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Abstract

Systemic bone loss is associated with airway inflammatory diseases; yet, strategies to halt disease 

progression from inhalant exposures are not clear. Vitamin D might be a potentially protective 

approach against noxious respirable environmental exposures. We sought to determine whether 

vitamin D supplementation represents a viable lung and bone protective strategy following 

repetitive inhalant treatments with organic dust extract (ODE) or lipopolysaccharide (LPS) in 

mice. C57BL/5 mice were maintained on diets with low (1 IU/D/g) or high (10 IU/D/g) vitamin D 

for 5 weeks, and treated with ODE from swine confinement facilities, LPS, or saline daily for 3 

weeks per established intranasal inhalation protocol. Lungs, hind limbs, and sera were harvested 

for experimental outcomes. Serum 25-hydroxy vitamin D levels were 10-fold different between 

low/high vitamin D treatment groups with no differences between inhalant agents/saline 

treatments. Serum calcium levels were not affected. There was no difference in the magnitude of 

ODE- or LPS-induced inflammatory cell influx or lung histopathology between high/low vitamin 

D treatment groups. However, high vitamin D treatment reversed the loss of bone mineral density, 
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bone volume, and bone microarchitecture deterioration induced by ODE or LPS as determined by 

micro-CT analysis. Bone-resorbing osteoclasts were also reduced by high vitamin D treatment. In 

the low vitamin D treatment groups, ODE induced the greatest degree of airway inflammatory 

consequences, and LPS induced the greatest degree of bone loss. Collectively, high concentration 

vitamin D was protective against systemic bone loss, but not airway inflammation, resulting from 

ODE- or LPS-induced airway injury.
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INTRODUCTION

Inhalant exposure to various environmental agents such as air pollution, particulate matter, 

organic dust, cigarette smoke, and microbial bioaerosols (e.g. LPS) can significantly 

contribute to the development of chronic inflammatory respiratory diseases, particularly 

chronic obstructive pulmonary disease (COPD) and asthma [1–6]. The extrapulmonary or 

systemic manifestations of airway inflammation are increasingly recognized to contribute to 

overall disease morbidity. Osteoporosis and fracture represent an important debilitating 

systemic feature of these inflammatory lung diseases [7–9]. Several risk factors for low 

BMD including low body mass index, female sex, age, select medications such as 

glucocorticoids, sedentary life-style, cigarette smoking, and nutritional status are well 

defined [8, 9]. However, recent studies demonstrate that low BMD and osteoporosis can 

occur independently of these established risk factors in the context of inflammatory lung 

disease [7, 8]. This observation suggests a pathogenic association between lung injury and 

reduced bone mineralization; yet effective mechanisms and strategies to prevent or treat 

osteoporosis in this setting are not known.

To provide mechanistic insights and develop future prophylactic and/or therapeutic 

strategies, we have utilized an animal inflammatory lung injury model to delineate the 

functional role of environmental biohazardous agents focused on complex, agriculture-based 

organic dusts and specific microbial cell wall components such as LPS [10, 11]. This is 

based on the observation that agricultural workers, particularly large animal confinement 

operation workers, have a high prevalence of chronic respiratory disease including COPD 

and asthma syndromes [2, 4]. Because these workers also have a very high prevalence of 

musculoskeletal disease (~90% lifetime prevalence [12], we considered an animal model to 

evaluate skeletal health consequences [11]. Importantly, this study demonstrates that 

intranasal inhalation of swine confinement facility organic dust extract (ODE), 

peptidoglycan, or LPS induced significant bone loss, quantified by micro-CT imaging [11]. 

Bone loss was greatest following ODE and LPS inhalation. However, strategies to prevent 

bone loss following lung injury induced by these inflammatory bioaerosols have not been 

investigated, which was the objective of this study.

A potential preventative and therapeutic intervention to target skeletal health and respiratory 

health is vitamin D. Vitamin D is a steroid hormone synthesized in the skin via sunlight 
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exposure, or it can also be absorbed from dietary sources and supplements. Vitamin D plays 

an important role in maintaining skeletal health, primarily via regulation of calcium 

homeostasis and paracrine/autocrine effects on bone metabolism [13]. Vitamin D 

supplementation reduces fracture risk in humans [14,15], improves fracture healing in mice 

deficient in vitamin D [16], and prevents ethanol-induced bone loss in mice [17]. In 

addition, vitamin D displays immunomodulatory effects and anti-inflammatory properties 

[13]. Low vitamin D levels have been associated with COPD [18] and severe asthma [19], 

but interventional studies with vitamin D supplementation for airway inflammatory diseases 

(i.e. asthma) have been somewhat discouraging [20]. However, it remains possible that 

vitamin D might play a role against systemic bone loss induced by airway injury. In this 

study, we hypothesized that high concentration vitamin D would be a lung and bone 

protective strategy following repetitive inhalant treatments with ODE or LPS. We found that 

high concentration vitamin D supplementation was protective against systemic bone loss, 

but not airway inflammation, resulting from ODE- or LPS-induced airway injury.

METHODS

Organic dust extract (ODE) and LPS

Swine confinement facility organic dust was used due to its strong pro-inflammatory 

consequences in human and rodents. Aqueous ODE was collected and prepared as 

previously described [11, 21]. Briefly, settled surface dust samples (~3 feet off ground) from 

swine confinement animal feeding operations (~500–700 animals) were collected and 1 gm 

was placed into sterile Hank’s Balanced Salt Solution (10 ml; Sigma, St. Louis, MO), 

incubated for one hour at room temperature, and centrifuged for 20 minutes at 2000 x g. The 

final supernatant was filter sterilized (0.22 µm) in order to remove coarse particles and 

microorganisms, aliquotted, and stored at −20°C until use.

Stock ODE (100%) was diluted in sterile PBS (pH: 7.4; diluent) to a 12.5% concentration 

(vol/vol). The 12.5% ODE concentration in 50 µl volume has been previously shown to 

elicit optimal lung inflammation in mice and is otherwise well-tolerated [10]. Prior to 

extraction, the dust sample was analyzed using gas chromatography/mass spectrometry as 

previously described [22]. The concentrations detected of muramic acid (69.4 ng/mg), 

ergosterol (0.68 ng/mg), and 3-hydroxy fatty acids by carbon chain number (ng/ml; C8: 

5.83; C9: 2.30; C10: 0.93; C12: 12.99; C13: 73.92; C14: 363.70; C15: 182.72; C16: 

1159.40; C17: 1136.56; C18: 796.55) were similar to previous reports [22]. Diluted aqueous 

dust extracts contained approximately 4 mg/ml of total protein as measured by nanodrop 

spectrophotometry (NanoDrop Technologies, Wilmington, DE). The mean (SD) endotoxin 

concentration within 12.5% ODE was 146.6 (8.0) EU/ml as determined by the limulus 

amebocyte lysate assay according to manufacturer’s instructions (Lonza, Allendale, NJ). 

Comparison studies were conducted with LPS (100 ng, Escherichia coli (O55:B5), Sigma; 

approximation to LPS concentration within ODE) to remain consistent with previous work 

that showed a robust bone loss phenotype induced by inhalant LPS treatment [11], and to 

also broaden the applicability of our findings to other indoor and/or outdoor exposures.
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Animal Model and Diet

Male C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME) at 3–4 

weeks of age. Upon arrival, mice were randomly assigned to a rodent chow (Land O’ Lakes-

Purina; Minneapolis, MN) diet of a corn-based rodent supplemented with 1 IU/g or 10 IU/g 

of 1,25 hydroxyvitamin D. Manufacturer-provided samples of the specialty ordered diet 

were independently tested by N-P Analytical Laboratories (St. Louis, MO), which reported 

concentrations of 0.9 IU/gm and 9.2 IU/gm of 1,25-(OH)2D3 in the low and high 

concentration diets, respectively. After 5 weeks (chosen because the half-life of the active 

form 1,25-(OH)2D3 is approximately 7 days)[23] on respective diets, mice were treated with 

ODE (12.5%), LPS (100 ng) or sterile saline by daily intranasal inhalation daily for 5 days 

of the week for 3 weeks per established protocol [10]. Animals were maintained on 

respective high and low vitamin D supplemented diets. No mice exhibited respiratory 

distress or weight loss throughout the treatment period. Mice were euthanized 5 hours 

following the final exposure by intraperitoneal injection of 50 mg/kg of sodium 

pentobarbital (Nembutal; Abbott Labs, Chicago, IL). All experimental procedures were 

reviewed and approved by the Institutional Animal Care and Use Committee of the 

University of Nebraska Medical Center. All experimental protocols were also conducted in 

accordance with the NIH guidelines for the appropriate use of rodents.

Serum

Whole blood was collected from mice at the time of sacrifice by cut down to the axillary 

artery. Serum 25-hydroxy vitamin D levels were quantified by an enzyme immunoassay 

(Immunodiagnostic Systems, Scottsdale, AZ). Serum calcium levels were quantified by a 

colorimetric calcium detection kit (Abcam, Cambridge, MA). Serum interleukin (IL)-6 was 

quantified according to manufacturer’s instructions using a Quantikine enzyme-linked 

immunosorbent assay kit (R&D Systems, Minneapolis, MN) with lower limit of detection of 

7.8 pg/ml.

Bronchoalveolar lavage fluid

Bronchoalveolar lavage fluid (BALF) was collected by whole lung lavage with 3 × 1 ml of 

sterile PBS as previously described [24]. Total cells were enumerated and spun onto slides 

with Cytopro cytocentrifuge (Wescor, Logan, UT) and stained with DiffQuick (Dade 

Behring, Newar, DE). Cell counts were determined by the differential ratio of cell types in 

200 cells per slide per animal.

Lung cytokine assays

Cytokine profiles were characterized in lung homogenates as previously described [25]. 

Briefly, after removal of BALF, the chest cavity was opened and the right ventricle was 

infused with 10 mL of sterile PBS with heparin to remove blood from the pulmonary 

vasculature. Lung homogenates were prepared by homogenizing ½ lung samples in 500 µl 

of sterile PBS, and 50 µl of cell-free homogenate was analyzed in duplicate by a custom 

protein multiplex immunoassay array for TNF-α, IL-6, IL-17A, IFN-γ, IL-10, IL-4, and IL-2 

according to manufacturer’s instruction (BD Biosciences, San Jose, CA), with the lower 

limit of detection in pg/ml of 0.9, 1.4, 0.8, 0.5, 16.8, 0.03, and 0.1, respectively. IL-1β levels 
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were quantified according to manufacturer’s instruction using a Quanitkine enzyme-linked 

immunosorbent assay kit (R&D Systems, Minneapolis, MN) with the lower limit of 

detection of 12.5 pg/ml.

Lung histology

Whole lungs were excised after lavage and inflated to 20 cm H2O pressure with 10% 

formalin (Sigma) for 24 hours to preserve pulmonary architecture as previously described 

[10]. Lungs were processed, embedded in paraffin, and 4–5 µm sections were cut and 

stained with H&E. Slides were microscopically reviewed and semiquantitatively assessed by 

a pathologist blinded to the treatment assignment and scored using a previously published 

scoring system [10] for the degree and distribution of inflammatory changes reflected in the 

alveolar compartment, bronchiolar compartment, and lymphoid aggregate development.

Micro CT Analysis

Right hind limbs were excised and fixed in 4% paraformaldehyde at 4°C on a shaker for 48 

hours, washed and stored in 70% ethanol for micro-CT scanning. The right knee joint, 

including the distal femur and proximal tibia was scanned using high-resolution micro-CT 

(Skyscan 1172; Skyscan, Aartselaar, Belgium). X-ray projection images were acquired at a 

resolution of 4.8 µm. The X-ray source was set at 60 kV and 167 µA with a 0.5 mm thick 

aluminum filter with an exposure time of 530 milliseconds. X-ray scanning was performed 

at 0.7° intervals and six average frames were obtained for each rotation. NRECON 

(Skyscan) software was used to reconstruct scanned images. Analysis was done on the 

stacked reconstructed images using CTAn (Skyscan) software and was focused on the 

trabecular bone (1.44 mm distance) in the metaphyseal region of the distal femur and 

proximal tibia using specific thresholds for each animal across the different groups. This 

approach utilizing long, weight-bearing bones differs from a prior study [11], in which the 

calcaneus (ankle bone, 0.36 mm distance) from mice fed a normal rodent chow diet 

consisting of 4.02 IU/gm of 1,25-(OH)2D3 was analyzed. Online Resource 1 describes the 

specific bone parameters of the femur and tibia from those mice previously described [11].

The position of each bone (femur and tibia) was corrected using Dataviewer (Skyscan) 

software to assure proper orientation along the longitudinal axis. Growth plates were 

identified as the reference point and mineralized cartilage was excluded from analysis by 

starting 75 slices distal to the established reference point. Final analysis in the distal 

metaphyseal femur and proximal metaphyseal tibia was done on a volume of interest (VOI) 

of 300 slides representing a distance of 1.44 mm (300 × 4.8 µm), for which an interpolated 

region of interest (ROI) was manually drawn to exclude the cortical shell. CT-Vox 

(Skyscan) and CT-Vol (Skyscan) software was used to construct two- or three-dimensional 

(2D/3D) images for the visual representation of the results.

The following 3D parameters were measured for trabecular bone in both distal femur and 

proximal tibia metaphysis: bone mineral density (g/mm3), percent bone volume (bone 

volume to tissue volume ratio, %), specific bone surface (bone surface to bone volume ratio, 

mm−1). Bone structural connectivity was analyzed by measuring trabecular pattern factor in 

3D [26–27] and average object area/slice in 2D (measurement of small fragmented objects) 
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[27]. Trabecular micro-architecture was studied using parameters including trabecular 

thickness (mm) trabecular number (mm−1), and trabecular separation (mm). Collectively, 

the quantitative and qualitative parameters that would indicate bone loss or deterioration 

include decreases in bone mineral density, percent bone volume, trabecular thickness, 

trabecular number and average area per object and specific bone surface. Increases in 

trabecular pattern factor and trabecular separation are associated with bone loss. Further 

detailed measurement methods for these bone parameters can be found on the Skyscan 

website (www.skyscan.be).

Bone Histology

Following high resolution micro-CT scanning, formalin fixed hind limbs were dissected to 

remove any soft tissue and tibia bone was collected to perform bone histology. Excised 

bones were decalcified in 15% ethylenediaminetetraacetic acid on a shaker at 4°C for 

approximately 3 weeks. The decalcification solution was changed every 2 days. After 

decalcification, the bones were processed, embedded, sectioned (4–5µm), and stained. To 

corroborate our micro-CT findings by histology, bone sections were H&E stained. To 

visualize the organic extracellular bone matrix (ECM), which is predominantly collagen 

type I (90%) in decalcified bones, a modified Masson trichrome (MMT) stained was utilized 

[28]. We also performed tartrate resistant acid phosphatase (TRAP) staining to identify 

bone-resorbing multinucleated TRAP+ osteoclasts [29]. Stained slides were scanned with an 

iScan Coreo digital pathology slide scanner (Ventana, Tucson, AZ) by the Tissue Sciences 

Facility at the Department of Pathology and Microbiology (University of Nebraska Medical 

Center, Omaha, NE) and converted into digital format.

Statistical Methods

Data are presented as the mean ± standard error of mean (SEM). To detect significant 

changes between groups, a one-way analysis of variance (ANOVA) was utilized and a post-

hoc test (Tukey/LSD) was performed to account for multiple comparisons if the p value was 

less than 0.05. All statistical analysis was performed using SPSS software (SPSS, Chicago, 

IL, USA) and statistical significance accepted at p < 0.05.

RESULTS

Serum levels of vitamin D, but not calcium, differed between high and low vitamin D 
treatment groups

Animals fed a high vitamin D (~10 IU D/gm) supplemented rodent chow diet demonstrated 

an approximate 10-fold increase in serum 25-hydroxy vitamin D levels compared to animals 

fed a low vitamin D (~1 IU D/gm) supplemented diet (Table 1). There were no differences 

in serum calcium levels across treatment groups. These studies indicate that a substantial 

difference was achieved in serum vitamin D levels between high versus low vitamin D 

treatment groups, but that treatment with ODE and LPS did not alter serum vitamin D levels. 

Importantly, there was no evidence of adverse changes in calcium homeostasis.
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Effects of high dietary vitamin D supplementation on airway inflammatory consequences 
following repeated exposures to ODE or LPS

Previous studies demonstrated that supplemental dietary vitamin D reduced airway 

inflammatory neutrophil influx and neutrophil chemoattractant production following an 

acute or one-time exposure to ODE in mice [30]. In the present study, we investigated 

whether high dietary supplementation with vitamin D would reduce airway inflammatory 

responses following three weeks of daily, repetitive inhalant exposure to ODE or LPS. 

Consistent with previous work [10, 21], repetitive ODE treatment resulted in significant 

increases in total cell influx including neutrophils, macrophages, and lymphocytes (Figure 

1). Repetitive treatment with LPS also resulted in significant increases in total cell influx 

including neutrophils, and lymphocytes as compared to saline, but to a significantly lesser 

magnitude as compared to ODE treatment (Figure 1). However, there was no difference in 

the magnitude of ODE- or LPS-induced inflammatory cell influx with high vitamin D as 

compared to low vitamin D treatment groups, respectively (p>0.05).

Next, we determined whether high supplemental vitamin D would modulate the lung 

cytokine responses following repetitive saline, ODE, and LPS inhalant treatment. Consistent 

with prior work [25], repetitive ODE treatment induced a Th1/Th17 lung cytokine milieu 

marked by increased TNF-α, IL-6, IL-1β, IL-17A, and IFN-γ as compared to saline control 

treated animals (Figure 2). However, there were no significant differences in these cytokine 

levels between the ODE-treated high versus low vitamin D treatment groups (Figure 2). 

Repetitive treatment with LPS demonstrated different findings in comparison to ODE 

treatment and between the high and low vitamin D supplemented diets (Figure 2). Namely, 

repetitive LPS treatment induced lung TNF-α, IL-6, IL-1β production, which was most 

pronounced in the low vitamin D treatment group. The high vitamin D plus LPS treatment 

group demonstrated a diminished TNF-α and IL-1β response as compared to the low vitamin 

D plus LPS treatment group. Repetitive LPS treatment did not significantly increase IL-17A 

or IFN-γ production. Repetitive ODE, but not LPS, treatment induced IL-10 production, but 

there were no significant differences between high versus low vitamin D diet treatment 

groups. IL-2 and IL-4 levels were at the lower limit of the assay detection in all treatment 

groups (data not shown).

Finally, lung histopathology from the treatment groups was reviewed and scored. It has been 

well established that repetitive ODE treatment induces significant murine lung 

histopathologic changes marked by the development of lymphoid aggregates and significant 

increases in bronchiolar and alveolar compartment inflammation [10, 11]. Here, we also 

found that repetitive ODE-induced increased lung parenchymal histopathology (Figure 3). 

However, there was no difference by microscopic review between the low vitamin D plus 

ODE and high vitamin D plus ODE treatment groups. In addition, semi-quantitative 

inflammatory scoring revealed no difference in ODE-induced lymphoid aggregates, 

bronchiolar compartment, or alveolar compartment inflammation between low versus high 

supplemental vitamin D dietary treatment groups (data not shown). It has been previously 

demonstrated that repetitive LPS intranasal inhalation treatment at this same concentration 

results in subtle, but non-significant, increases in alveolar and bronchiolar inflammation 
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[11]. In these studies, we again found that repetitive LPS inhalant treatment (100 ng) did not 

result in a robust increase in lung parenchymal histopathologic effects (Figure 3).

Systemic bone loss induced by inhalant lung injury is protected by high vitamin D 
supplementation

The femur and tibia from the same treated animals described above were investigated for 

bone health consequences. In the low, but not high, vitamin D treatment groups, inhalation 

of ODE and LPS resulted in substantial bone loss. Figure 4 shows a representative 3D 

reconstructed image of the region of interest (ROI) of the knee joint from each treatment 

group. This ROI was utilized to quantify differences in specific bone parameters of the 

femur and tibia, and overall, findings were similar for the femur and tibia across treatment 

groups (Table 2). Focusing on the femur data (Table 2), there was a decrease in the BMD 

following ODE or LPS treatment as compared to the saline control treatment group in mice 

fed a low vitamin D diet. Animals fed the high vitamin D diet had significant increases in 

BMD as compared to the low vitamin D diet across exposure groups: saline (p = 0.016), 

ODE (p = 0.027) and LPS (p = 0.005). The greatest mean percent increase in BMD for high 

dose relative to low dose vitamin D fed animals was demonstrated in the LPS treatment 

group. There was also a significant decrease in the volumetric content of mineralized bone 

tissue as shown by percent bone volume in ODE (p = 0.025) and LPS (p = 0.023) treatment 

groups as compared to saline treated mice. High supplementation with vitamin D improved 

the bone volume loss, which was evident by significant increases in the percent bone volume 

for ODE (p = 0.029, 15% increase) and LPS (p< 0.001, 30% increase) treatment groups as 

compared to saline control.

Representing bone resorption, specific bone surface (BS/BV, mm−1) was increased in the 

LPS treated group as compared to ODE (p = 0.019) and saline (p= 0.001). High dietary 

vitamin D supplementation led to a minor improvement in bone resorption in saline and 

ODE groups, whereas in the LPS treated group, high vitamin D supplementation resulted in 

an significant (p = 0.001, 13%) decrease in bone resorption. Within the LPS treatment 

group, vitamin D supplementation also improved changes in structural connectivity. 

Specifically, inhalation of LPS resulted in significant increases in the trabecular pattern 

factor (p= 0.041) and decreases in the smaller fragmented objects (average object area/slice 

in 2D, p = 0.005) as compared to saline. High vitamin D supplementation improved the 

structural connectivity by decreasing the trabecular pattern disconnects (p= 0.001, 16 % 

decrease) and fragments (p = 0.001, 38 % increase) within the trabecular architecture. There 

was no difference in the ODE treatment groups for these structural connectivity bone 

parameters.

To further investigate the structural changes in trabecular morphology, we measured 

trabecular thickness, number, and separation across treatment groups (Table 2). Remaining 

focused on the femur, there was no significant difference in the trabecular thickness (p = 

0.054) as compared to saline, but the greatest decline in trabecular thickness was found in 

the LPS treatment group fed a low vitamin D diet. The trabecular number was also 

decreased for animals fed a low vitamin D diet and treated with ODE (p = 0.007) and LPS (p 

= 0.054) as compared to the respective saline group. Trabecular number was significantly 
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improved in animals fed a high vitamin D diet within saline (p = 0.006), ODE (p = 0.009) 

and LPS (p = 0.012) treatment groups. However, there was an increase in the gap between 

individual trabeculae, as measured by trabecular separation parameter. Interestingly, as 

compared to the saline treatment group, only ODE (p = 0.041) demonstrated a significant 

increase in trabecular separation in the low vitamin D treatment group.

It was previously reported that intranasal inhalation of ODE or LPS in animals fed a regular 

rodent chow diet with approximately 4 IU/g of 1,25 hydroxyvitamin D resulted in bone loss 

in the calcaneus [11]. In this present study, we investigated the distal femur and proximal 

tibia of those previously described mice and confirmed that there was also an overall 

deterioration of the trabecular bone quantity and quality in these long, weight-bearing bones 

(Online Resource 1).

Bone Histology

To complement the micro-CT results, we analyzed the proximal tibia for bone histology. 

Consistent with the micro-CT scan results, in animals fed the low vitamin D diet, trabecular 

bone volume (Figure 5A) and type I collagen in the extracellular matrix (Figure 5B) was 

decreased as compared to mice fed the high vitamin D diet. To determine whether 

osteoclasts were present, bone sections were stained for TRAP (Figure 6). TRAP+ 

osteoclasts were observed in the low vitamin D supplemented groups, and none or very few 

TRAP+ cells were found in the high vitamin D supplemented groups. This finding suggests 

that osteoclastic bone resorption in the ODE and LPS treatment groups might be eliminated 

or nearly eliminated by high vitamin D supplementation.

Serum IL-6 levels increased in the ODE and LPS treatment groups

To determine whether systemic mediators might play a role in the cross-talk between lung 

inflammation and bone loss, serum IL-6 was measured due to its established role in 

promoting osteoclastogenesis.(31) Repetitive intranasal inhalant treatments with ODE and 

LPS induced increased serum levels of IL-6 as compared to saline treated animals 

(p<0.001), but there was no significant difference between low versus high vitamin D 

treatment (p>0.05). There was also no significant difference between ODE and LPS 

treatment (p>0.05). Specifically, mean (SEM) serum IL-6 levels were as follows: low 

vitamin D diet + saline treatment: 0.55 (0.3); high vitamin D + saline treatment 0.4 (0.3); 

low vitamin D diet + ODE treatment 11.1 (3.6); high vitamin D diet + ODE 7.5 (2.3); low 

vitamin D diet + LPS 12.6 (1.7); and high vitamin D diet + LPS 8.8 (1.7). TNF-α has also 

been implicated in osteoclastogenesis [31], but there was no discernible ODE or LPS 

treatment induced increase in serum TNF-α levels (data not shown).

DISCUSSION

Using our animal model system, we investigated the role for high vitamin D 

supplementation on potentially modulating the adverse airway and skeletal health effects 

induced by inhalation treatment with ODE and LPS. This study demonstrated that bone 

deterioration induced by repetitive inhalational exposure to ODE or LPS was prevented by 

high dietary vitamin D supplementation. The beneficial effect of the high vitamin D diet was 
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related to the extent of skeletal disease induced by ODE or LPS. However, high vitamin D 

supplementation did not significantly reduce the majority of airway inflammatory 

consequences induced following these repetitive inhalation exposures. This is the first 

animal study to our knowledge demonstrating a beneficial role for vitamin D in protecting 

against potential systemic skeletal health consequences induced by potent environmental 

inhalant bioaerosol exposures. Our findings might have musculoskeletal implications for the 

farming industry or endotoxin-enriched occupational settings, whereby shift workers 

employed in these indoor/enclosed settings may lack sunlight exposure or dietary vitamin D 

fortification. Prophylactic dietary supplementation of vitamin D might possibly be a 

reasonable recommendation to promote skeletal health of at-risk workers.

These data demonstrated that high vitamin D supplementation in animals prevented the 

adverse skeletal health consequences induced following inhalant ODE or LPS treatments. 

The high vitamin D supplementation diet resulted in serum vitamin D levels that are 

obtainable in terms of human supplementation, whereby some experts recommend aiming 

for serum vitamin D levels above 40 ng/ml [32]. The beneficial effect of vitamin D might be 

explained by a reduction in bone resorption, possibly through reducing osteoclasts. The 

salutary effects on bone health with supplementation of high vitamin D, particularly in lieu 

of normal serum calcium levels, suggest a role for vitamin D on maintaining normal osseous 

tissue homeostasis (i.e. inducing mineralization and deposition). Recent human and animal 

studies support this explanation by showing that active vitamin D compounds increase bone 

mass and decrease fracture risk, primarily by suppression of bone resorption [33,34]. 

Vitamin D is an osteotropic hormone involved in regulating bone homeostasis, which is a 

tightly regulated physiologic process between bone-forming osteoblasts and bone-resorbing 

osteoclasts. Vitamin D has been described to inhibit osteoclasts through several 

mechanisms. Vitamin D can inhibit osteoclastogenesis indirectly by either decreasing 

expression of receptor activator of nuclear factor κ B ligand (RANKL) from osteoblasts [34, 

35] or by increasing the expression of osteoprotegerin [36], an inhibitor of osteoclast 

maturation. Vitamin D can also act by suppressing various transcription factors required for 

osteoclast maturation including c-fos [37] and nuclear factor of activated T cells, 

cytoplasmic 1 (NFATc1) [38]. Our studies would support an inhibitory role for vitamin D on 

osteoclasts because animals fed the high vitamin D diet had little evidence of TRAP+ 

osteoclasts, which were instead, prominently found in animals fed the low vitamin D diet 

and challenged with ODE or LPS (Figure 6).

It has been previously reported that non-LPS components within the dust such as bacterial 

peptidoglycans are important drivers of large animal confinement ODE-induced airway 

inflammatory consequences [22, 39, 40]. Others have made similar conclusions based on 

studies focused on dust sample analysis (culture-independent approaches) [41, 42], rodent 

modeling [43], human genetic polymorphism studies [44], and human inhalation challenge 

studies [45], However, LPS remains present in complex organic dust [22], and as reported 

by Dusad et al., the degree of lung injury and bone loss is discordant between ODE and LPS 

[11]. Namely, inhalant LPS induced the greatest bone loss with minimal induction of 

adverse lung histopathology, whereas inhalant ODE resulted in worsened lung 

histopathology and significant bone loss. Similar findings were again demonstrated in this 

present study, which might suggest that various inhalant exposures might regulate the 
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airway injury-bone disease inflammatory axis through differing mechanisms. Although we 

speculate that inhalant ODE is indirectly causing bone loss through a robust airway 

inflammatory response, it is possible that LPS is escaping into the circulation to directly 

affect bone health, which will be explored in future studies. Interestingly, supplementation 

with high concentration vitamin D protected against bone loss following either ODE or LPS 

inhalant treatments.

High vitamin D supplementation failed to significantly reduce airway inflammation 

following repetitive inhalation treatment to ODE or LPS. The explanation for why vitamin 

D did not reduce airway inflammatory outcomes may be several-fold. Most likely it is that 

the immunomodulatory immune effects described for vitamin D were unable to overcome 

the strong and repeated inflammatory stimulus of potent environmental inflammatory 

agents. It is possible that there could be a role for vitamin D supplementation following less 

potent, respirable environmental inflammatory agent exposures. Others have shown that an 

important immunomodulatory effect of vitamin D is by increasing T-regulatory cells and 

IL-10 production [46], which has been, in part, hypothesized for a potential role for vitamin 

D and difficult-to-control asthma. Although non-significant, our studies found a slight 

increase in lung IL-10 levels in animals fed a high vitamin D diet and treated with ODE. 

Thus, it might also be warranted to determine whether vitamin D supplementation plays a 

role in post-airway inflammatory homeostasis. Nonetheless, our findings of bone protection 

without evidence of major airway disease protection with vitamin D treatment might have 

important implications for future airway inflammatory disease studies. Whereas several 

studies have found associations with low vitamin D levels and either adverse asthma or 

COPD outcomes [18, 19], interventional studies with add-on vitamin D treatment have been 

largely disappointing to date [47]. For example, a relatively large, randomized, placebo-

controlled human interventional study found no significant improvement for vitamin D3 

supplementation in reducing treatment failures or exacerbations in adults with asthma and 

vitamin D insufficiency [20]. The study authors’ conclusions were that their findings did not 

support a strategy of therapeutic vitamin D supplementation in symptomatic asthma. Based 

upon our animal study findings, there still might be an important role for vitamin D in 

patients with symptomatic and/or chronic airway diseases as a bone protective strategy. A 

role for vitamin D in other extrapulmonary manifestation could also be considered.

In conclusion, high vitamin D supplementation protected mice against bone loss, but not 

airway inflammation, following inhalant ODE or LPS treatments. These findings suggest 

that vitamin D supplementation might have implications for skeletal health consequences 

following inflammatory bioaerosol-induced lung diseases. Furthermore, it might be 

warranted for future studies investigating a role for vitamin D in chronic airway diseases to 

include bone mineral investigations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. High vitamin D did not reduce airway cellular influx induced following inhalant 
organic dust extract (ODE) or lipopolysaccharide (LPS) treatment
Results represent (mean±SEM) of bronchoalveolar lavage (BALF) total cell counts and 

differential. Statistical significant differences denoted by asterisks (*p<0.05, **p<0.01, 

***p<0.001) as compared to representative saline control. Statistical significant differences 

between ODE and LPS treatment groups as indicated by line. N=mice/group: saline, 12; 

ODE, 8; and LPS, 4.
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Figure 2. Effect of high vitamin D on lung cytokine responses induced following inhalant organic 
dust extract (ODE) or lipopolysaccharide (LPS) treatment
Cytokine profiles associated with T cell subsets from cell-free supernatants of half lung 

homogenates by protein multiplex immunoassay are shown. Results represent (mean±SEM) 

with statistical significant differences denoted by asterisks (***p<0.01, ***p<0.001) versus 

respective saline control and number signs (#p<0.05, ###p<0.001) demonstrate differences 

between respective low vs. high vitamin D diet. Statistical significant differences between 

ODE and LPS treatment groups as indicated by line. N=mice/group: saline, 12; ODE, 8; and 

LPS, 4.
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Figure 3. Murine lung histopathology with low versus high vitamin D diet following inhalant 
treatment with saline, organic dust extract (ODE), and lipopolysaccharide (LPS)
A representative 4- to 5-µm-thick section (H&E stained) of one mouse per treatment group 

(N-mice/group: saline 12; ODE, 8, LPS, 4) is shown at 10X magnification with line scale 

representing 100 µm.
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Figure 4. High vitamin D protects against inhalant ODE and LPS induced bone loss
Left panel represents 2D image of distal femur and proximal tibia with dotted rectangle 

indicating region of interest where 3D reconstructed images and micro-CT analysis was 

performed. Main panel shows a representative 3D reconstructed image of distal femur and 

proximal tibia from one mouse per treatment group (saline 12; ODE 8; LPS 4). Note the 

substantial loss of trabecular and cortical bone in the low vitamin D plus ODE or LPS 

treatment groups.
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Figure 5. Bone histopathology effects of high versus low vitamin D diet following inhalant 
treatment with ODE and LPS
Sections of one mouse per treatment group (saline 12; ODE 8; LPS 4) were stained with 

H&E (A) and modified Masson’s (B) and shown at 2X magnification. Note the loss of blue 

color staining indicative of type I collagen in the extracellular matrix of animals fed a low 

vitamin D diet. Black dotted box represents region of staining for TRAP+ osteoclasts shown 

in Figure 6.
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Figure 6. High vitamin D supplementation reduces TRAP+ multinucleated, bone-resorbing 
osteoclasts
Sections of one mouse per treatment group were stained for tartrate resistant acid 

phosphatase (TRAP), which gives the characteristic magenta color. TRAP+ osteoclasts are 

circled.
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Table 1

Serum calcium and 25-hydroxyvitamin D levels in mice fed a low (1 IU D/g) and high (10 IU D/g) vitamin D 

rodent chow diet. Animals placed on respective diet for 5 weeks after weaning and maintained on diet during 

daily saline, organic dust extract (ODE) or lipopolysaccharide (LPS) intranasal inhalation treatments for 3 

weeks.

Serum Calcium
µg/mL

Serum Vitamin D
ng/mL

Low Vitamin D Diet + Saline Treatment 0.83 (0.08) 6.95 (0.34)

High Vitamin D Diet+ Saline Treatment 0.99 (0.17) 83.0 (7.78)***

Low Vitamin D Diet + ODE Treatment 1.09 (0.21) 7.44 (0.41)

High Vitamin D Diet + ODE Treatment 0.83 (0.46) 74.63 (7.03)***

Low Vitamin D Diet + LPS Treatment 0.96 (0.15) 5.4 (0.27)

High Vitamin D Diet + LPS Treatment 1.0 (0.26) 62.48 (3.53)***

Mean ± SEM are shown. Asterisks (***p<0.001) denote statistical significance between respective low vs. high vitamin D treatment groups. No 
difference in serum calcium levels between groups. Saline is N=12 mice/group, ODE is N=8 mice/group, and LPS is N=4 mice/group combined 
from independent studies.
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