriptive in nature and while associations between altered lung 

structure/function with inflammation and altered gene expression in vivo have been 

identified, mechanistic studies are required to provide a full understanding of the results 

presented. To determine if genes differentially regulated by vitamin D in this thesis can 

directly modify lung structure and function, targeted experiments where the gene of 

interest (MID1, S100A9, S100A8 and NFKBIA) is knocked-out or knock-down should 

be performed. For instance, Collison et al. used short interfering RNA to reduce the 

expression of MID1 and by using this approach, showed that MID1 was responsible for 

neutrophil influx, AHR and also identified downstream molecules in MID1 signalling 

pathways.276 If by using these approaches, differences no longer persist between vitamin 

D-deficient and -replete mice, this will provide confirmation that vitamin D modulates 

the specific gene to cause airway remodelling and alter lung structure/function outcomes. 

Further in vitro studies should also be performed to determine if the addition of vitamin 

D directly modulates expression of these genes. In this thesis, the effects of vitamin D 

supplementation on MID1 expression were investigated in human airway epithelial cells, 

however the timing and dose of HDM and vitamin D lacked optimization in this 

experiment. Follow-up studies should thus be performed. In vitro experiments should also 

be performed in human ASM or airway epithelial cells to investigate if expression of 

other genes regulated by vitamin D is altered in these cell types.   
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5.3 Conclusions 
 
This thesis shows that vitamin D deficiency increased ASM in a mouse model, supporting 

the hypothesis that vitamin D deficiency causes airway remodelling. Increased ASM mass 

was associated with AHR, showing that vitamin D deficiency alters lung structure and 

function. These structural alterations in the lung were evident in adult mice subjected to 

vitamin D deficiency in utero. These results, together with RNA-seq data showing that 

vitamin D deficiency differentially regulated genes associated with lung development, 

support the hypothesis that vitamin D deficiency has effects on early life lung growth, 

leading to long-term impairments in lung structure and function. This thesis however did 

not provide sufficient evidence to support the hypothesis that vitamin D deficiency 

exacerbated respiratory outcomes in allergic airways disease. While airway resistance in 

response to methacholine challenge was increased with vitamin D deficiency in the HDM 

model, vitamin D deficiency did not have an adverse effect on airway remodelling. ASM 

was instead reduced in HDM-treated, vitamin D-deficient mice compared with HDM-

treated, -replete mice. It was speculated that this unexpected finding was due to complex 

interactions between vitamin D and HDM signalling. Although vitamin D deficiency 

increased lymphocytes in the BAL, this thesis is unable to conclude that vitamin D can 

prevent exacerbations in allergic airways disease.  

 
The use of advanced bioinformatics and DNA sequencing technologies enabled the 

identification of biomarkers differentially regulated by vitamin D. Some of these genes, 

such as S100A9, S100A8 and NFKBIA, were previously shown to be modified by 

vitamin D,266,306 but not in the context of lung disease. In this thesis, there is further 

evidence showing that these genes are associated with neutrophilic inflammation, 

increased ASM mass and AHR. MID1 is upregulated in asthma, and this is the first study 

to show that vitamin D can modulate its expression in mouse lungs and in human airway 

epithelial cells. While further mechanistic studies are required to determine how vitamin 

D regulates expression of these genes, the identification of these genes provide potential 

targets for investigation into signalling pathways within the lung that are modified by 

vitamin D. 

 
The findings from this thesis add to the body of evidence showing that vitamin D 

deficiency may have detrimental effects on lung health. Results from this study support 

the maintenance of adequate levels of vitamin D during pregnancy to prevent impaired 

lung development in children. Impaired lung development leads to impaired lung 
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structure and function. Lung function follows a trajectory throughout life and any factor 

that lowers lung function in early life will have long-term outcomes. Results from this 

thesis suggest that some of the impaired lung health outcomes that may occur as a result 

of early life vitamin D deficiency are increased ASM and AHR. Both of these are 

important features of chronic obstructive lung diseases such as asthma and COPD. Early 

life vitamin D deficiency may therefore contribute to the pathogenesis of chronic 

obstructive lung disease by causing airway remodelling and altering lung structure and 

function. 
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Appendix I. Supplemental information 
 
Table S1 Primer list for RT-qPCR validation. 

Primer Sequence 

S100A9 forward 5’-ATACTCTAGGAAGGAAGGACACC-3’ 

S100A9 reverse 5’-TCCATGATGTCATTTATGAGGGC-3’ 

S100A8 forward 5’-AAATCACCATGCCCTCTACAAG-3’ 

S100A8 reverse 5’-CCCACTTTTATCACCATCGCAA-3’ 

MMP8 forward 5’-TGGTGATTTCTTGCTAACCCC-3’ 

MMP8 reverse 5’-TACACTCCAGACGTGAAAAGC-3’ 

MMP9 forward 5’-GGACCCGAAGCGGACATTG-3’ 

MMP9 reverse 5’-CGTCGTCGAAATGGGCATCT-3’ 

EGFR forward 5’-GCCATCTGGGCCAAAGATACC-3’ 

EGFR reverse 5’-GTCTTCGCATGAATAGGCCAAT-3’ 

NFKBIA forward 5’-TGAAGGACGAGGAGTACGAGC-3’ 

NFKBIA reverse 5’-TGCAGGAACGAGTCTCCGT-3’ 

EP300 forward 5’-CTTCAGACAAGTCTTGGCATAGT-3’ 

EP300 reverse 5’-CCGACTCCCATGTTGAGGTTT-3’ 

MUC5AC forward 5’- CAGGACTCTCTGAAATCGTACCA-3’ 

MUC5AC reverse 5’-GAAGGCTCGTACCACAGGG-3’ 

RPL37 forward 5’-ACGAAGGGAACGTCATCCTTT-3’ 

RPL37 reverse 5’-TGGCACTCCAGTTATACTTCCT-3’ 

CLCA3 forward 5’-TCATCGCCATAGACCACGAC-3’ 

CLCA3 reverse 5’-GCCTCGTATATTCAGGCTTTGC-3’ 

EAR11 forward 5’-ATAACAGAGCCTATCCCCGATG-3’ 

EAR11 reverse 5’-ACTGGCCGGAGTTGTGAGTA-3’ 
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RETNLA forward 5’-CCAATCCAGCTAACTATCCCTCC-3’ 

RETNLA reverse 5’-ACCCAGTAGCAGTCATCCCA-3’ 

MUC5AC forward 5’-CAGGACTCTCTGAAATCGTACCA-3’ 

MUC5AC reverse 5’-GAAGGCTCGTACCACAGGG-3’ 

REG3G forward 5’-CCGTGCCTATGGCTCCTATTG-3’ 

REG3G reverse 5’-GCACAGACACAAGATGTCCTG-3’ 

MMP12 forward 5’-GGGCTGCTCCCATGAATGAC-3’ 

MMP12 reverse 5’-CCAGAGTTGAGTTGTCCAGTTG-3’ 

SLPI forward 5’-GGCCTTTTACCTTTCACGGTG-3’ 

SLPI reverse 5’-GGCTCCGATTTTGATAGCATCAT-3’ 

TFF2 forward 5’-CCTTGGTGTTTCCACCCACTT-3’ 

TFF2 reverse 5’-AGCAGCAGTTTCGACTGGC-3’ 

MID1 forward 5’-AGCCCTTTACAGGCCATCG-3’ 

MID1 reverse 5’-AGATTAACTGGTCATCGGTCACA-3’ 

ADM forward 5’-AGTGGAATAAGTGGGCGCTAA-3’ 

ADM reverse 5’-CAGCGAGTCCCGTAGGGTA-3’ 

EEF2 forward 5’-CCGACTCCCTTGTGTGCAA-3’ 

EEF2 reverse 5’-AGTTCAGGTCGTTCTCAGAGAG-3’ 

 
Table S2 List for genes differentially regulated in lungs of vitamin D-deficient mice 
identified by edgeR analysis 

 Gene 
Log fold 
change 

Log counts per 
million *P Value 

False 
discovery rate 

S100a9 0.981392 6.06489 4.53E-17 5.56E-13 
S100a8 0.957078 5.034272 2.54E-15 1.56E-11 
Cd177 1.820079 3.120678 1.40E-13 5.71E-10 
Cdkl5 -0.66971 4.737706 1.70E-10 5.20E-07 
Foxo3 -0.54745 5.286662 7.28E-10 1.79E-06 
Plcb1 -0.55446 5.649376 2.26E-09 3.98E-06 
Mir5105 5.694686 6.71154 2.27E-09 3.98E-06 
Trim56 -0.44304 6.108922 3.84E-09 5.90E-06 
F13a1 0.610442 4.656152 1.11E-08 1.51E-05 
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Adap2 -0.62485 4.820523 1.77E-08 2.17E-05 
Slc7a2 -0.5544 6.472001 2.24E-08 2.32E-05 
Krt79 -1.38658 3.480595 2.27E-08 2.32E-05 
Gm21706 -0.45876 4.405626 2.86E-08 2.70E-05 
Deptor -0.5098 4.63913 3.58E-08 3.14E-05 
Sned1 -0.45232 5.600817 3.90E-08 3.19E-05 
Ccdc141 -0.39113 6.658597 4.72E-08 3.62E-05 
Ago2 -0.57786 6.251981 6.52E-08 4.54E-05 
Rora -0.72094 3.330528 6.66E-08 4.54E-05 
Cbl -0.67431 5.583624 8.14E-08 5.26E-05 
Csf3r 0.601568 6.118173 9.69E-08 5.94E-05 
Gan -0.8134 2.720884 2.04E-07 0.000119 
Slc40a1 0.567768 4.532626 2.27E-07 0.000126 
Ppp1r12b -0.45677 4.357376 2.69E-07 0.000143 
Dst -0.39183 8.370131 3.32E-07 0.000169 
Ly75 -0.64545 4.985654 3.45E-07 0.000169 
Scand1 0.784148 2.519394 4.24E-07 0.0002 
Lmbrd2 -0.50328 4.316429 4.50E-07 0.000205 
Rn18s 4.534181 9.120306 4.87E-07 0.000213 
Zc3h12c -0.4096 4.657119 5.25E-07 0.000222 
Pkd1 -0.37416 8.336773 5.61E-07 0.000228 
Rn45s 4.497192 12.51498 5.75E-07 0.000228 
Mmp9 0.668904 3.784597 6.81E-07 0.000261 
Dennd4c -0.38884 5.981627 7.51E-07 0.000279 
Zbtb16 -1.92322 6.10762 7.87E-07 0.000284 
Pon3 -0.46003 6.687155 8.15E-07 0.000286 
Ttll4 -0.39646 5.145801 8.67E-07 0.000295 
Hmbox1 -0.504 6.20434 1.03E-06 0.000343 
Siglec1 -0.50014 4.843099 1.17E-06 0.000376 
Mxd4 
Ddi2 

-0.31781 
-0.3529 

6.433789 
4.840548 

1.53E-06 
1.63E-06 

0.000482 
0.0005 

Mmp19 -0.76053 4.858958 1.74E-06 0.000522 
Slit2 -0.3356 6.567981 2.78E-06 0.000813 
Ralgapa2 -0.46469 6.753617 2.91E-06 0.00083 
Lpin2 -0.39159 8.12014 3.21E-06 0.000871 
Zfp366 -0.35299 5.199665 3.22E-06 0.000871 
Bicc1 -0.35798 5.444372 3.27E-06 0.000871 
Atf5 0.371345 6.112328 3.87E-06 0.001009 
Ccdc42 0.984875 2.398807 4.04E-06 0.001033 
Hoxb5 0.444976 4.408607 4.50E-06 0.001127 
Nebl -0.33969 6.913594 4.77E-06 0.001171 
Pglyrp1 0.772802 3.29629 5.00E-06 0.00118 
Sntb2 -0.36523 5.602041 5.08E-06 0.00118 
Mmp8 0.733527 2.806716 5.27E-06 0.00118 
Abca8b -0.36405 5.533498 5.28E-06 0.00118 
Klf7 -0.37412 4.698351 5.37E-06 0.00118 
Ppp1r9a -0.37053 7.231117 5.46E-06 0.00118 
Ern1 -0.30923 5.620015 5.48E-06 0.00118 
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Mgat5 -0.39748 4.159354 5.59E-06 0.001182 
Lars2 3.982146 8.616238 5.78E-06 0.001203 
Hipk2 -0.7194 5.704621 5.99E-06 0.001217 
Gatad2b -0.35565 5.072879 6.11E-06 0.001217 
Elk4 -0.52195 5.43709 6.23E-06 0.001217 
D830031N03Rik -1.12291 5.683379 6.33E-06 0.001217 
Col27a1 -0.43577 5.794575 6.35E-06 0.001217 
Atp7b -0.44905 5.843537 6.56E-06 0.001239 
Uhmk1 -0.39177 4.810714 6.95E-06 0.001292 
Lrrk2 -0.3623 7.357881 7.88E-06 0.001442 
Kif13b -0.32124 5.932644 8.41E-06 0.001518 
Fam184a -0.4509 4.112412 8.64E-06 0.001536 
Rapgef5 -0.41672 7.436102 8.83E-06 0.001547 
Serpina3g -0.69843 5.93458 9.90E-06 0.001711 
Plxna2 -0.45133 6.934062 1.06E-05 0.001799 
Nbeal1 -0.48907 6.170489 1.13E-05 0.001895 
Lrp6 -0.34859 7.342877 1.17E-05 0.001935 
Mertk -0.32957 5.765305 1.21E-05 0.001975 
Tulp4 -0.31333 5.910991 1.36E-05 0.002195 
Pdpr -0.47917 4.343982 1.38E-05 0.002201 
Cdk6 -0.84244 3.31574 1.49E-05 0.002342 
Vps13c -0.36192 6.807441 1.56E-05 0.002429 
Mrc1 -0.42971 7.137198 1.65E-05 0.002506 
Atp6v0d2 -0.5688 5.936703 1.66E-05 0.002506 
Retnlg 0.756744 4.906651 1.68E-05 0.002506 
Btbd7 
Mical3 

-0.31374 
-0.43619 

6.393393 
3.871571 

1.83E-05 
1.98E-05 

0.002707 
0.002899 

Shroom4 -0.34184 5.305567 2.04E-05 0.002951 
F7 -0.6104 4.684352 2.13E-05 0.003035 
Itgax -0.77822 6.794316 2.16E-05 0.003052 
Emilin2 0.474313 5.235732 2.23E-05 0.003092 
Dpy19l4 -0.36693 4.874403 2.24E-05 0.003092 
Dmxl2 -0.47954 5.755715 2.27E-05 0.003095 
Vps13d -0.39634 6.806391 2.36E-05 0.003171 
Rgcc -0.5794 4.744976 2.38E-05 0.003171 
Glg1 -0.29678 7.172089 2.47E-05 0.003264 
Dock5 -0.29731 5.769794 2.55E-05 0.003326 
Zfp503 0.569133 4.852142 2.60E-05 0.003352 
Baz1a -0.32301 5.778664 2.85E-05 0.003627 
Zbtb38 -0.29284 5.55394 2.88E-05 0.003627 
Hivep2 -0.3188 6.757097 2.92E-05 0.003627 
Atf7 -0.37113 5.00568 2.93E-05 0.003627 
Cacna1c -0.32788 6.008504 3.07E-05 0.003769 
Glt8d2 -0.70038 2.994565 3.78E-05 0.004593 
Pfkfb2 -0.33217 7.261429 3.99E-05 0.004803 
Cxcr2 0.651107 3.508022 4.17E-05 0.004963 
Foxa2 0.314423 5.20655 4.22E-05 0.004977 
Hhex 0.529363 4.527368 4.28E-05 0.005006 
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Zhx3 -0.41183 5.010093 4.44E-05 0.005144 
Wdfy3 -0.33901 7.640709 4.52E-05 0.005182 
Fzd4 -0.39144 6.754986 4.62E-05 0.005244 
Iigp1 -1.15318 6.636152 4.66E-05 0.005244 
Ckb 0.443778 5.158353 4.86E-05 0.005416 
Gm15800 -0.29307 6.769094 5.38E-05 0.005949 
Pnrc1 0.25472 6.331892 5.46E-05 0.005979 
Trrap -0.27661 7.220201 5.70E-05 0.006192 
Arid5b -0.33205 6.315718 5.76E-05 0.006196 
Gramd2 -0.27707 6.407796 5.94E-05 0.006284 
Ltf 2.148958 4.15446 5.99E-05 0.006284 
Mll2 -0.2874 8.332528 5.99E-05 0.006284 
Tsc22d3 -0.77777 8.177725 6.24E-05 0.006491 
Cep85l -0.42354 4.473877 6.36E-05 0.006558 
Cyp4f18 0.599602 3.479049 6.88E-05 0.007033 
Abcg1 -0.42649 7.107326 7.46E-05 0.007567 
Cers6 -0.29994 5.168222 7.55E-05 0.007592 
Tbxas1 -0.56686 3.898179 7.68E-05 0.007663 
Gm12250 -0.9932 5.084832 7.89E-05 0.007668 
Lpl -0.51036 7.302756 7.96E-05 0.007668 
Rev1 -0.48337 4.448199 8.00E-05 0.007668 
Pds5a 
Rnf213 

-0.26841 
-0.3205 

6.41086 
8.174658 

8.07E-05 
8.08E-05 

0.007668 
0.007668 

Bdp1 -0.31137 6.099368 8.08E-05 0.007668 
Ighg2b -2.53581 4.550936 8.16E-05 0.007668 
Ttc3 -0.2898 6.827363 8.19E-05 0.007668 
Ms4a8a -0.69377 3.404783 8.42E-05 0.007796 
Ear1 -0.70889 4.024875 8.51E-05 0.007796 
Mib1 -0.46934 5.372795 8.52E-05 0.007796 
Fam43a 0.314075 5.628713 8.68E-05 0.007889 
Scarb2 -0.27928 7.667258 9.10E-05 0.008169 
Ash1l -0.3268 7.583133 9.12E-05 0.008169 
Olr1 -0.74572 4.304335 9.25E-05 0.00822 
Atp1a3 0.747739 3.431632 9.54E-05 0.008416 
Pbld2 -0.57867 2.436673 0.000104 0.009073 
D10Bwg1379e -0.98275 2.613037 0.000104 0.009083 
Nbea -0.29944 6.188697 0.000108 0.009295 
Fmo2 -0.60609 10.34124 0.000113 0.009694 
F10 -0.74283 3.186328 0.000115 0.009763 
H2afj 0.355917 4.539688 0.000116 0.009781 
Gadd45a 0.429261 3.338799 0.000116 0.009781 
Gatm -0.49704 5.019323 0.000128 0.010687 
Tmem245 -0.82879 4.358712 0.00013 0.01076 
Itga9 -0.26676 6.740462 0.000131 0.01076 
Slc24a4 -0.28846 4.592021 0.000135 0.010977 
Slc26a2 -0.37331 5.088256 0.000135 0.010977 
Slfn4 0.561745 5.035412 0.000139 0.011245 
Sik2 -0.29221 4.787602 0.000144 0.011579 
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Rgs1 -0.97807 2.800271 0.000147 0.011744 
Chi3l3 -1.04095 7.812296 0.000149 0.011786 
Abca8a -0.42698 7.229213 0.000156 0.01228 
Ankrd12 -0.38191 6.214841 0.000164 0.01281 
Crebrf -0.30283 7.314649 0.000166 0.01281 
1810026B05Rik 0.366811 5.053737 0.000166 0.01281 
Nrarp 0.387322 5.481835 0.000168 0.012878 
Gbp5 -0.99324 5.44273 0.00017 0.012973 
Helz -0.34147 5.324255 0.000175 0.013257 
Vps13a -0.36904 5.901518 0.000177 0.013301 
Mgp -0.35999 8.182282 0.000181 0.013521 
Fnip1 -0.24575 6.369954 0.000182 0.013521 
Trip11 -0.41941 5.656287 0.000183 0.013558 
4932418E24Rik -0.53896 2.984882 0.000185 0.013558 
AU040972 1.041097 4.586661 0.000186 0.013563 
Ctsk -0.68409 5.178639 0.000188 0.013626 
Ccdc85b 0.433251 4.96074 0.00019 0.013683 
Gbp10 
Ptar1 

-0.88313 
-0.70593 

3.750443 
2.983902 

0.000191 
0.000197 

0.013701 
0.014044 

Sema5a -0.28105 5.697123 0.0002 0.01412 
Fkbp5 -0.70224 4.614791 0.0002 0.01412 
Xrn1 -0.46636 5.2769 0.000208 0.014561 
Serpina3f -0.75376 4.449636 0.000214 0.014889 
Itpr2 -0.32096 6.510442 0.000221 0.015307 
Phf15 -0.34483 7.004765 0.000224 0.01545 
Atad2 -0.36204 5.139878 0.000228 0.015639 
Zbed6 -0.91374 5.925712 0.000232 0.015771 
Greb1 -0.70263 3.454119 0.000233 0.015771 
AA986860 -0.53557 6.659345 0.000235 0.015842 
Phlda1 0.414957 5.434858 0.000243 0.016315 
Rorc -1.1742 4.31988 0.000248 0.016509 
Klf9 -0.44104 7.341589 0.00025 0.016547 
Jund 0.315277 6.628141 0.000252 0.016625 
Nup98 -0.2553 5.985796 0.000258 0.016911 
Lphn3 -0.48576 6.315288 0.000259 0.016911 
F630028O10Rik 
Eif3f 

0.354946 
0.257396 

4.17845 
7.025142 

0.000267 
0.00027 

0.017271 
0.01733 

Wdfy2 -0.41077 3.533056 0.000275 0.017498 
Serpina3h -0.55531 6.010635 0.000285 0.018039 
Ier3 0.315168 6.655928 0.000295 0.01848 
1700020I14Rik -0.2781 6.016206 0.000295 0.01848 
Strn -0.31872 5.088729 0.000298 0.018545 
Pltp 0.293193 8.646021 0.000302 0.01872 
AI467606 0.319286 4.696033 0.000307 0.018898 
Mapk15 0.322553 4.126968 0.000318 0.019489 
Lyl1 0.478506 3.778616 0.00032 0.019522 
Zfp369 -0.50471 3.970715 0.000322 0.019522 
Kcnn3 -0.52565 4.104317 0.000323 0.019522 
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Steap2 -0.39393 4.605374 0.000325 0.019571 
Chchd10 0.30102 5.429749 0.000334 0.019899 
Dync1h1 -0.27005 9.275577 0.000334 0.019899 
Igkj1 -1.35847 3.357235 0.000337 0.019963 
Mki67 -0.55683 5.00015 0.000342 0.020197 
Efcab4b -0.39498 3.715163 0.000351 0.020625 
Gm20272 0.290435 5.954359 0.000355 0.020725 
Gm13889 0.582913 4.306313 0.000363 0.020998 
S1pr4 0.361933 4.802365 0.000365 0.020998 
Prex2 -0.29416 8.882904 0.000366 0.020998 
Adamtsl2 
Fat1 

-0.48306 
-0.27022 

6.333381 
7.542415 

0.000366 
0.000373 

0.020998 
0.021037 

Tnxb -0.31335 7.448392 0.000375 0.021037 
Dnajb14 -0.39218 3.588457 0.000376 0.021037 
Ccl6 -0.46878 7.865993 0.000381 0.021229 
Cys1 -0.80176 4.711181 0.000383 0.021249 
A4galt -0.33279 4.91735 0.000388 0.021453 
Serpina3i -0.56763 3.993566 0.000396 0.021769 
Lpar1 -0.38443 4.840334 0.000398 0.021769 
Wnt7a 0.378281 4.329423 0.000401 0.021769 
Alms1 -0.38375 3.634063 0.000402 0.021769 
Cpeb1 -0.37034 4.984703 0.000403 0.021769 
Hes6 0.289672 4.398219 0.000411 0.022131 
2610203C20Rik 0.367837 4.834672 0.00042 0.022498 
Exph5 -0.25911 6.279204 0.000424 0.022498 
C230081A13Rik -0.26518 7.661912 0.000426 0.022498 
Rnd1 0.418351 3.951324 0.000427 0.022498 
Srrm2 -0.27312 10.42707 0.000427 0.022498 
Ubr5 -0.26053 7.96543 0.000434 0.022727 
Atp10d -0.27745 6.350901 0.000435 0.022727 
Ubr4 -0.26639 8.496535 0.000445 0.02294 
Gm14420 -0.66396 4.264217 0.000446 0.02294 
Fras1 -0.49244 4.236047 0.000448 0.02294 
Cd300lb 0.436208 3.870918 0.00045 0.02294 
Pde4c -0.41114 3.062412 0.000451 0.02294 
Ahctf1 -0.25938 6.866883 0.000452 0.02294 
Tnks -0.29585 6.098896 0.000454 0.02294 
Arid2 -0.24583 7.053588 0.000454 0.02294 
Mdm4 -0.29207 6.18715 0.00046 0.023122 
Slc10a6 -0.56179 5.003174 0.000463 0.023167 
Pde3a -0.3964 5.767104 0.000465 0.023193 
Robo2 -0.31655 6.085162 0.000471 0.023373 
Psd3 -0.27803 6.229767 0.000487 0.02409 
Art4 -0.30291 4.626365 0.000492 0.02424 
Ep300 -0.28529 7.701201 0.000502 0.024578 
Med13l -0.21875 6.747078 0.000504 0.024578 
Snhg11 -0.45612 5.162292 0.000505 0.024578 
Klhl28 -0.33808 3.859589 0.000518 0.025131 
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Chad 0.82725 3.845674 0.000523 0.025276 
Dync2h1 -0.36066 4.695469 0.000531 0.025524 
Nfxl1 -0.29663 4.917574 0.000537 0.025755 
Abhd2 -0.30084 7.218802 0.000555 0.026475 
Prrc2c -0.30998 8.220007 0.000558 0.026519 
Des 
Cep350 

0.340958 
-0.28053 

6.685934 
6.643883 

0.000561 
0.00057 

0.026568 
0.026902 

Alox15 0.711211 3.269467 0.000577 0.027109 
Bmpr2 -0.60592 7.674524 0.000581 0.027225 
Gpr17 -0.42663 3.16255 0.000586 0.027315 
Per2 -1.22426 6.853702 0.000595 0.027631 
A630007B06Rik -0.29203 5.343103 0.000606 0.028012 
C1galt1 -0.25319 5.425864 0.000607 0.028012 
Aak1 -0.2437 7.293461 0.000612 0.028097 
Xdh -0.45728 8.959211 0.000621 0.028347 
Gt(ROSA)26Sor 0.346143 4.217813 0.000623 0.028347 
Usp31 -0.30357 5.817927 0.000626 0.028347 
Wdr81 -0.26333 5.912723 0.000626 0.028347 
Flrt2 -0.38562 4.31896 0.000637 0.028741 
A530099J19Rik -0.60182 2.77885 0.000642 0.02881 
Glul -0.43052 8.007076 0.000645 0.02881 
Dcdc2a 0.461282 2.622547 0.000646 0.02881 
Ighg2c -2.84807 5.705377 0.000655 0.029105 
2210018M11Rik -0.24128 5.743185 0.00067 0.029587 
Axl -0.27121 7.69934 0.000672 0.029587 
Mob1b -0.28169 5.352556 0.000677 0.029587 
Rab3c -0.94599 2.587985 0.00068 0.029587 
Gbp11 -0.76938 2.820522 0.000681 0.029587 
Foxn3 -0.3471 4.904439 0.000682 0.029587 
Atp2b4 -0.27937 6.959438 0.000683 0.029587 
Tppp -0.31209 6.090084 0.000705 0.030437 
Sorl1 -0.2846 7.778413 0.000707 0.030448 
Tbc1d9 -0.48615 4.79042 0.000712 0.030561 
Egfr -0.29589 5.562109 0.000718 0.030587 
Atp5g3 0.221475 6.692973 0.000718 0.030587 
Ppm1l -0.33744 4.232941 0.000725 0.030783 
Pelo 0.375143 4.131953 0.00074 0.031302 
Klhl24 -0.28482 7.321846 0.000755 0.031817 
Bpifb1 2.582999 3.703041 0.000768 0.032263 
Clec7a -0.59447 6.856729 0.000788 0.03294 
Dock9 -0.26412 8.720724 0.000789 0.03294 
Mbd1 -0.28799 5.870884 0.000795 0.033059 
Tspan1 0.438541 5.350103 0.000799 0.033127 
Cx3cr1 0.509427 4.797874 0.000808 0.033355 
Snai1 0.45271 4.221379 0.000811 0.033371 
Rprml 0.410496 3.293432 0.000832 0.033956 
Il18bp -0.44511 3.945111 0.000832 0.033956 
Tgtp1 -0.95197 3.160765 0.000836 0.033956 



 

154 
 

Mrps26 0.288682 4.339777 0.000838 0.033956 
Nipbl 
Gm14492 

-0.26483 
0.488124 

7.474964 
3.560551 

0.000841 
0.000841 

0.033956 
0.033956 

Sema7a -0.31452 6.918843 0.00085 0.034067 
Wee1 -0.62399 4.581617 0.00085 0.034067 
Zfp382 -0.43838 2.453948 0.000853 0.034067 
Phf16 -0.36113 3.701177 0.000861 0.034307 
Hoxb2 0.377343 3.50348 0.000865 0.034349 
Nr2c2 -0.27416 5.768765 0.000869 0.034354 
Fam178a -0.24471 6.09425 0.000871 0.034354 
Gramd1b -0.29994 4.492545 0.000876 0.034456 
Lilra6 0.473622 2.710157 0.000888 0.034816 
Ahnak -0.25308 11.00592 0.000911 0.035527 
Igtp -0.81513 6.337243 0.000912 0.035527 
Cd274 -0.57713 5.948411 0.000923 0.03565 
Sec14l4 -0.21881 6.649264 0.000925 0.03565 
Slc43a3 -0.31199 8.688215 0.000925 0.03565 
Gata3 0.371414 4.056572 0.000927 0.03565 
Dopey1 -0.26323 5.943316 0.000934 0.03578 
Gtf2a1 0.25947 5.063068 0.000936 0.03578 
Synrg -0.22357 6.299134 0.000942 0.0359 
Agfg1 -0.21548 6.753494 0.000955 0.036257 
Ttll7 -0.23456 6.306045 0.000989 0.037342 
Gbp1 -0.60285 6.634843 0.000989 0.037342 
Rplp2 0.316829 5.606673 0.001007 0.037709 
Gm4956 -0.66966 3.510291 0.001009 0.037709 
Creb5 -0.57858 2.543883 0.00101 0.037709 
Ankrd17 -0.24146 7.394031 0.001011 0.037709 
Map3k6 -0.68173 4.541916 0.00102 0.037924 
Ccdc129 0.391482 3.658007 0.001039 0.038437 
Tmod1 -0.23497 5.617515 0.00104 0.038437 
Phlpp2 -0.26278 5.59824 0.001047 0.038563 
Gbp6 -0.67157 3.994991 0.001058 0.038845 
C530008M17Rik -0.49353 3.063788 0.001061 0.038845 
Gbp7 -0.49625 7.402387 0.001078 0.039353 
4931406P16Rik -0.23013 6.400351 0.001099 0.040004 
Csf2rb2 -0.50979 5.213976 0.001104 0.040085 
Fam210a -0.24223 5.714032 0.001111 0.040207 
Pak6 -0.40785 4.3341 0.001128 0.040683 
Med14 -0.23702 6.144138 0.001141 0.041064 
Prr15l -0.28736 5.902102 0.001146 0.041125 
Fam129a -0.22171 6.63072 0.001165 0.041575 
Gbp2 -0.47331 6.736576 0.001166 0.041575 
Zfp809 -0.36352 5.283594 0.001171 0.041649 
Bcar3 -0.23951 6.259208 0.001186 0.042061 
Tubb4b 
Peli2 

0.241986 
-0.24924 

6.995148 
5.483496 

0.001204 
0.001206 

0.042519 
0.042519 

Trem2 -0.58096 2.526916 0.001211 0.042558 
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Maff -0.4199 4.482756 0.001221 0.04279 
Plekhf1 -0.61254 2.594749 0.001227 0.042883 
Pcnt -0.22478 7.116106 0.001241 0.043209 
Nlrc5 -0.55737 6.1429 0.001243 0.043209 
Apc -0.26229 7.68446 0.001253 0.043329 
Hnrnpa0 0.254257 6.63355 0.001257 0.043329 
Mdn1 -0.24789 5.980964 0.00126 0.043329 
Plcb4 -0.32786 6.221053 0.001264 0.043329 
Havcr2 -0.40794 3.901998 0.001265 0.043329 
Epb4.1 -0.2553 7.545576 0.001268 0.043329 
Lrch3 -0.20891 6.33357 0.001304 0.044447 
Fry -0.25784 6.291458 0.001319 0.044811 
Pi4k2b -0.2786 7.522971 0.001324 0.044882 
Pcdhac2 -0.32921 4.430048 0.001332 0.044889 
Gbp3 -0.47511 5.964466 0.001332 0.044889 
Rhobtb1 -0.23592 4.999788 0.001337 0.044949 
Oasl1 0.457357 2.668112 0.001342 0.044954 
Abca1 -0.32696 7.373424 0.001345 0.044954 
Cdc42ep4 -0.28481 7.240345 0.001349 0.044977 
Utrn -0.31674 9.005226 0.001354 0.045023 
Chd6 -0.25961 6.857115 0.001385 0.045916 
Shisa2 0.435754 4.012231 0.001398 0.046114 
Myof -0.23696 8.003045 0.001402 0.046114 
Cnot1 -0.2391 7.758337 0.001402 0.046114 
Sf3a2 0.229592 5.279784 0.001417 0.046486 
Huwe1 -0.25625 9.020403 0.001437 0.047006 
Ctss -0.49179 7.977019 0.001446 0.047163 
Gm9938 -0.45124 4.348261 0.001476 0.048027 
Ppp1r3c 0.390411 4.227529 0.001499 0.048642 
Shroom2 -0.28726 5.278583 0.001518 0.049127 
Chd5 -0.48619 2.504229 0.001522 0.049127 
Nfkbia -0.36626 7.279095 0.001546 0.049623 
Gbp8 -0.48305 4.328733 0.001548 0.049623 
Rab43 -0.26022 6.663825 0.001549 0.049623 

* P - value adjusted for multiple testing
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Table S3 Functional groups associated with differentially regulated genes in whole lung of HDM-treated mice. 

 Genes #list #ref_list Adjusted p-value Terms 

Metagroup 

1 

 

Reg3g,Vnn1, Sema7a, Hc,  Pla2g7, Ccl11, 

F2r, Ccl8, Ccr1, Cxcl5, Cxcl15, C3, Cxcl1, 

Elf3, Hmgb1, Nfkbiz, Adam8, Ccr2, 

Kdm6b, Ptafr, Ly86, Cmtm7, Slit2, Ccr3, 

Ear11, C3ar1, Fcgr2b, Ltb, Cd4, Lax1, 

Tgfbr3 

31 (679) 

 

334 (37681) 1.30 x 10-13 GO:0006954:inflammatory response (BP); 

GO:0006935:chemotaxis (BP); GO:0006955:immune 

response (BP) 

Metagroup 

2 

Tef, Per2, Per3, Cry2, Npas2, Per1, Hlf, 

Nfil3, Arntl 

9 (679) 

 

19 (37681) 1.49 x 10-11 GO:0048511:rhythmic process (BP); 

GO:0007623:circadian rhythm (BP) 

Metagroup 

3 

Il1rl1, Serpine1, Adora3, Il33, Adam8,Ccr2, 

Adrb2, Lrg1, Scd1, Bnip3,Selenbp1, Tff2, 

Slit2,  Nt5e, Lyz1, Pglyrp1, Gbp9, Foxo3, 

Nr3c2, Bid, Fes, Apobec1, Igf1, Hpse, Lox 

25 (679) 289 (37681) 1.38 x 10-10 GO:0050729:positive regulation of inflammatory 

response (BP); GO:0050873:brown fat cell 

differentiation (BP); GO:0050728:negative regulation 

of inflammatory response (BP); GO:0050830:defense 

response to Gram-positive bacterium (BP); 

GO:0042127:regulation of cell proliferation (BP); 

GO:0042060:wound healing (BP) 

Metagroup 

4 

Ccl11, Kdr, Myl12b, Myh10, Fes, 

Cdc42ep4, Epb4.1, Tcea1, Eef1a1, Eef1g, 

Gm6030, Rps24, Pla2g7, Plbd1, Plcg2, 

Pla2g2d, Pld4, Plce1, Mertk, Rbp4, Tgif1, 

33 (679) 531 (37681) 1.03 x 10-9 GO:0008360:regulation of cell shape (BP); 

GO:0006414:translational elongation (BP); 

GO:0016042:lipid catabolic process (BP); 

GO:0060041:retina development in camera-type eye 
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Ss18, Ywhah, Camsap1, Sgcb, Hnrnpa3, 

Snrpd2, Hnrnpa1, Hnrnpk, Hnrnpf, Srsf10, 

Ybx1, Tra2b 

(BP); GO:0007010:cytoskeleton organization (BP); 

:0006397:mRNA processing (BP); GO:0008380:RNA 

splicing (BP) 

Metagroup 

5 

Vnn1, Syvn1, Gclc, Apoe, Hmox1, Tpt1, 

Tsc22d3, Ptma, Hspa5, Hsp90b1, Sod1, 

Rnf7, Igf1, Hspa1b, Pdia4, Txndc11, 

Txndc5, Sh3bgrl3, Pdia6, Tnfaip8, Dnajb6, 

Hspa1a 

22 (679) 253 (37681) 1.60 x 10-9 GO:0006916:anti-apoptosis (BP); GO:0045454:cell 

redox homeostasis (BP); GO:0043154:negative 

regulation of caspase activity (BP); 

GO:0009408:response to heat (BP) 

Metagroup 

6 

Epha1,Hc,Hipk2, Hmox1, Ccl11, Kdr, C3, 

Serpine1, C6, Gata2, Ccr3, Adm, C3ar1, 

Flt4 

14 (679) 

 

103 (37681) 

 

5.25 x 10-9 GO:0045766:positive regulation of angiogenesis (BP); 

GO:0006935:chemotaxis (BP);  GO:0030335:positive 

regulation of cell migration (BP); GO:0001938:positive 

regulation of endothelial cell proliferation (BP) 

Metagroup 

7 

Hpse, Hc, C3, Flt4, C3ar1, Fcgr2b, Gata2, 

Fcgr3, Ighg1, Vnn1, Tmem173, Il1rl1, 

Pglyrp1, Lcn2, Unc93b1, Cfp, Ly86, C1qa 

18 (679) 180 (37681) 

 

5.45 x 10-9 GO:0010575:positive regulation vascular endothelial 

growth factor production (BP); GO:0050766:positive 

regulation of phagocytosis (BP); GO:0045087:innate 

immune response (BP); GO:0006958:complement 

activation, classical pathway (BP); 

GO:0006954:inflammatory response (BP) 

Metagroup 

8 

Npm1, Sumo1, Hyou1, Trp53inp1, Hspa8, 

Hspa1a, Adm, Hspa5, Hsp90b1, Hspa1b, 

Epha1, Hipk2, Kdr, F2r, Abhd2, Srsf5, 

23 (679) 306 (37681) 1.11 x 10-8 GO:0006950:response to stress (BP); 

GO:0045766:positive regulation of angiogenesis (BP); 

GO:0009611:response to wounding (BP); 
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Hmox1, Lifr, Igf1, Dnajb11, Dnajb9, Ppid, 

Dnajb6 

GO:0045768:positive regulation of anti-apoptosis (BP); 

GO:0006457:protein folding (BP) 

Metagroup 

9 

Mmp14, Pkd1, Mgp, Kdr, Slit2, Sema5a, 

Igf1, Rbp4, Lox, Hsd11b1, Tbx4, Hmgb1, 

Errfi1, Tcf21 

14 (679) 130 (37681) 1.07 x 10-7 GO:0048754:branching morphogenesis of a tube (BP); 

GO:0030324:lung development (BP); 

GO:0048286:lung alveolus development (BP) 

Metagroup 

10 

Igkj1, Rhoa, Aldh1a1, Atp1a3, Lcn2, Ss18, 

Xbp1, Nckap1l, Apobec1, Sod1, Fos, Gclc, 

Apoe, Hmox1, Hipk2, F2r, Hdac1, Adam8, 

Set, Cst3, Rrm2b, Ednrb, C3ar1 

23 (679) 349 (37681) 1.24 x 10-7 GO:0042493:response to drug (BP); GO:0006916:anti-

apoptosis (BP); GO:0006979:response to oxidative 

stress (BP); GO:0043524:negative regulation of neuron 

apoptosis (BP); GO:0045471:response to ethanol (BP); 

GO:0008217:regulation of blood pressure (BP) 

Metagroup 

11 

Lat2, Lax1, Ms4a1, Blnk, Nfam1, Ighm, 

Nckap1l, Cxcl15, Cxcl1, Fcgr3, Pcnp, 

Ube2i, Cd2ap, Ube2d3, Fzd4, Arid5b 

16 (679) 184 (37681) 2.67 x 10-7 GO:0042113:B cell activation (BP); GO:0050853:B 

cell receptor signalling pathway (BP); 

GO:0030593:neutrophil chemotaxis (BP); 

GO:0043161:proteasomal ubiquitin-dependent protein 

catabolic process (BP); GO:0051091:positive 

regulation of transcription factor activity (BP) 

Metagroup 

12 

Syvn1, Derl1, Dnajb9, Edem1, Hsp90b1, 

Creb3l1, Hspa1b, Xbp1, Derl3, Serp1 

10 (679) 68 (37681) 3.84 x 10-7 GO:0030433:ER-associated protein catabolic process 

(BP); GO:0006986:response to unfolded protein (BP); 

GO:0030968:endoplasmic reticulum unfolded protein 

response (BP) 
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Metagroup 

13 

Kdr, Lifr, Slit2, Wee1, Lrrc16a, Mmp14, 

Sorl1, Cd2ap,Tnn,Itga7, Fzd4, Cited2, Adm, 

Junb, Hyou1, Usf1, Sox4, Hsp90b1,Rbp4, 

Arid5b, Cxcl15, Zbtb16, Ccr2 

23 (679) 384 (37681) 6.64 x 10-7 GO:0048812:neuron projection morphogenesis (BP); 

GO:0016477:cell migration (BP); 

GO:0001570:vasculogenesis (BP); 

GO:0001666:response to hypoxia (BP); 

GO:0008584:male gonad development (BP); 

GO:0030097:hemopoiesis (BP) 

Metagroup 

14 

Vnn1,Rpsa,Pkd1, Dsp,Cd2ap, Tnxb, Slit2, 

Adam8, Eln, Olfml2a, Elf3, Reck, Crispld2, 

Pla2g15, Lpin2, Acaa1b, Hadhb 

17 (679) 229 (37681) 1.07 x 10-6 GO:0070374:positive regulation of ERK1 and ERK2 

cascade (BP); GO:0006954:inflammatory response 

(BP); GO:0007596:blood coagulation (BP) 

Metagroup 

15 

Nox4, Rapgef4, Hmgb1,P2ry6, Igf1, Hipk2, 

Irf4, Rapgef3, Socs3 

9 (679) 61 (37681) 1.43 x 10-6 GO:0014911:positive regulation of smooth muscle cell 

migration (BP); GO:0043388:positive regulation of 

DNA binding (BP); GO:0001932:regulation of protein 

amino acid phosphorylation (BP) 

Metagroup 

16 

F2r, Plcg2, Ednrb, Ccr1, Adm, Ptgfr, Ptafr, 

Kdr, Cxcl1, Cd52, C3ar1, Igkj1, Ccr2, 

Adrb2, Hba-a2 

15 (679) 205 (37681) 5.41 x 10-6 GO:0007204:elevation of cytosolic calcium ion 

concentration (BP); GO:0032496:response to 

lipopolysaccharide (BP); GO:0007186:G-protein 

coupled receptor protein signaling pathway (BP); 

GO:0006954:inflammatory response (BP); 

GO:0051930:regulation of sensory perception of pain 

(BP) 
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Metagroup 

17 

Maf, Cxcl5,Cd4, Ptafr, Npm1,Vldlr, Reln, 

Rasgrp4, Tnn,Tgfbr3, Taf10, Hmox1, Bid, 

Glul 

14 (679) 183 (37681) 6.46 x 10-6 GO:0001816:cytokine production (BP); 

GO:0045860:positive regulation of protein kinase 

activity (BP); GO:0016049:cell growth (BP); 

GO:0051260:protein homooligomerization (BP) 

Metagroup 

18 

Tff2, Nox4, Sema7a, F2r, Bmper, Kdr,Ccr1, 

C3, Flt4, F13a1, F5 

11 (679) 132 (37681) 2.90 x 10-5 GO:0070374:positive regulation of ERK1 and ERK2 

cascade (BP); GO:0006954:inflammatory response 

(BP); GO:0007596:blood coagulation (BP) 

Metagroup 

19 

Epha1, Podn, Abhd2, Cited2, Serpine1, 

Slit2,Sulf1, Tcf21, Zfand5, Flt4, Tgif1,Adm, 

Tmed2, Gfra1,Dok2, Ccr1 

16 (679) 267 (37681) 3.23 x 10-5 GO:0030336:negative regulation of cell migration (BP); 

GO:0001944:vasculature development (BP); 

GO:0001843:neural tube closure (BP); 

GO:0007169:transmembrane receptor protein tyrosine 

kinase signaling pathway (BP); GO:0010629:negative 

regulation of gene expression (BP) 

Metagroup 

20 

Hc,Apoe,Ccr1,Fxyd1,Ccr2,Pon1,Cyp2f2,Ce

s1d,Ephx1,Vldlr,Sorl1,Atp2b4,Pkd1,Clca3,

Kcnn4, Slc24a4 

16 (679) 271 (37681) 3.86 x 10-5 GO:0006874:cellular calcium ion homeostasis 

(BP);GO:0009636:response to toxin 

(BP);GO:0008203:cholesterol metabolic process 

(BP);GO:0006816:calcium ion transport (BP) 

Metagroup 

21 

Hpse, Rhoa, Itgb7, Tnxb, Tnn, Sned1, 

Adam8, Nox4, Ss18, Hmgb1, Sema7a, 

Itga7, Igf1 

13 (679) 199 (37681) 7.31 x 10-5 GO:0007160:cell-matrix adhesion (BP); 

GO:0000902:cell morphogenesis (BP); 

GO:0007229:integrin-mediated signaling pathway 
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(BP); GO:0051897:positive regulation of protein kinase 

B signaling cascade (BP) 

Metagroup 

22 

Hc, Cst3, Timp3, Serpina3n, C3, Pebp1, 

Serpine1, Reck, Serpina3c, Slpi, Pi15 

11 (679) 147 (37681) 7.77 x 10-5 GO:0010951:negative regulation of endopeptidase 

activity (BP); GO:0010466:negative regulation of 

peptidase activity (BP) 

Metagroup 

23 

Tcf21, Sumo1, Arid5b, Csrnp1, Adamts1, 

Rrm2b, Odc1, Sulf1, Tgfbr3, Zfand5,Tbx4 

11 (679) 151 (37681) 9.88 x 10-5 GO:0060021:palate development (BP); 

GO:0001822:kidney development (BP); 

GO:0048705:skeletal system morphogenesis (BP) 

Metagroup 

24 

Rbp4, Fzd4, Taf10,Foxo3, Scel, Elf3, 

Tgfbr3, Hipk2, Cited2, Ltbp4, Fos, Lox, 

Pkd1 

13 (679) 207 (37681) 1.09 x 10-4 GO:0009790:embryonic development (BP); 

GO:0007179:transforming growth factor beta receptor 

signaling pathway (BP); GO:0001568:blood vessel 

development (BP) 

Metagroup 

25 

Rapgef3, Rasgrp4, Rapgef4, Plce1, 

Rapgef2, Bcar3, Sh2d3c, Rab5b, Rhoa, 

Hmox1, Arf1, Garnl3, Rasal3 

13 (679) 209 (37681) 1.20 x 10-4 GO:0007264:small GTPase mediated signal 

transduction (BP); GO:0051056:regulation of small 

GTPase mediated signal transduction (BP) 

Metagroup 

26 

Tceb2, Thrap3, Maf, Usf1, Xbp1, Klf13, 

Junb,Fos 

8 (679) 84 (37681) 1.39 x 10-4 GO:0006366:transcription from RNA polymerase II 

promoter (BP) 

Metagroup 

27 

Hmox1, Steap4, Lcn2, Ltf, Slc40a1 5 (679) 29 (37681) 1.55 x 10-4 GO:0055072:iron ion homeostasis (BP) 

Metagroup 

28 

Adrb2, F2r, Kdr, Flt4, Igf1, Ighm, Ccr2, 

Tff2, Adora3 

9 (679) 112 (37681) 2.01 x 10-4 GO:0043410:positive regulation of MAPKKK cascade 

(BP); GO:0070374:positive regulation of ERK1 and 
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ERK2 cascade (BP); GO:0014068:positive regulation 

of phosphoinositide 3-kinase cascade (BP) 

Metagroup 

29 

Atp1a4, Atp1a3, Atp5k, Atp7b, Scnn1a, 

Scnn1b, Slc5a1, Slc38a4, Slc24a4 

9 (679) 133 (37681) 7.13 x 10-4 GO:0006754:ATP biosynthetic process (BP); 

GO:0034220:ion transmembrane transport (BP); 

GO:0006814:sodium ion transport (BP); 

GO:0055085:transmembrane transport (BP) 

Metagroup 

30 

Ccl11, F2r, Hmgb1, Adam8, Ccr2,Epha1, 

Kdr, C3ar1  

8 (679) 115 (37681) 1.16 x 10-3 GO:0030335:positive regulation of cell migration (BP); 

GO:0006954:inflammatory response (BP) 

Metagroup 

31 

Epha1, Kdr, Fes, Reln, Flt4, Wee1, Cdkl5, 

Sik1, Pim1, Nek6  

10 (679) 174 (37681) 1.30 x 10-3 GO:0018108:peptidyl-tyrosine phosphorylation (BP); 

GO:0046777:protein amino acid autophosphorylation 

(BP) 

Metagroup 

32 

Rbp4, Serp1, Glul, Sox4, Hc, Foxo3, 

Bhlha15 

7 (679) 94 (37681) 1.58 x 10-3 GO:0032024:positive regulation of insulin secretion 

(BP); GO:0042593:glucose homeostasis (BP) 

Metagroup 

33 

Slc5a1, Aph1a, Slit2, Robo2,Dpysl5, 

Myh10, Sema5a, Reln 

8 (679) 124 (37681) 1.89 x 10-3 GO:0001656:metanephros development (BP); 

GO:0007411:axon guidance (BP) 

Metagroup 

34 

Epha1, Fzd4, Emr1, Fcgr2b, Cd4, Pdk1, 

Fcgr3 

7 (679) 123 (37681) 7.04 x 10-3 GO:0007166:cell surface receptor linked signaling 

pathway (BP) 

Metagroup 

35 

Phlda1, Hc, Foxo3, Apoe, Trp53inp1, 

Bnip3, C6, Cidec 

8 (679) 164 (37681) 0.01 GO:0006917:induction of apoptosis (BP) 

* GO: repository of gene and gene product ontological attributes across species 
#list = Number of annotated genes in the input list (Total number of genes in the input list)  
#ref_list = Number of annotated genes in the reference list (Total number of genes in the reference list 
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Abstract: Vitamin D deficiency is a global public health problem and has been associated 
with an increased incidence and severity of many diseases including diseases of the 
respiratory system. These associations have largely been demonstrated epidemiologically 
and have formed the basis of the justification for a large number of clinical 
supplementation trials with a view to improving disease outcomes. However, the trials that 
have been completed to date and the ongoing experimental studies that have attempted to 
demonstrate a mechanistic link between vitamin D deficiency and lung disease have been 
disappointing. This observation raises many questions regarding whether vitamin D 
deficiency is truly associated with disease pathogenesis, is only important in the 
exacerbation of disease or is simply an indirect biomarker of other disease mechanisms?  
In this review, we will briefly summarize our current understanding of the role of vitamin 
D in these processes with a focus on lung disease. 

Keywords: vitamin D; asthma; COPD; lung cancer 
 

1. Introduction 

The prevalence of vitamin D deficiency around the world is increasing. While the importance of 
vitamin D in bone health has been recognized for nearly two centuries [1], there has been growing 
recognition of the critical extra-skeletal roles for vitamin D in recent years [2]; with a particular focus 
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on chronic disease. As such, there has been an explosion of interest in vitamin D across health 
disciplines including lung disease. 

While vitamin D can be obtained from dietary sources (D2 isoform) the biggest contribution to an 
individual’s circulating levels of vitamin D, in most countries, is through endogenous production in the 
skin following exposure to ultraviolet(UV)-B radiation from the sun [2]. Exposure to UV-B 
(wavelength ~290–315 nm) converts 7-dehyrdrocholestrol in the skin into pre-vitamin D (D3 isoform) 
which spontaneously isomerizes into vitamin D [1]. This vitamin D, along with any vitamin D 
obtained through the diet, is converted into 25(OH)D in the liver [1]. Circulating levels of 25(OH)D 
are used as a marker of an individual’s vitamin D status [2] and, while there is some debate regarding 
what constitutes levels that are sufficient for normal physiological function, the current Institute of 
Medicine (IOM) guidelines from 2011 recommend 20 ng mL−1 (~50 nmol L−1) [3] which is based 
entirely on the levels required to maintain adequate bone health. 

The serum levels of 25(OH)D are measured as a marker of vitamin D status due to its long half-life 
(~15 days) [4], however it should be acknowledged that 25(OH)D represents the reservoir available for 
production of the active form 1,25(OH)2D which is produced, primarily in the kidney, through 
enzymatic conversion by 25-hydroxyvitamin D-1α-hydroxylase [2]. As a result, there are several 
pathways that can influence an individual’s ability to produce and respond to adequate local quantities 
of the active form of vitamin D which is the true determinant of physiological function. 1,25(OH)2D 
interacts with vitamin D binding protein (VDBP) which facilitates transport of the molecule. 
1,25(OH)2D enters the cell, binds to the nuclear vitamin D receptor and forms a complex with retinoid 
X receptor (RXR) [1]. This receptor complex then directs transcription of genes with a vitamin D 
response element (VDRE) [5]. 

It is important to recognise from the outset that, in reviewing the link between vitamin D and 
chronic lung disease, there are several challenges. The first of which is the widespread expression of 
the vitamin D receptor (VDR) across different cell types throughout the body and the high number of 
genes that contain a vitamin D response element (VDRE). This means that while there have been 
several studies showing epidemiological associations vitamin D and lung disease outcomes, we still 
have a poor understanding of the potential mechanisms involved due to the complex nature of the 
pathways involved. Likewise, the observation that most of our vitamin D is produced by exposure to 
UV radiation is critically important for the simple reason that UV-B is known to be an important 
immunomodulator in itself and can exert its effects through several non-vitamin D dependent pathways 
(reviewed in [6]). This means that, in epidemiological associations between vitamin D and chronic 
lung disease, it is possible that serum vitamin D levels are simply a surrogate marker for UV-B 
exposure and vitamin D is not on the causal pathway for disease outcomes. 

In the context of chronic lung disease the potential association with vitamin D is further confounded 
by the strong association between physical activity, which is directly linked to an individual’s level of 
sun exposure [7] and disease severity [8,9], which means that it is unclear if vitamin D is simply an 
indirect marker of physical activity and, consequently, is an innocent bystander in disease 
pathogenesis. Thus, in many instances, it is uncertain whether vitamin D is critical in disease onset or 
is just an indirect biomarker for morbidity. One further issue that has not been addressed anywhere in 
the literature is the direct effect of inflammation on circulating 25(OH)D. Given that there is local 
upregulation of the conversion of 25(OH)D to 1,25(OH)2D during infection one might predict that 
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immediate circulating store of 25(OH)D would be depleted. Thus, one intriguing possibility is that in 
the setting of chronic inflammation circulating vitamin D levels may be reduced as a direct result of 
the inflammatory response itself, which further confounds the positive association between vitamin D 
deficiency and disease severity. 

In this review, we will briefly summarize our current knowledge regarding the link between 
vitamin D and several common chronic respiratory conditions in an attempt to examine the importance 
of vitamin D deficiency in disease onset, through disease progression (pathogenesis) and during the 
acute exacerbation of disease. In this review, we have chosen to focus on asthma, chronic obstructive 
pulmonary disease (COPD) and lung cancer as they collectively represent a significant public health 
burden. We will also briefly mention respiratory infections but primarily in the context of their 
importance in the exacerbation of disease. We acknowledge that by focusing on these diseases we will 
not be addressing the literature linking fibrotic disease (both cystic fibrosis and idiopathic pulmonary 
fibrosis) and vitamin deficiency. For interested readers these associations are reviewed elsewhere [10]. 

2. Respiratory Infections 

Respiratory infections are a significant cause of morbidity and mortality worldwide. While 
respiratory infections per se are not typically considered in the category of “chronic” lung disease they 
can be important modifiers of disease progression and are key drivers of the exacerbation of many 
chronic lung diseases. As such, the importance of vitamin D in determining responses to respiratory 
infections will be briefly mentioned here (for more comprehensive reviews see [11–13]). 

Vitamin D and Respiratory Infections 

It has long been recognised that one of the key non-skeletal effects of vitamin D is to modulate the 
immune response to pathogens. As part of the innate immune response, 1,25(OH)2D induces the 
production of antimicrobial peptides including cathelicidin and β-defensin 2. The promoter region  
of the genes coding for these two peptides contain vitamin D response elements, indicating  
1,25(OH)2D-dependent regulation [14]. Cathelicidins and defensins have a broad spectrum of 
antimicrobial activity and kill bacteria by disruption of microbial membranes. In addition, they also act 
as chemoattractants for other inflammatory cells and contribute to wound repair [15]. An important 
study of Mycobacterium tuberculosis infection in human monocytes found that activation of toll-like 
receptor (TLR)1 and TLR2 [16], receptors responsible for recognizing microbial ligands, led to 
upregulation of the vitamin D receptor (VDR) and CYP27B1, the enzyme responsible for converting 
25(OH)D to 1,25(OH)2D. The endogenous production of 1,25(OH)2D by CYP27B1 and subsequent 
action through the VDR led to the induction of cathelicidin, thus demonstrating a mechanism of the 
antimicrobial activity of vitamin D [16]. In addition to its immediate impact on the production of 
antimicrobial peptides vitamin D has been implicated in modifying the signaling pathways that bind 
respiratory viruses. For example, 1,25-dihydroxyvitamin D decreases the expression of ICAM-1,  
the major cellular receptor for human rhinovirus [17] in human umbilical vein endothelial cell 
cultures [18] and peripheral blood mononuclear cells [19]. Given the importance of rhinovirus in the 
exacerbation of both asthma and COPD this has important implications for lung health. 
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On the basis of these observations, along with a plethora of other studies that were not mentioned, it 
is clear that vitamin D is important in the immediate response to respiratory infections in experimental 
systems. This is supported epidemiologically by seasonal patterns in the prevalence of respiratory 
infections [20]. There have been several clinical trials, of varying caliber, that have assessed vitamin D 
supplementation which also point to a beneficial effect of vitamin D on responses to respiratory 
infection. It should be noted that these epidemiological associations remain controversial as they can 
be difficult to separate from other seasonal confounders, such as increased proximity to infected 
individuals during winter, and on balance the responses in clinical trials has been variable [21]. 
However, to date the weight of evidence points to an important role for vitamin D in modulating the 
response to respiratory infection both in terms of disease susceptibility and severity. Importantly 
respiratory infections have been implicated in the onset, progression and exacerbation of chronic  
lung diseases. 

3. Asthma 

Asthma is a chronic disorder of the conducting airways characterized by airway inflammation, 
airway remodeling and airway hyperresponsiveness (AHR) [22]. Asthma is a heterogeneous disease 
which, in the most common form, is associated with allergic sensitization [23]. There is emerging 
evidence that signs of disease, including airway remodeling, may be present early in life [24]. As such, 
if vitamin D is important in disease onset then it is most likely to exert its effect in utero or early in 
post-natal life. Much of the burden in asthma, both in terms of morbidity and mortality, is due to 
asthma exacerbations and the subset of asthmatics that do not respond to common therapies. 
Interestingly, there is evidence to support a role for vitamin D in both of these aspects of asthma 
although, again, the potential association between disease severity and physical activity needs to be 
considered. These issues will be discussed in more detail below. 

3.1. Vitamin D and Asthma Onset 

Recently it has been hypothesized that westernized patterns of behavior have caused the human 
population to spend more time indoors away from sun exposure, leading to an increase in asthma and 
allergy as a result of vitamin D deficiency [25]. The importance of sun exposure in asthma is supported 
by the positive correlation between latitude and asthma prevalence [26]. Since UV exposure decreases 
at distances further away from the equator these observations suggest that vitamin D may play a role in 
asthma pathogenesis. Data from an unselected community birth cohort study from Perth, Australia 
showed that low serum 25(OH)D levels at 6 years of age were predictive of subsequent atopy or 
asthma-associated phenotypes at 14 years of age in boys [27]. A cross-sectional Italian study of 
children with asthma found that 53.3% of the children surveyed were vitamin D-deficient with serum 
25(OH)D levels less than 20 ng/mL. Lower vitamin D levels were associated with worse asthma 
control and lower lung function [28]. In another cross-sectional study from North America, 17% of 
children with asthma were vitamin D-deficient and there was a significant correlation between 
vitamin D levels and lung function as well as markers of atopy such as IgE levels and positive skin 
prick test responses [29]. In adults with asthma, low serum 25(OH)D levels are associated with lower 
lung function, increased AHR and reduced sensitivity to glucocorticoids [30]. Much of the data from 
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these observational studies support the hypothesis that higher vitamin D levels lead to better asthma 
outcomes. However, as mentioned previously, vitamin D deficiency is often an indirect marker of 
other confounding factors such as physical activity, making it hard to determine a causal association 
between vitamin D status and asthma. 

Birth cohort studies investigating the associations between maternal vitamin D status and asthma 
outcomes in children have shown that lower maternal dietary intake of vitamin D during pregnancy is 
associated with an increased risk of wheeze [31,32] and the development of asthma in children [33]. In 
contrast a birth cohort study from Finland also found that vitamin D supplementation in the first year 
of life was associated with an increased prevalence of asthma and atopy at 31 years of age [34]. 
However, vitamin D status in these studies was assessed using food questionnaires rather than directly 
measuring serum 25(OH)D concentrations. Gale et al. [35] reported that children whose mothers had 
serum 25(OH)D concentrations above 75 nmol/L had an increased risk of asthma at nine years of age  
(OR = 5.4 95% CI 1.09, 26.65; p = 0.038) [35]. However another recent study measuring serum 
25(OH)D during late pregnancy did not find an association between maternal vitamin D status and risk 
of childhood asthma, wheeze or atopy at six years of age [36]. A Spanish birth cohort study also found 
no association between maternal vitamin D status during pregnancy and the incidence of wheeze or 
asthma but reported an inverse association with the risk of respiratory infection [37]. 

In another study low cord blood 25(OH)D levels were associated with an increased risk of 
respiratory infections at three months of age and wheeze by five years of age, but again were not 
associated with asthma incidence [38]. As such, the evidence to suggest that higher 25(OH)D levels 
reduce the incidence of asthma is conflicting and there is yet to be a study that convincingly 
demonstrates that vitamin D deficiency is implicated in the onset of asthma. However, the association 
between low levels of vitamin D, wheeze and respiratory infections appears to be more consistent. 
Given the strong positive association between the frequency and severity of early life respiratory 
infections and the risk for developing asthma [39] any increase in the respiratory infections as a result 
of primary vitamin D deficiency in early life is likely to impact on the likelihood of developing 
asthma. While this is an attractive hypothesis there has yet to be a study that has attempted to 
disentangle this complex pathway such that the current evidence implying a direct role for vitamin D 
in the onset of asthma is equivocal. 

3.2. Vitamin D and Asthma Pathogenesis 

Gupta and colleagues [40] measured serum 25(OH)D levels in a study which included children with 
moderate and steroid resistant asthma (STRA), as well as non-asthmatic subjects, and found that serum 
25(OH)D levels were lowest in children with STRA. Consistent with other studies, the authors 
reported reduced lung function, increased corticosteroid use and asthma exacerbations with lower 
vitamin D levels in asthmatic children. Importantly, this study also found that low vitamin D levels 
were associated with an increase in ASM mass in children with STRA [40]. This study was the first 
study to demonstrate an association between serum vitamin D levels, lung function and structural 
changes in vivo, and the authors speculated that low vitamin D levels may be partly responsible for the 
increased ASM and reduced lung function in severe asthma. Importantly, in vitro studies support a role 
for vitamin D in airway remodeling. Increased proliferation of ASM cells exposed to serum from 
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asthmatic patients is inhibited by 1,25(OH)2D [41]. 1,25(OH)2D also downregulates the expression  
of MMP-9 and a disintegrin and metalloprotease (ADAM33), previously identified as an  
asthma-susceptibility gene which is involved in airway remodeling. This is further supported by a 
study by Damera et al. demonstrating that 1,25(OH)2D can inhibit ASM cell proliferation in both 
normal and asthmatic subjects by preventing cell cycle progression [42]. In vivo and in vitro animal 
studies support an important role for vitamin D in modulating normal lung development [43,44] such 
that vitamin D deficiency impairs lung growth [45]. The important role for vitamin D in lung growth 
and development is often overlooked in favor of an immunomodulatory explanation for the apparent 
association between vitamin D deficiency and chronic lung disease. This is surprising given the 
strength of the effect of vitamin D on lung growth in vivo [45] and the role that structural deficits are 
likely to play in the onset of chronic lung disease and the prognosis of an individual who is genetically 
susceptible to the development of obstructive lung disease. 

However, the immunomodulatory effects of vitamin D are also likely to be important in asthma 
pathogenesis and should not be ignored; ultimately an understanding of the impact of vitamin D 
deficiency on both immune function and normal growth and development is likely to result in the 
biggest advances in our understanding of the importance of this nutrient in chronic lung disease. The 
role of vitamin D on T cell responses has been well studied. T-cells, particularly T-helper (Th) 2 cells 
can contribute to the pathogenesis of asthma through the production of cytokines, such as IL-4, IL-5, 
IL-9 and IL-13. Secretion of these cytokines are essential for the class switching of B-cells to 
immunoglobin (Ig) E synthesis, the recruitment of mast cells and the maturation of eosinophils [46]. It 
is well established that 1,25(OH)2D inhibits Th1 cytokine production [47,48]. However, the effect of 
vitamin D on Th2 responses remains unclear. While 1,25(OH)2D has been shown to promote Th2 
responses in murine T cells [47], Pichler et al. found that 1,25(OH)2D can also inhibit both Th1 and 
Th2 cytokine production from human cord blood T cells [49]. Studies investigating the effects of 
1,25(OH)2D supplementation has also produced conflicting results. One study found that 1,25(OH)2D 
can inhibit the inflammatory response by treatment with 1,25(OH)2D at the onset of exposure to the 
experimental allergen ovalbumin (OVA) in mice [50]. Another study by Matheu et al. found that 
priming with 1,25(OH)2D prior to OVA sensitization resulted in enhanced antigen-specific IL-4, IL-13 
and IgE production, but inhibited IL-5 release and eosinophilia [51]. The authors went on to 
investigate whether these effects were dependent on the timing of vitamin D treatment, and found that 
eosinophil recruitment was inhibited when 1,25(OH)2D was administered at a later stage in the 
exposure protocol. This work is supported by Gorman and colleagues [52] who showed that vitamin D 
deficiency in a mouse model of OVA exposure suppresses allergic responses in a sex dependent 
manner. Interestingly, the apparent sensitivity of male mice to the effects of vitamin D deficiency was 
associated with an increase in bacteria levels in the lung implying a role for vitamin D induced 
modulation of the microbiome in regulating asthma like responses in the airway. This is an area that 
warrants further investigation. 

There is certainly mounting evidence for a role of vitamin D in altering the pathogenesis of asthma 
through modulation of T cell driven immune responses, however there is still clearly work to do in  
this field. 
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3.3. Vitamin D and Asthma Exacerbations 

Severe asthma exacerbations may require hospitalization and account for much of the burden of 
asthma [53]. In a cross-sectional study of asthmatic children in Costa Rica between the ages of 6 and 
14 years, higher levels of vitamin D were associated with reduced asthma exacerbations as determined by 
reduced odds of hospitalizations or emergency department visits (OR = 0.05 95% CI 0.004, 0.71; p = 0.03), 
as well as lower serum IgE, eosinophil counts and inhaled steroid use [54]. Brehm et al. [55] followed 
up these results with a prospective study of serum vitamin D levels and the subsequent development of 
severe asthma exacerbations over a 4-year period in North American asthmatic children. This study 
confirmed the findings from the Costa Rican study showing that vitamin D levels less than 30 ng/mL 
were associated with higher odds of asthma exacerbations (OR = 1.5 95% CI 1.1, 1.9; p = 0.01). 
Furthermore, children who were vitamin D insufficient, regardless of whether they did or did not 
receive inhaled steroids, had an increased risk of exacerbation compared with children who received 
inhaled steroids and had sufficient levels of vitamin D, indicating a role for vitamin D in enhancing 
steroid responsiveness [55]. Another study conducted in Puerto Rican children with and without 
asthma reported higher odds of asthma exacerbations (OR = 2.6 95% CI 1.5, 4.9; p = 0.001) and atopy, 
and lower FEV1/FVC in children with asthma who were vitamin D insufficient. There was no 
association between lung function and atopy and vitamin D insufficiency in children without asthma 
suggesting that vitamin D influences asthma exacerbations via mechanisms unrelated to allergic 
immune responses or lung structure [56]. 

One of the mechanisms in which vitamin D deficiency may contribute to asthma exacerbations is by 
reducing steroid responsiveness. Searing and colleagues [29] reported an inverse correlation between 
corticosteroid use and vitamin D levels in asthmatic children. Furthermore, vitamin D was able to 
restore corticosteroid action in an experimental model of steroid resistance [29]. Inhaled 
corticosteroids have a protective effect on severe asthma exacerbations and inhibit the synthesis of Th2 
cytokines, which are implicated in asthma pathogenesis, and induce IL-10, a potent anti-inflammatory 
cytokine in airway epithelial cells. Since severe asthmatics are less responsive to corticosteroids 
compared with mild asthmatics, corticosteroid insensitivity may be a mechanism contributing to 
asthma severity [57]. Regulatory T cells from patients with severe therapy-resistant asthma do not have 
an increase in IL-10 following corticosteroid exposure. However, the administration of vitamin D may 
overcome this deficit in IL-10 production [58]. Microarray studies have also revealed that stimulation 
of ASM cells with the VDR ligand, 1,25(OH)2D, upregulates the expression of two genes coding for 
glucose-6-phosphate dehydrogenase and 1β-hydroxysteroid dehydrogenase type 1 enzyme, both of 
which are responsible for corticosteroid activation [59]. These data suggest that vitamin D 
supplementation could be used as an adjunct therapy to overcome steroid resistance in severe asthma. 

While there is certainly emerging evidence of a role for vitamin D deficiency in steroid resistance, 
which may impact on the propensity for acute exacerbations, the important role of vitamin D in 
responses to infection also deserves recognition. This is particularly important given that almost all 
acute exacerbations of asthma that require hospitalization in children [60] are associated with an acute 
viral infection. As highlighted earlier there are a plethora of studies on the impact of vitamin D on 
responses to infection, however there are very few (if any) studies that have systematically assessed 
the causal role of vitamin D deficiency in modulating the severity and/or duration of response to viral 



Nutrients 2013, 5 2887 
 
infection during an acute asthma exacerbation. Of course, it is possible that this explains the 
observations from the studies described above showing an association between vitamin D and acute 
exacerbation outcomes, however whether this is due to an altered response to viral infection is yet  
to be elucidated. 

4. Chronic Obstructive Pulmonary Disease (COPD) 

COPD is a chronic inflammatory airway disease characterized by progressive destruction of the 
lung parenchyma (emphysema) and/or chronic inflammation of the small airways leading to 
hyperinflation and fixed airflow obstruction [61,62]. The pattern of disease onset, progression and the 
mechanisms leading to exacerbation in COPD can be difficult to dissect due to the multitude of factors 
that contribute to pathology in an individual patient. While COPD is primarily associated with 
smoking and, as such, has been treated as an “adult” disease, there is increasing recognition of the 
importance of early life factors in influencing the risk of developing disease [63,64]; particularly early 
life exposures that might influence immune function and/or lung growth. Thus, like asthma, vitamin D 
has the potential to influence disease onset by impacting on the lung early in life. The potential 
association between COPD and vitamin D is perhaps even more complex than that described for 
asthma due to the significance of muscular and bone related co-morbidities, which are highly 
influenced by vitamin D. As such, epidemiological associations between vitamin D and COPD 
outcomes are highly influenced by confounders. 

4.1. Vitamin D, COPD and Musculoskeletal Co-Morbidities 

The high prevalence of osteoporosis and osteopenia in COPD patients [65] may be an indication of 
a link between vitamin D deficiency and COPD. Osteoporosis and osteopenia are characterized by low 
bone mineral density partly due to reduced calcium intake and absorption. Vitamin D, together with 
parathyroid hormone increases intestinal calcium absorption to maintain normal calcium levels [66]. 
Janssens et al. [67] reported a high prevalence of vitamin D deficiency in patients with COPD from a 
cohort which included age, sex and smoking-matched controls. Serum 25(OH)D levels correlated with 
lung function as measured by FEV1 in COPD patients, but not healthy smokers [67]. A previous study 
also found that low vitamin D levels were common in a small cohort of patients with COPD awaiting 
lung transplantation [68]. Similar associations between serum 25(OH)D with FEV1 and FVC were 
reported in a large cross-sectional study from the third National Health and Nutrition Examination 
Survey (NHANES) [69]. Although there was no correlation with COPD, the association between 
serum 25(OH)D and FEV1 was increased in smokers and ex-smokers compared with non-smokers. 
Another recent study demonstrated a positive association between dietary vitamin D intake and FEV1, 
FEV1/FVC and an inverse association with COPD incidence [70]. However, as already suggested, 
these associations must be treated with additional caution due to the combined influence of the link 
between disease severity, physical activity levels and vitamin D and the strong link between 
musculoskeletal abnormalities and COPD. 
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4.2. Vitamin D and COPD Onset 

When attempting to describe the impact of vitamin D on the onset of COPD there are two 
paradigms to consider; the early life origins of disease and the primary response to an individual’s first 
exposure/s to cigarette smoke. In both cases, data on the impact of vitamin D on these pathways for 
disease initiation is limited. 

Like asthma, any factors that result in an early life deficit in lung function are likely to impact  
on disease morbidity (and mortality) later life. This is because lung function tends to follow a 
trajectory [71,72] whereby any deficit, relative to the population, is maintained throughout life such 
that the threshold for limitations in lung function following a respiratory insult is lowered. While there 
have been no epidemiological studies showing a link between early life vitamin D deficiency and 
COPD (or asthma), in vivo and in vitro experimental data suggests an important role for vitamin D in 
lung development. For example, vitamin D has been shown to increase the synthesis of surfactant in 
alveolar type II cells [43] and modulate epithelial-mesenchymal interactions [44] in the developing rat 
lung. More recently, it has been shown in vivo that vitamin D deficiency in utero and in early life, in 
the absence of hypocalcaemia, alters lung development in mice resulting in deficits in lung volume and 
impaired lung mechanics [45]. Together these observations implicate vitamin D for a role in normal 
lung growth. As a result, vitamin D deficiency has the potential to impact on the development of 
chronic lung disease in early although direct evidence for this in human studies is currently lacking. 

Likewise, there have been almost no studies that have examined the impact of vitamin D on the 
primary response to cigarette smoke. One study has shown that exposing cells in culture to cigarette 
smoke inhibits vitamin D induced translocation of the nuclear VDR [73], however this appears  
to be the only evidence that cigarette smoke has a direct impact on vitamin D pathways. While 
acknowledging that work in this area is limited the potential upregulation of VDR in response to an 
insult has important implications when considering the validity of measuring 25(OH)D alone when 
examining disease associations. There is clearly more work that needs to be done on the impact of 
vitamin D on the onset of COPD. 

4.3. Vitamin D and COPD Pathogenesis 

COPD is generally seen as a disease affecting older individuals as a result of cigarette smoking. 
However about 20% of COPD cases occur in non-smokers and not all smokers develop COPD, 
indicating other contributors to disease pathogenesis [62]. A study investigating the risk factors 
associated with early inception of COPD measured lung function in a European cohort of young ages 
at ages 20 to 44 years, and again 8 to 9 years later. This study found that cigarette smoking remained 
the main cause of COPD in these young adults, however the same factors associated with asthma risk 
such as AHR, a family history of asthma and childhood respiratory infections were also risk factors for 
COPD [74]. As discussed earlier, these data are consistent with a growing body of evidence for early 
life origins of many chronic lung diseases of adulthood. Like asthma, there is an increase in ASM  
in the airways of COPD patients, predominantly in the small airways [75]. Thus, one tantalizing 
hypothesis for the common association between vitamin D deficiency and an increased incidence of 
asthma and COPD is through the impact of vitamin D on primary lung structure. 
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In COPD, vitamin D deficiency is often thought to be a consequence of the disease rather than the 
cause since COPD patients have a reduced capacity for vitamin D synthesis due to their aging skin and 
are more likely to spend less time outdoors. The data from the NHANES III study however suggests 
that vitamin D status directly affects lung function per se [69]. Genetic studies have also found a link 
between COPD and variants of the vitamin D binding protein (VDBP). VDBP is the major carrier 
protein for vitamin D and binds circulating 25(OH)D and 1,25(OH)2D with high affinity. However it 
is now known to have other functions including macrophage activation and can augment monocyte and 
neutrophil chemotaxis [5], both of which play an important role in COPD pathogenesis. Single 
nucleotide polymorphisms (SNPs) of the VDBP gene (GC), namely rs7041 and rs4588, produce the 
Gc1 and Gc2 variants which have different binding affinities for 25(OH)D. Janssens et al. [67] 
reported that the rs7041 variant Gc1S predicted 25(OH)D levels in COPD patients and was a genetic 
risk factor for the disease. Another study of vitamin D levels and alveolar macrophage function 
reported lower lung function and increased macrophage activation with higher levels of VDBP in the 
airways [76]. The Gc2 variant was also protective against COPD and a potential explanation for this is 
that Gc2 is less able to activate macrophages. Macrophage accumulation and activation in the COPD 
lung leads to the release of neutrophil chemoattractants, which may contribute to lung damage. 
Together the data suggests that genetic variants of VDBP may protect against COPD pathogenesis. 

MMPs also have a potential role in the progression of COPD. MMP-9 is increased in the sputum of 
COPD patients [77] and MMP-9 activity is known to enhance the degradation of the lung parenchyma 
thus contributing to the emphysema phenotype observed in COPD. A study using VDR knockout mice 
reported emphysema and reduced lung function in these mice together with increased neutrophil and 
macrophage influx in the lung as well as upregulation of MMP-2, MMP-9 and MMP-12, suggesting 
that the lack of VDR activates pathways that are associated with COPD pathogenesis [78]. 

4.4. Vitamin D and COPD Exacerbations 

COPD exacerbations are important events in the natural history of the disease. A recent consensus 
statement defined COPD exacerbations as “a sustained worsening of the patient’s condition, from the 
stable state and beyond normal day to day variations that is acute in onset and necessitates a change 
in regular medication in a patient with underlying COPD” [62,79]. Exacerbations have been described 
as clinical manifestations of increased inflammation and a key finding is an increase in neutrophils in 
the sputum during acute exacerbations [80]. The majority of COPD exacerbations are caused by viral 
and/or bacterial infections of the tracheobronchial tree [81]. Air pollution induces oxidative stress and 
is another important cause of exacerbations, however there is also a large proportion of exacerbations 
with no identifiable cause [62]. 

An analysis of sputum samples from 56 COPD patients in East London experiencing an 
exacerbation found that about 70% of exacerbations were associated with a bacterial pathogen, while 
20% was associated with rhinovirus infection. In addition, bacterial and viral infections interact to 
cause more severe exacerbations [82]. In an experimental study where patients with COPD were 
infected with a low dose of rhinovirus, clinical features of an acute exacerbation were induced [83]. 
Subjects with COPD had greater airflow obstruction and neutrophilic inflammation compared with 
controls, demonstrating an important role for rhinovirus infections in COPD exacerbations. In contrast, 
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another study from London investigating whether higher vitamin D levels reduced exacerbation 
frequency as well as susceptibility to human rhinovirus did not find any associations [84]. 

A study of North American patients with severe COPD found that more than 40% had serum 
25(OH)D levels less than 20 ng/mL, however there was no association between baseline 25(OH)D 
levels and time to first acute exacerbation [85]. Another Norwegian study consisting of subjects with 
and without COPD found a high risk for vitamin D deficiency in COPD patients however again there 
was no association with self-reported exacerbation frequency [86]. Recent data from a randomized 
control trial of supplementation with high doses of vitamin D in a cohort of COPD patients did not 
reduce the incidence of exacerbations [87]. Thus, despite the evidence that vitamin D can reduce 
infections that may associated with acute exacerbations, current data does not support a role for 
vitamin D in preventing COPD exacerbations. 

5. Lung Cancer 

Lung cancer is the leading cause of cancer mortality in both men and women worldwide [88]. Lung 
cancer can be divided into two major classes, non-small-cell lung cancer (NSCLC), which accounts for 
85% of all lung cancer and small-cell lung cancer (SCLC), representing 15% of cases. NSCLC can be 
further divided into adenocarcinoma, squamous cell carcinoma and large cell lung carcinoma [89]. 
While the main cause of lung cancer is cigarette smoking, an estimated 25% of cases also occur in 
non-smokers, most often in the form of adenocarcinomas [90]. Vitamin D has been studied extensively 
in many cancer settings and there is strong evidence to suggest that vitamin D is anti-tumorigenic [91]. 

5.1. Vitamin D and Lung Cancer Onset 

The anti-tumorigenic activities of vitamin D are thought to be initiated via the binding of 
1,25(OH)2D to the VDR. These mechanisms include inhibition of lung cancer cell proliferation, 
promoting apoptosis and reducing angiogenesis [92,93]. A recent in vitro study demonstrated that 
1,25(OH)2D mediated G0/G1 cell cycle arrest via downregulation of cyclins which promote entry into 
the S phase of the cell cycle [94]. 1,25(OH)2D may prevent angiogenesis by reducing the secretion  
of vascular endothelial growth factor (VEGF), which is known to induce activation, migration  
and proliferation of endothelial cells [93]. MMP-2, MMP-9 and parathyroid hormone related  
protein (PTHrP) expression and production is also reduced in lung carcinoma cells treated with 
1,25(OH)2D [93]. This may be an important mechanism since MMPs and PTHrP are also important 
factors for tumor invasion. The question is whether vitamin D only suppresses growth of established 
tumors or inhibits the development of lung cancer in the first place? A study in a mouse model of lung 
cancer found that 1,25(OH)2D supplementation decreased tumor incidence and significantly decreased 
tumor multiplicity in a dose-dependent manner [95]. 1,25(OH)2D can also inhibit metastatic growth of 
lung cancer cells in vivo [96], suggesting that maintaining adequate levels of vitamin D may prevent 
lung cancer pathogenesis. However, more clinical studies are required to determine if vitamin D can 
prevent carcinogenesis although the studies to date suggest that vitamin D status has an impact on the 
initiation of tumor growth. 
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5.2. Vitamin D and Lung Cancer Progression 

Vitamin D deficiency is associated with an increased risk of developing colon, prostate and  
breast cancer, as well as a higher mortality due to these cancers [2]. A prospective cohort study found  
that serum 25(OH)D levels were inversely associated with lung cancer incidence in women  
(RR = 0.16 95% CI 0.04, 0.59; p < 0.001) and participants less than 50 years of age (RR = 0.34 95% 
CI 0.13, 0.90; p = 0.04), but not men (RR = 1.03 95% CI 0.59, 1.82; p = 0.81) and older participants 
(RR = 0.92 95% CI 0.50, 1.70; p = 0.79) [97]. Another prospective study of lung cancer risk in male 
smokers from Finland did not find an association between serum 25(OH)D levels and lung cancer risk, 
however a 10 nmol/L increase in serum 25(OH)D during the darker season was associated with a 
lower risk (OR = 0.89 95% CI 0.81, 0.98; p = 0.02) [98]. Given the high morbidity associated with 
cancer it is likely that in many instances the associations between lung cancer and vitamin D status 
may be due to a lack of sun exposure as a result of low physical activity. However, while 
epidemiological studies with lung cancer have not been entirely convincing, studies using animal 
models have found that vitamin D-deficient mice [99] and VDR knockout mice [100,101] have 
enhanced tumor growth in many tumor types including lung cancer [96]. 1,25(OH)2D has also been 
reported to have effects on cell proliferation and apoptosis and can inhibit tumor growth in colon, 
breast and prostate cells [102]. The enzyme responsible for breaking down 1,25(OH)2D, CYP24A1, is 
expressed in NSCLC cell lines, but not normal lung epithelial cells. Furthermore, several studies have 
found that expression of CYP24A1 is much higher in primary lung tumors compared with normal lung 
tissue samples, suggesting that the increased breakdown of 1,25(OH)2D may have inhibited its  
anti-proliferative effects [94,103,104]. Hansdottir et al. [105] also found reduced CYP27B1 expression 
in lung cancer derived cells compared with primary lung epithelial cells, indicating that the cancer 
cells did not convert 25(OH)D to 1,25(OH)2D. High CYP24A1 and low CYP27B1 both result in lower 
levels of 1,25(OH)2D, so, taken together, these studies suggest that low 1,25(OH)2D levels may be 
important in lung cancer progression. 

5.3. Vitamin D and Lung Cancer Mortality 

Data showing that vitamin D can inhibit lung cancer cell proliferation has prompted investigations 
into the link between vitamin D status and lung cancer mortality. Data from the NHANES III study did 
not show an association between vitamin D status and overall lung cancer mortality, but did 
demonstrate that serum 25(OH)D levels less than 44 nmol/L were associated with a decreased risk of 
mortality in non-smokers (HR = 0.53 95% CI 0.31, 0.92) [106]. Studies in early stage NSCLC patients 
found that increased UVB exposure, as determined by surgical resections during summer, and higher 
vitamin D intake [107], as well as high circulating 25(OH)D serum levels resulted in improved 
survival [108]. Another Turkish study also demonstrated similar findings of shorter survival in NSCLC 
patients who underwent resection in winter compared to those operated on in summer [109]. Despite 
not measuring the vitamin D status of patients, the authors report that a polymorphism in the VDR 
gene was an independent prognostic indicator in resected NSCLC patients. Heist et al. [110] also 
reported that having the T allele of the VDR > Fok1 > T polymorphism was associated with worse 
survival, but vitamin D status had no effect on survival in patients who had advanced NSCLC. High 
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nuclear VDR expression was also associated with improved overall survival in NSCLC patients 
(adjusted HR = 0.36 95% CI 0.17, 0.79; p = 0.011) [111], while overexpression of CYP24A1 resulted 
in poorer survival (HR = 2.1 95% CI 1.14, 3.75; p = 0.001) [104]. A recent study has also 
demonstrated that VDBP expression is low in lung cancer tissue and low circulating VDBP was a 
predictor of subsequent death from lung cancer in patients [112], indicating that VDBP is also an 
important independent factor in determining better survival outcomes in lung cancer patients. 

6. Conclusions 

The growing prevalence of vitamin D deficiency around the globe is a significant public health 
concern. Based on the weight of evidence to date it is clear that vitamin D is important in lung disease. 
In moving forward to address this problem it is important that we understand this association better in 
order to identify (1) the minimum (and maximum) vitamin D levels required for normal lung growth, 
development and immune function and (2) when to intervene if necessary. To that end, we need a 
thorough understanding of the importance of vitamin D in determining the onset of disease, 
progression of disease and, in the case of asthma and COPD, the exacerbation of disease. To date the 
bulk of the studies have focused on associations between an individual’s current vitamin D and disease 
status which is not sufficient to adequately inform public health policy in order to ameliorate the 
vitamin D deficiency induced burden of respiratory disease in the community. 
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Abstract

Vitamin D deficiency is associated with disease severity in asthma. We tested

whether there is a causal association between vitamin D deficiency, airway

smooth muscle (ASM) mass, and the development of airway hyperresponsive-

ness (AHR). A physiologically relevant mouse model of vitamin D deficiency

was developed by raising BALB/c mice on vitamin D-deficient or -replete diets.

AHR was assessed by measuring lung function responses to increasing doses of

inhaled methacholine. Five-micron sections from formalin-fixed lungs were

used for ASM measurement and assessment of lung structure using stereological

methods. Transforming growth factor (TGF)-b levels were measured in bronc-

hoalveolar lavage fluid (BALF). Lungs were dissected from embryonic day (E)

17.5 vitamin D-deficient and -replete fetal mice for quantification of ASM den-

sity and relative gene expression of TGF-b signaling pathway molecules. Eight-

week-old adult vitamin D-deficient female mice had significantly increased

airway resistance and ASM in the large airways compared with controls. Vita-

min D-deficient female mice had a smaller lung volume, volume of paren-

chyma, and alveolar septa. Both vitamin D-deficient male and female mice had

reduced TGF-b levels in BALF. Vitamin D deficiency did not have an effect on

ASM density in E17.5 mice, however, expression of TGF-b1 and TGF-b recep-

tor I was downregulated in vitamin D-deficient female fetal mice. Decreased

expression of TGF-b1 and TGF-b receptor I during early lung development

in vitamin D-deficient mice may contribute to airway remodeling and AHR in

vitamin D-deficient adult female mice. This study provides a link between vita-

min D deficiency and respiratory symptoms in chronic lung disease.

Introduction

Vitamin D is a steroid hormone that has long been

known to play an important role in calcium homeostasis

within the body. The recent discovery that the vitamin D

receptor (VDR) is ubiquitously expressed in nearly every

cell type in human tissue has led to the realization that

vitamin D also has extraskeletal effects (Bouillon et al.

2008) and there is now a large body of evidence linking

vitamin D deficiency to chronic conditions, including

autoimmune, infectious, cardiovascular, and respiratory

disease (Munger et al. 2006; Holick 2007; Ginde et al.

2009; Anderson et al. 2010; Chinellato et al. 2011). Of

relevance to chronic respiratory disease, some studies

have shown that vitamin D deficiency is more prevalent

in patients with asthma and chronic obstructive
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pulmonary disease (COPD), (Janssens et al. 2010; Chinel-

lato et al. 2011) and lower vitamin D levels have been

associated with poor asthma control, increased corticoste-

roid use (Searing et al. 2010), and airway hyperrespon-

siveness (AHR; Sutherland et al. 2010).

Epidemiological and experimental studies have also

shown that lower serum vitamin D levels are associated

with reduced lung function (Black and Scragg 2005; Zosky

et al. 2011). Recently, Gupta et al. (2011) detected an

inverse relationship between vitamin D levels, asthma

severity, and inhaled steroid use in children with moderate

and severe asthma. Interestingly, lower serum vitamin D

levels were also associated with an increase in airway

smooth muscle (ASM) mass, measured from endobronchi-

al biopsy samples, in children with severe asthma. This

apparent capacity of vitamin D to modulate ASM growth is

supported by microarray studies showing that the vitamin

D receptor is expressed in ASM cells (Bosse et al. 2007).

1,25-Dihydroxyvitamin D (1,25(OH)2D3), the active

form of vitamin D, can also inhibit ASM cell proliferation

in vitro (Damera et al. 2009) and transforming growth fac-

tor (TGF)-b-induced expression of a-smooth muscle actin

in myofibroblasts (Ramirez et al. 2010). TGF-b has profib-

rotic properties and can induce epithelial–mesenchymal

transition, which may mediate airway remodeling (Hackett

et al. 2009). Epithelial–mesenchymal interactions also play

a crucial role in lung development and can be promoted by

vitamin D (Sakurai et al. 2009). While the study by Gupta

et al. may provide in vivo evidence that vitamin D levels

are associated with ASM remodeling in children with severe

asthma, the cross-sectional nature of the study prevents

demonstration of a causal association between vitamin D

and ASM (Gupta et al. 2011). Furthermore, vitamin D defi-

ciency is associated with physical inactivity (Strine et al.

2007), which in turn is linked to the severity of asthma

(Brock et al. 2010). As such, vitamin D may simply be act-

ing as an indirect marker of physical activity levels.

On the basis of the in vitro evidence and the clinical

data provided by Gupta et al. (2011), we hypothesize that

vitamin D deficiency alters lung structure and airway

structure by increasing ASM mass, leading to AHR, a

characteristic feature of asthma. We tested this hypothesis

by investigating whether vitamin D-deficient mice showed

evidence of airway remodeling and airway hyperrespon-

siveness. We also investigated the potential role of TGF-b
in modulating the effects we observed.

Materials and Methods

Mouse model

Three-week-old female BALB/c mice (Animal Resource

Centre, Murdoch, WA, Australia) were placed on either

vitamin D3-deficient or -replete diets containing 0 or

2280 IU of vitamin D3, respectively, (Specialty Feeds,

Glen Forrest, WA, Australia) as described previously

(Gorman et al. 2012b). Deficient diets were supplemented

with 2% (vs. 1%) calcium to prevent hypocalcaemia. This

level of supplementation is sufficient to maintain serum

calcium and prevent bone defects in vitamin D-deficient

mice (Zosky et al. 2011). Mice were housed in a room

with a 12-h ultraviolet B-free light/dark cycle. At 8 weeks

of age, female mice were mated with vitamin D-replete

male BALB/c mice. Offspring of both sexes were main-

tained on deficient or replete diets and studied at 8 weeks

of age.

To obtain fetal tissue samples, females were time-mated.

The morning after the first observation of a vaginal plug

was designated as day 0.5 of gestation. On embryonic day

(E) 17.5, which corresponds with a period of substantial

airway development (canalicular stage of lung develop-

ment), dams were euthanized by overdose with ketamine

(Troy Laboratories, Glendenning, NSW, Australia): xyla-

zine (Troy Laboratories) at a dose of 800 mg/kg: 40 mg/

kg, by intraperitoneal injection and pups obtained by

cesarean section. Serum 25-hydroxyvitamin D (25(OH)

D3) levels were measured using IDS OCTEIA ELISA kits

(Immunodiagnostic Systems Ltd, Boston Business Park,

UK). All procedures were approved by the Telethon Insti-

tute for Child Health Research Animal Ethics Committee

and conformed to National Health and Medical Research

Council (NHMRC) of Australia guidelines.

Animal preparation for lung function
assessment

Mice were anesthetized by intraperitoneal injection with a

solution containing 40 mg/mL of ketamine and 2 mg/mL

of xylazine at a dose of 0.01 mL/g body weight. Two-

thirds of the dose was administered initially to induce

surgical anesthesia prior to tracheostomy and cannulation

with a polyethylene endotracheal tube (internal diame-

ter = 0.086 cm, length = 1.0 cm). Mice were placed in a

whole-body plethysmograph and connected to a small

animal ventilator (HSE-Harvard MiniVent; Harvard

Apparatus, Holliston, MA). The remaining anesthetic was

given and mice ventilated at 400 breaths/min with a tidal

volume of 10 mL/kg and 2 cm H2O positive end-expira-

tory pressure.

Lung volume

Thoracic gas volume (TGV) was measured by plethys-

mography as described previously (Janosi et al. 2006).

During periods of apnea, the trachea, and box were

occluded at elastic-equilibrium lung volume (EELV).
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Intramuscular electrodes were used to stimulate the inter-

costal muscles and induce inspiratory efforts. TGV was

calculated by applying Boyle’s Law to the tracheal and

box pressure signals after correction for the thermal prop-

erties of the plethysmograph (Janosi et al. 2006).

Methacholine challenge

After performing lung volume measurements, mice were

transferred to a flexiVent system (SCIREQ, Montreal, QC,

Canada) for assessment of responsiveness to methacholine

(b-methacholine chloride, Sigma–Aldrich, St. Louis, MO).

Respiratory system input impedance (Zrs) was measured

using a modification in the low-frequency forced oscilla-

tion technique (LFOT). Lung volume history was standard-

ized using three slow inflation–deflation maneuvres up to

20 cm H2O transrespiratory pressure before measurement

of baseline lung mechanics. During pauses in ventilation, a

16-sec oscillatory signal containing 19 frequencies ranging

from 0.25 to 19.625 Hz was delivered by the flexiVent pis-

ton in order to measure Zrs. A four-parameter model with

constant phase tissue impedance (Hantos et al. 1992) was

then fitted to the data for calculation of the Newtonian

resistance (Raw, which primarily reflects airway resistance

in the mouse due to the low chest wall impedance), tissue

damping (G, the parameter describing the viscous fre-

quency-dependent response in resistance which is thought

to reflect resistance of the peripheral airways where airflow

occurs primarily by diffusion) and tissue elastance (H, the

elastic properties of the lung parenchyma). LFOT measure-

ments were taken once a minute for 5 min to establish

baseline lung mechanics. Mice were then challenged

(10 sec) with increasing concentrations of aerosolized

methacholine from 0.3 mg/mL up to 100 mg/mL. Five

LFOT measurements were taken after each dose of meth-

acholine, and the maximum responses for Raw, G, and H

from these measurements were used to construct dose–
response curves and compare responses between groups.

The dose of methacholine required to cause a doubling in

Raw (EC200; as a measure of sensitivity to methacholine)

was calculated using linear interpolation between log doses

of methacholine from the full dose–response curve.

Lung structure

Lung structure was assessed in separate groups of mice

according to ATS/ERS guidelines (Hsia et al. 2010). After

euthanasia, lungs were inflation-fixed with 4% formalde-

hyde solution at a pressure of 10 cm H2O. The left lung

was then separated from the right lung at the main bron-

chus. The left lobe was embedded in paraffin with the

transverse section face down to obtain cross-sections of

the first-generation airway. The right lung was randomly

orientated (Nyengaard and Gundersen 2006) and embed-

ded in a separate paraffin block. Starting at a random

point, 5-lm sections were taken at regular 500 lm inter-

vals throughout the right lung and stained with hematox-

ylin and eosin. Lung structure was assessed in the right

lung using stereological methods as described previously

(Zosky et al. 2011).

ASM measurements and
immunohistochemistry

The left lung was used for assessment of ASM mass. Five-

micron-thick transverse sections were cut at 500 lm
intervals throughout the entire lung. These sections coin-

cide with the main bronchus which traverses to the base

of the left lung (Thiesse et al. 2010) allowing sections

from the central to the peripheral airways to be obtained.

Large airways consisted of the primary bronchus with a

perimeter of basement membrane >2000 lm (mean area

and diameter were 517185 lm2 and 982 lm, respec-

tively). Small airways were designated as peripheral air-

ways distal to the primary bronchus with a basement

membrane perimeter <1000 lm (mean area and diameter

were 113281 lm2 and 226 lm, respectively). Sections

were then stained with Masson’s Trichrome for visualiza-

tion of structural elements. Immunohistochemistry for a-
smooth muscle actin (a-SMA [ab5694]; 1:10000 dilution;

Abcam, Cambridge, MA) was carried out to confirm the

presence of contractile elements. The cross-sectional area

of ASM and internal perimeter of the basement mem-

brane were measured using the newCast stereology soft-

ware (Visiopharm, Denmark). The square root of ASM

area was then corrected by the perimeter of the basement

membrane (James et al. 1988).

Due to the small size of the lung samples from E17.5

pups and the difficulty in accurately determining orienta-

tion so as to ensure transverse section of the main con-

ducting airways, a stereological approach was used to

quantify ASM. Briefly, whole E17.5 lungs were embedded

in paraffin and randomly oriented. Immunohistochemis-

try for a-SMA was carried out on 5-lm lung sections and

the percentage of cells staining positive for a-SMA was

calculated using stereological techniques.

Measurement of TGF-b levels

Bronchoalveolar lavage fluid (BALF) was collected from

separate groups of 8-week-old mice by slowly washing

0.4 mL of saline in and out of the lungs three times.

TGF-b protein levels in the BALF were measured using a

DuoSet ELISA Development kit for measuring TGF-b1
(R&D Systems, Minneapolis, MN) following the manufac-

turer’s instructions.
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Quantification of gene expression

RNA was extracted from lung homogenates using an

RNeasy� Plus Mini Kit (Qiagen Inc, Valencia, CA)

according to the manufacturer’s instructions. Concentra-

tion and quality of the RNA extract were assessed using a

ND-1000 Nanodrop spectrophotometer (Thermo Scien-

tific, Waltham, MA). Approximately 150 ng of RNA was

converted to cDNA by reverse transcriptase PCR using

the Quick-Start Protocol supplied in the Omniscript

Reverse Transcriptase kit (Qiagen Inc.). The cDNA was

then amplified by real-time PCR using commercially

available TaqMan hydrolysis probes (Applied Biosystems,

Foster City, CA) for TGF-b1, TGF-b2, TGF-b3, TGF-b
receptor I, TGF-b receptor II and TGF-b receptor III

according to the setup specified in the TaqMan gene

expression master mix protocol (Applied Biosystems).

The amplification reactions were performed using an ABI

PRISM 7900HT Sequence Detection System version 3.0

(Applied Biosystems). After adjustment of the baseline

and threshold for each detector, threshold cycle (Ct)

values were normalized to the reference gene, 18s ribo-

somal RNA (Applied Biosystems), by a DCt calculation

(Cttarget gene � Ctreference gene). All statistics were per-

formed on transformed DCt values.

Statistical analysis

Between group comparisons, within sexes, were made

using t tests or repeated-measures analysis of variance

(ANOVA). Statistical analyses were performed using Sig-

maPlot software (version 12 SysStat Software, Chicago,

IL). Data were logtransformed where required to satisfy

the assumptions of normality for t tests and data are

shown as mean (SD). P values of <0.05 were regarded as

statistically significant.

Results

Model characteristics

Mice fed the vitamin D-deficient diet had significantly

lower levels of 25(OH)D3 compared to mice fed the

-replete diet (P < 0.001). There was no difference in vita-

min D status between vitamin D-deficient mice of both

sexes (P = 0.77); however, vitamin D-replete females had

significantly higher levels of serum 25(OH)D3 compared

with -replete males (P < 0.001; Fig. 1A). 8-week-old vita-

min D-deficient mice of both sexes had significantly lower

body weights (P < 0.001) and snout-vent lengths (females

[P < 0.01]; males [P < 0.001]) (Fig. 1B and C) compared

with their -replete counterparts. Serum 25(OH)D3 levels

were significantly lower in the vitamin D-deficient dams

compared with -replete dams (P = 0.024; data not

shown).

Lung volume

There were no differences in TGV between groups

(Fig. 2).

Methacholine challenge

There were no significant differences in baseline measure-

ments of Raw and H between vitamin D-deficient and

-replete mice of either gender. Baseline G was increased

in vitamin D-deficient female mice compared with

-replete female mice.

An increased response in airway resistance (Raw) was

detected in vitamin D-deficient females compared to

-replete females at doses of 3 mg/mL (P = 0.04), 10 mg/

mL (P = 0.001), 30 mg/mL (P = 0.003) and 100 mg/mL

of methacholine (P < 0.001; Fig. 3A). There was no dif-

ference in Raw between vitamin D-deficient and -replete

males (Fig. 3B).

There were no significant differences in tissue mechan-

ics (G and H) in response to methacholine between vita-

min D-deficient and vitamin D-replete male mice

(Fig. 3D and F). Vitamin D-deficient female mice had

increased G compared with vitamin D-replete females

(P = 0.048) which appeared to be due to differences at

baseline (Fig. 3C). Vitamin D-deficient females also had

increased H at 100 mg/mL of methacholine (Fig. 3E).

The concentration of methacholine required to elicit a

doubling (EC200) in Raw was significantly lower in vitamin

D-deficient female mice, suggesting an increased sensitiv-

ity to methacholine (P = 0.02; Fig. 4). No differences

were observed in male mice.

Lung structure

Post-fixation and embedding lung volume was significantly

smaller in vitamin D-deficient females compared with

-replete females (P = 0.005; Fig. 5A). The volume of the

parenchyma (Vp; Fig. 5B; P = 0.002), volume of alveolar

septa tissue (Vs; Fig. 5C; P < 0.001), alveolar surface area

(Fig. 5D; P = 0.001), and volume of air in the parenchyma

(Va; P = 0.03; data not shown) were also significantly

reduced in vitamin D-deficient female mice compared to

-replete females. No differences were observed between

vitamin D-deficient and -replete male mice.

ASM mass

Eight-week-old vitamin D-deficient female mice had sig-

nificantly higher levels of ASM in the large proximal air-

2014 | Vol. 2 | Iss. 3 | e00276
Page 4

ª 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Vitamin D Deficiency and Airway Remodeling R. E. Foong et al.



ways compared with -replete female (P = 0.04; Fig. 6E).

There was no difference in ASM mass in the small distal

airways between the groups (data not shown).

Likewise, the tissue density of ASM was not altered by

vitamin D deficiency in either female (P = 0.98) or male

(P = 0.38) E17.5 pups (Fig. 6F).

TGF-b levels

Transforming growth factor-b protein levels were signifi-

cantly reduced in the BALF of both vitamin D-deficient

male and female mice (P = 0.003; Fig. 7). The expression

of TGF-b1 (Fig. 8A, P = 0.01) and TGF-b receptor I

(Fig. 8D, P = 0.01) genes were significantly lower in the

lung tissue of female vitamin D-deficient E17.5 mice

compared to female -replete mice. There were no signifi-

cant differences in expression of the other genes of the

TGF-b pathway in female mice (TGF-b2, P = 0.45; TGF-

b3, P = 0.12; TGF-b receptor II, P = 0.64; TGF-b recep-

tor III, P = 0.69) at this time-point. No differences in

TGF-b pathway gene expression were detected between

male vitamin D-deficient and -replete mice at E17.5

(TGF-b1, P = 0.57; TGF-b2, P = 0.59; TGF-b3, P = 0.42;

TGF-b receptor I, P = 0.33; TGF-b receptor II, P = 0.18;

TGF-b receptor III, P = 0.76; Fig. 8).

Figure 2. Thoracic gas volumes (TGV) of vitamin D-deficient and

-replete mice. Vitamin D-deficient mice are represented by solid

symbols and -replete mice by open symbols (females, circles; males,

squares). Data are represented as mean (SD), n = 10–12/group.

A

B C

Figure 1. Serum 25(OH)D3 levels (A), body weights (B), and snout-vent lengths (C) in 8-week-old vitamin D-deficient mice and -replete mice.

Vitamin D-deficient mice are represented by solid symbols and -replete mice by open symbols (females, circles; males, squares). ***indicates

P < 0.001; **indicates P < 0.01. Data are represented as mean (SD), n = 12–19/group for serum 25(OH)D3 levels; n = 20–27/group for body

weights and n = 13–19/group for snout-vent lengths.
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Discussion

Vitamin D deficiency caused AHR in adult female BALB/

c mice. This was accompanied by an increase in ASM

mass as well as smaller lung volume and altered lung

structure. Male mice appeared to be resistant to these

vitamin D-induced changes in airway structure and

responsiveness. A previous study has similarly shown a

positive correlation between ASM mass and Raw to meth-

acholine in female mice (Plant et al. 2012). Increased

A B

C D

E F

Figure 3. Airway resistance (Raw; A, B), tissue damping (G; C, D) and tissue elastance (H; E, F) in response to increasing doses of methacholine

in vitamin D-deficient (female, solid circles; male, solid squares) and -replete mice (females, open circles; males, open squares). ***indicates

P < 0.001; **indicates P < 0.01; *indicates P < 0.05. Data are represented as mean (SD) n = 10–11/group.
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ASM has an important role in the pathophysiology of

chronic asthma where it has been shown that the thick-

ness of the ASM layer in the airways is related to the clin-

ical severity of asthma and independent of age of onset

and duration of asthma (James et al. 2009). Our findings

provide clear causal evidence that low circulating vitamin

D levels modulate airway remodeling in vivo. This is

important as vitamin D deficiency is associated with

worse outcomes in asthma (Chinellato et al. 2011; Gupta

et al. 2011) and COPD (Janssens et al. 2010), both of

which are characterized by airway remodeling (Jeffery

2001). The majority of studies that have attempted to link

vitamin D deficiency with outcomes in chronic lung dis-

ease have primarily focused on the immunomodulatory

effects of vitamin D (Hart et al. 2011). Our study suggests

that vitamin D deficiency can directly alter airway struc-

ture, which in turn may lead to heightened respiratory

symptoms in chronic lung disease. Given that the mice in

our study were assessed in the na€ıve state, this implies

that vitamin D deficiency has the capacity to adversely

alter disease outcomes independently of its potential

impact on immune function.

We have previously shown altered lung structure in

2-week-old mice (Zosky et al. 2011). The current study

shows that adult 8-week-old vitamin D-deficient female

mice have reduced lung volume, reduced volume of

parenchyma, alveolar septa and air in parenchymal tissue,

as well as reduced alveolar surface area. This indicates that

the impairment in lung development at 2 weeks persists

into adulthood in females. Mechanistic evidence for a role

for vitamin D in lung development has been provided by

animal studies where vitamin D induces the maturation of

type II alveolar epithelial cells (AECs) and the synthesis of

Figure 4. Concentration of methacholine required to elicit a

doubling (EC200) in airway resistance (Raw). These values were

calculated from the dose–response curves by interpolation (see

Fig. 3). *indicates P < 0.05. Data are represented as mean (SD),

n = 10–11/group.

A B

C D

Figure 5. Lung volume (VL; A), volume of parenchyma (Vp; B), volume of alveolar septa (Vs; C), and surface area density of alveoli (Sv; D)

measured by stereology from fixed lungs of vitamin D-deficient and -replete 8-week-old female and male mice. Vitamin D-deficient mice are

represented by solid symbols and -replete mice by open symbols (females, circles; males, squares). ***indicates P < 0.001; **indicates P < 0.01.

Data are represented as mean (SD), n = 8–11/group.
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pulmonary surfactant, both of which are key events in

fetal lung development. Pulmonary surfactant is important

for reducing surface tension and maintaining alveolar

integrity (Marin et al. 1993) while the maturation of type

II AECs and surfactant synthesis is, in turn, dependent on

alveolar epithelial–mesenchymal interactions. Vitamin D

influences these interactions by increasing the expression

of key homeostatic epithelial–mesenchymal differentiation

markers, increasing lipofibroblast and type II AEC prolif-

eration, and decreasing apoptosis (Sakurai et al. 2009).

TGF-b signaling is also implicated in epithelial–mesenchy-

mal interactions (Ramirez et al. 2010), and is regulated

during lung development and alveolarization (Warburton

et al. 2013). As vitamin D can modulate TGF-b signaling

(Ramirez et al. 2010; Luderer et al. 2013), and TGF-b is

associated with ASM proliferation (Chen and Khalil

2006), we investigated if TGF-b levels were altered in our

mouse model of vitamin D deficiency.

TGF-b1 protein levels in the BALF of vitamin D-defi-

cient male and female mice were lower compared with

vitamin D-replete mice. Impaired activation of TGF-b
signaling has previously been shown in a mouse model of

vitamin D deficiency (Luderer et al. 2013) and there are

in vitro studies demonstrating that 1,25(OH)2D3 upregu-

lates the expression of TGF-b1. TGF-b1 concentrations

were increased in the BALF of asthmatics compared with

A B

C D

E F

Figure 6. Representation images for airway sections stained with Masson’s Trichrome in 8-week-old vitamin D-replete female mice (A), vitamin

D-deficient female mice (B), vitamin D-replete male mice (C) and vitamin D-deficient male mice (D). Airway smooth muscle (ASM) mass in

8-week old vitamin D-deficient and -replete female and male mice (E) and ASM tissue density in embryonic day (E) 17.5 vitamin D-deficient and

-replete female and male mice (F) were then quantified. Vitamin D-deficient mice are represented by solid symbols and -replete mice by open

symbols (females, circles; males, squares). *indicates P < 0.05. Data are represented as mean (SD), n = 8–10/group for 8-week-old mice and

n = 5/group for E17.5 mice.
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nonasthmatic controls (Redington et al. 1997). TGF-b1 is

a known mediator of airway remodeling and increases the

proliferation of ASM (Chen and Khalil 2006). Thus, our

data appear to be contrary to these observations. How-

ever, the effects of TGF-b1 on cell proliferation are com-

plex and dependent on the local environment. For

example, TGF-b1 inhibits ASM cell proliferation in sub-

confluent culture, but promotes proliferation when the

cells are confluent (Okona-Mensah et al. 1998). Further-

more, TGF-b induces ASM cell proliferation at low doses

but inhibits proliferation at higher doses (Battegay et al.

1990; Halwani et al. 2010). It is, therefore, possible that

reduced TGF-b1 expression during lung development

may contribute to the increased ASM mass due to the

complexities of the in vivo environment. Alternatively,

the decrease in TGF-b may be a homeostatic response as

the lung attempts to rectify the increase in ASM in

response to vitamin D deficiency.

Although the lower levels of TGF-b1 in the BALF of

vitamin D-deficient mice were observed in both males

and females in our study, lung structure and function dif-

ferences were only observed in female mice. Clearly, there

are distinct sex-related differences in the structural and

physiological responses to vitamin D deficiency. Cross-

talk between vitamin D and TGF-b signaling (Subraman-

iam et al. 2001) as well as a functional synergy between

the vitamin D and estrogen endocrine systems (Correale

et al. 2010), may explain why differences were only

observed in females. Furthermore, as observed previously

(Gorman et al. 2012a), vitamin D-replete male mice did

not have the same levels of serum 25(OH)D3 compared

with -replete females in the current study. There are sev-

eral possible explanations for this observation. Male mice

may have a reduced capacity to produce or retain 25

(OH)D3, or have an increased rate of breakdown of 1,25

(OH)2D3 into other less active metabolites. This is sup-

ported by evidence that the expression of 1,25(OH)2D3

synthesis and its breakdown enzymes, (CYP27B1 and

CYP24A1, respectively) are upregulated in male vitamin

D-deficient mice, indicating a faster rate of 1,25(OH)2D3

metabolism and catabolism (Gorman et al. 2012a).

Importantly, our data are consistent with previous studies

investigating the effects of gender on AHR in mice which

have shown that the increases in Raw, G, and H in

response to methacholine are generally greater in na€ıve

male mice than na€ıve female mice (Card et al. 2006). One

intriguing possibility is that the lower levels of vitamin D,

in male mice, may result in increased ASM, and a greater

na€ıve response to broncho-constricting agents.

Reduced somatic growth was observed in vitamin D-

deficient mice of both genders. In health, body size is

well-known to be strongly associated with lung volume

(Cook et al. 1958), however, we found no difference in in

vivo lung volume in vitamin D-deficient male mice

despite their lower body lengths and weights, clearly high-

lighting the importance of direct measures of lung vol-

ume when comparing the effects of an intervention that

may impact on somatic growth. Interestingly, while there

was no difference in TGV measurements, lung volume

measured stereologically was smaller in vitamin D-defi-

cient female mice. It is important to recognize that TGV

measurements in vivo are made at EELV, whereby the

total volume of lung in the air is a result of the opposing

forces generated by the inward elastic recoil of the lung

and the outward force generated by the chest wall (Zosky

et al. 2011). This discrepancy between in vivo and ex vivo

measurements of lung volume in the females suggests that

either 1) the elastic recoil of the lung parenchyma was

higher in vitamin D deficiency such that the lung shrunk

to a greater extent after being removed from the chest, or

2) there was gas trapping at EELV in the female vitamin

D-deficient mice resulting in a higher TGV in vivo. While

we are not able to distinguish between these possibilities,

it is clear that there is an impact of vitamin D deficiency

on airway responses to methacholine despite the apparent

lack of an effect of deficiency on lung volume in vivo; at

least in the female mice.

Our findings of altered lung structure and function in

adult female mice led us to further investigate whether

this was a result of developmental deficits due to vitamin

D deficiency in utero. While we did not find a difference

in ASM density between vitamin D-deficient and -replete

mice, we found that the relative gene expression of

TGFb1 and TGFb receptor I was downregulated in vita-

min D-deficient female E17.5 pups. It is possible that any

effect on ASM mass due to vitamin D deficiency may not

Figure 7. Transforming growth factor b levels in bronchoalveolar

fluid of 8-week-old vitamin D-deficient and -replete male and

female mice. Vitamin D-deficient mice are represented by solid bars

and -replete mice by open bars. *indicates P < 0.05. Data are

represented as mean (SD), n = 12–13/group.
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have been detectable at E17.5 as maturation of ASM may

continue through to adulthood despite ASM being laid

down in the fetal mouse lung at E12 (Tollet et al. 2001).

TGF-b1 is important for lung branching in the fetal

mouse and mediates epithelial–mesenchymal interactions

in the developing lung by colocalization with extracellular

matrix proteins (Bartram and Speer 2004). Reduced

expression of TGF-b1 in the developing mouse lung as a

result of vitamin D deficiency may affect lung branching

morphogenesis and lead to abnormal development. This

hypothesis is consistent with the altered expression of this

pathway in the females at E17.5 and increased AHR and

ASM at 8 weeks of age; an association that was absent in

the male mice.

In summary, vitamin D deficiency contributes to AHR

and airway remodeling in adult female mice. Specifically,

A B

C D

E F

Figure 8. Relative gene expression of transforming growth factor (TGF)b1 (A), TGFb2 (B), TGFb3 (C), TGFb receptor I (D), TGFb receptor II (E),

and TGFb receptor III (F) in lungs of embryonic day 17.5 vitamin D-deficient and -replete fetal mice. Data are expressed as fold changes

obtained by normalizing candidate genes to the 18s ribosomal RNA reference gene. *indicates P < 0.05. Data are represented as mean (SD),

n = 5/group.
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vitamin D deficiency caused an increase in ASM mass

which was in turn associated with an increased response

to methacholine. While this effect was not observed in

males, it was interesting to note that the overall levels of

vitamin D in the male -replete mice were lower than the

female -replete mice which also corresponded to higher

levels of ASM in the males and a greater response to

methacholine. Vitamin D deficiency also caused a reduc-

tion in TGF-b1 protein levels in both male and female

mice, as well as reduced gene expression of TGF-b1 and

TGF-b receptor I in female E17.5 fetal pups. These obser-

vations may provide a mechanism by which vitamin D

deficiency to chronic lung disease that is unrelated to the

immunomodulatory effects of vitamin D.
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