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Skeletal health consequences associated with chronic inflammatory
respiratory disease, and particularly chronic obstructive pulmonary
disease (COPD), contribute to overall disease morbidity. Agricultural
environmental exposures induce significant airway diseases, including
COPD. However, animal models to understand inhalant exposure—
induced lung injury and bone disease have not been described. Using
micro—computed tomography (micro-CT) imaging technology and his-
tology, bone quantity and quality measurements were investigated in
mice after repetitive intranasal inhalation exposures to complex organic
dust extracts (ODEs) from swine confinement facilities. Comparison
experiments with LPS and peptidoglycan (PGN) alone were also per-
formed. After 3 weeks of repetitive ODE inhalation exposure, significant
loss of bone mineral density and trabecular bone volume fraction was
evident, with altered morphological microarchitecture changes in the
trabecular bone, compared with saline-treated control animals. Tor-
sional resistance was also significantly reduced. Compared with saline
treatment, ODE-treated mice demonstrated decreased collagen and
proteoglycan content in their articular cartilage, according to histopa-
thology. Significant bone deterioration was also evident after repetitive
intranasal inhalant treatment with LPS and PGN. These findings were
not secondary to animal distress, and not entirely dependent on the
degree of induced lung parenchymal inflammation. Repetitive LPS
treatment demonstrated the most pronounced changesin bone param-
eters, and PGN treatment resulted in the greatest lung parenchymal
inflammatory changes. Collectively, repetitive inhalation exposures to
noninfectious inflammatory agents such as complex organic dust, LPS,
and PGN resulted in bone loss. This animal model may contribute to
efforts toward understanding the mechanisms and evaluating the ther-
apeutics associated with adverse skeletal health consequences after
subchronic airway injury.
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The systemic consequences of chronic inflammatory airway dis-
eases are increasingly recognized for their contributions to
overall disease morbidity (1, 2). In patients with chronic ob-
structive pulmonary disease (COPD), an increased prevalence
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of osteoporosis and of low bone mineral density (BMD) is ev-
ident (2-4). Although risk factors such as low body mass index,
sex, age, steroid use, cigarette smoking, and severity of obstruc-
tion have been associated with bone loss, low BMD in obstruc-
tive lung disease has also been demonstrated to occur independent
of these established risk factors or severity of obstruction (3, 4).
This observation implicates a pathogenic association between air-
way disease and bone mineralization. However, animal models
and/or mechanisms to explain this relationship between inflamma-
tory lung disease and bone loss are lacking, and would be impor-
tant in the development of novel therapies to prevent or stop
disease progression.

Previously, our group characterized the airway inflamma-
tory response after repetitive exposures to animal-confinement
(e.g., swine) organic dusts and their components in an animal
model, for a better understanding of the mechanisms underlying
inhalant-induced lung injury in exposed workers (5, 6). Agricul-
tural environmental exposure has been recognized as an inde-
pendent risk factor for asthma symptoms, chronic bronchitis,
and COPD development in humans (7). Farming is also a known
occupational hazard for developing musculoskeletal diseases
such as osteoarthritis (OA) and rheumatoid arthritis (RA) (8-12).
The organic dust exposure is complex, involving a wide diversity
of microbial motifs (e.g., peptidoglycans [PGNs] and endotoxin)
and particulate matter, which elicit airway inflammatory responses
in mice (7, 13). Namely, repetitive organic dust exposures induce
the development of lymphoid aggregates and peribronchiolar/
vascular inflammation, comprised of T and B lymphocytes and
macrophages with associated neutrophil recruitment (5, 14, 15).
Although LPS remains an important component, the inflamma-
tory lung response is not entirely dependent on LPS (6, 16), and
moreover, Gram-positive components, including PGN (7, 13, 17),
appear to be the major factors driving lung consequences. How-
ever, the systemic effects of bone disease after repetitive inhalant
exposure to organic dust and its main components, LPS and
PGN, have not been described.

Based on the collective evidence for the association of chronic
airway inflammatory diseases with bone and musculoskeletal dis-
eases, we hypothesized that bone-related systemic consequences
would occur in an organic dust-induced airway disease animal
model. To test this hypothesis, C57BL/6 mice were repetitively
treated with organic dust extract (ODE) according to an estab-
lished protocol for 3 weeks, whereupon the legs of the mice
were excised and investigated for BMD and other structural
bone parameters via micro-computed tomography (micro-CT)
imaging and histology. Because our studies demonstrated a sig-
nificant loss of bone density and volume along with the mor-
phologic deterioration of bone tissue after repetitive ODE
exposures, comparison experiments with intranasal inhalant
exposures to LPS and PGN (important microbial products in
the organic dust and other exposure environments) (18) were
also undertaken. Repetitive inhalant exposures to LPS and
PGN alone also resulted in significant bone loss. This study
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strongly suggests that this animal model may be important for
future studies investigating the mechanisms and preventative
and/or treatment options of generalized bone loss and disease
after repetitive inflammatory inhalant exposures.

MATERIALS AND METHODS

Bioaerosol Agents

Aqueous ODE was collected and prepared as previously described (14),
and as described in the online supplement. To broaden the applicability
of systemic ODE-induced lung injury bone consequences, comparison
experiments were performed with LPS (100 ng per 30 wl, which is
approximately double the concentration of detectable LPS in 12.5%
ODE, from Escherichia coli O55:B5; Sigma Chemical Co., St. Louis,
MO) and Staphylococcus aureus PGN (100 pg per 30 pl; Sigma Chem-
ical Co.), which also remains consistent with our previous work com-
paring ODE-induced responses to PGN (6).

Animal Model

Male C57BL/6 mice (6-8 wk old, purchased from the Jackson Laboratory,
Bar Harbor, ME) received an intranasal inhalation of sterile saline
(PBS), 12.5% ODE, LPS (100 ng), and PGN (100 pg), according to
an established protocol (6) daily for 3 weeks, with weekends excluded.
No mice exhibited respiratory distress throughout the treatment pe-
riod. All animal procedures were approved by the Institutional Animal
Care and Use Committee at the University of Nebraska Medical Cen-
ter, according to National Institutes of Health guidelines for the use of
rodents.

Micro-CT Analysis

After repetitive inhalational exposures, the mice were killed 24 hours
after the final exposure. Hind limbs were isolated/dissected above the
ankle and fixed in 10% buffered formalin for 48 hours. Owing to its
high-resolution imaging and nondestructive approach, micro-CT is
considered the gold standard for analyzing and quantifying three-
dimensional (3D) changes in bone morphology (19). Scanning details
and analysis details using the micro-CT system (SkyScan 1172; SkyScan,
Aartselaar, Belgium) are described in the online supplement.

Histopathology

Bones. After micro-CT imaging, formalin-fixed hind limbs were decal-
cified in Immunocal (American MasterTech Scientific, Lodi, CA) (20).
Hind limbs were processed, sectioned (4-5 pm), and stained with he-
matoxylin and eosin. Articular cartilage morphology and proteoglycan
content were studied using safranin O/fast green (SOFG) staining.
Because imaging modalities fail to quantify changes in the organic
component of extracellular bone matrix, of which more than 90% is
collagen (21), we used previously described modified Masson staining
to investigate collagen deposition. Slides were scanned with an iScan
Coreo Au 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 for further analysis and quantification.

Lungs. Whole lungs were excised and inflated to 20 cm H,O pressure
with 10% formalin (Sigma Chemical Co.) to preserve the pulmonary
architecture. Entire lung sections (4-5 pm) were semiquantitatively
assessed for their degree of inflammation and for the distribution of
inflammation by a pathologist blinded to the treatment conditions and
using a previously described scoring system (5, 6). For each inflamma-
tory parameter, an independently assigned value from 0-3 was given,
with higher scores indicating greater inflammatory changes in the lung.

Statistical Methods

Data are presented as means = SDs or as SEMs, as indicated. Statistical
analyses were performed using the Student ¢ test or two-tailed Mann-
Whitney test, with one-way ANOVA and the Tukey post hoc test as

appropriate. All statistical analyses were performed using SPSS soft-
ware (SPSS, Inc., Chicago, IL), and significance was set at P < 0.05.

RESULTS

Inhalant Exposures Were Well-Tolerated

During all experimental studies, a gradual increase was evident
in the body weight of all animals in all treatment groups. Specif-
ically, mice treated with saline gained an average of 1.4 g (SD,
0.55 g), ODE-treated mice gained an average of 1.6 g (SD, 0.77 g),
LPS-treated mice gained an average of 0.8 g (SD, 0.51 g), and
PGN-treated mice gained an average of 2.3 g (SD, 0.63 g). Al-
though animals in the LPS treatment group gained less weight
compared with the other treatment groups, these differences
were not statistically significant (P > 0.05). Animals in all groups
showed normal activity levels, with no signs of sickness, distress,
or restricted mobility.

Intranasal Inhalation of Organic Dust Causes Significant
Bone Loss

After 3 weeks of repetitive intranasal inhalational exposure to
ODE, changes in the BMD, volume, and morphology of the tra-
becular bone were evaluated in the distal calcaneus using micro-
CT in comparison with saline-treated animals (Figures 1 and 2).
Our two-dimensional (2D)-reconstructed (Figure 1A) and 3D-
reconstructed (Figure 1B) CT images indicated clear evidence
of trabecular as well as cortical bone loss. Parameters describing
both bone quantity and quality between groups were determined
as described in the online supplement. Compared with the saline
treatment group, mice treated with ODE showed a significant
loss of BMD (Figure 2A; P = 0.002, n = 4 mice/group). This loss
of mineralization was also accompanied by a significant decrease
in the total trabecular bone volume fraction (BV/TV; P = 0.003)
in the ODE treatment group, s compared with saline-treated
animals (Figure 2B). In addition, ODE-treated animals also dem-
onstrated a significant increase in their specific bone surface (BS/
BV; P = 0.004), indicating increased bone resorption (Figure 2C).

ODE treatment also resulted in altered morphological changes
in the microarchitecture and structure of the trabecular bone (Fig-
ures 2C-2H). A significant decrease in trabecular thickness (Tb
Th, mm; P = 0.010) and trabecular number (Tb N, mm L P =
0.006), and an increase in trabecular separation (Tb Sp, mm; P =
0.028), was found in the ODE-treated animals, compared with
the saline control mice, which indicates substantial deterioration
of the trabecular microarchitecture. A significant increase of rod-
like trabecular structures was also evident, as shown by an in-
creased structural model index (SMI, +420%; P = 0.002) after
ODE treatment when compared with the saline control animals.
The SMI represents the transition of a normal plate-like structure
(SMI = 0) into a rod-like trabecular structure (SMI = 3) (22).
Repetitive ODE treatment also resulted in a significantly discon-
nected trabecular bone structure, as shown by the trabecular
pattern factor (Tb Pf, +325%; P = 0.003). Collectively, an in-
crease in both SMI and Tb Pf suggests that the inhalational lung
injury caused by ODE exposure induced significant bone loss in
the trabecular structure (23-25).

Bone mechanical properties can be estimated by the polar
moment of inertia (MMI, mm4), a measure of torsional resis-
tance (26), which is an indicator of the deterioration of bone
quantity and quality. Indeed, repetitive ODE treatment resulted
in a significant loss of mechanical properties, as estimated by
the MMI (—43%; P = 0.003), compared with saline treatment
(Figure 2I).
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Bone Histology

To corroborate the CT findings, bone histomorphometric changes
were investigated, and the results confirmed our micro-CT find-
ings. Trabecular bone volume was decreased in the distal calca-
neus and cuboidal bones after ODE treatment, compared with
saline treatment (Figure 3). A higher degree of cellular infiltrate
in the marrow cavity of the ODE treatment group was also ob-
served, in comparison with the saline control animals. The artic-
ular cartilage of the calcaneo-cuboidal joint was examined using
the SOFG stain, which demonstrated a lack of uniformity and
a loss of proteoglycan content in ODE-treated mice compared
with saline-treated mice (Figure 3). Using modified Masson stain-
ing for collagen experiments, mice treated with ODE demon-
strated depleted collagen content of the calcaneus (Figure 3),
suggesting a loss of organic bone matrix. Consistent with the
micro-CT findings, a decreased cortical thickness of the calcaneus
was also evident in all stained bone sections (Figure 3).

Repetitive Inhalation Treatment with LPS and PGN Results
in Bone Loss

Because ODE intranasal inhalation treatment resulted in signif-
icant bone loss, we investigated the effects of intranasal inhala-
tions of LPS and PGN alone in side-by-side experiments with
ODE (and saline control) to further delineate important inhala-
tion agents potentially mediating the observed bone response
with ODE. Confirming earlier findings (Figures 1 and 2),
micro-CT analysis showed significant bone deterioration after
ODE treatment group (Table 1 and data not shown), but we
also found significant bone loss after LPS and PGN treatment,
compared with saline treatment (Table 1 and Figure 4). These
differences between groups were quantitated, as shown in Table
1. To summarize, significant loss in bone density and volume

Figure 1. Bone loss after re-
petitive treatment with or-
ganic dust. (A) Representative
two-dimensional (2D) images
(1 of 4 animals per group,
top) of ankles in animals repet-
itively treated for 3 weeks with
intranasal saline (control) and
organic dust extract (ODE),
with coronal and transaxial
images of the calcaneus (bottom).
Dotted red line on the coronal
view represents the transaxial
cut. Dotted red arrows indicate
the cross-section. Note the
substantial loss of trabecular
bone in the distal calcaneus
of the ODE-treated group. (B)
Three-dimensional (3D) recon-
structed images from the saline-
treated and ODE-treated groups
(top). Reconstructive images are
shown of region of interest (cir-
cle) in the distal calcaneus, where
micro-computed  tomography
(micro-CT) analysis was per-
formed, along with the proxi-
mal cortical bone (rectangle,
bottom). Note the substantial loss
of cortical bone represented as
cortical thinning (double arrow)
in both 2D and 3D images.

was observed in the ODE-treated, LPS-treated, and PGN-treated
groups, compared with the saline group. Mean specific bone sur-
face was increased after ODE (P = 0.053), LPS (P = 0.006), and
PGN (P = 0.327) treatments when compared with saline treat-
ment. The mean trabecular thickness was decreased in the ODE,
LPS, and PGN groups, compared with the saline group. Trabec-
ular numbers were significantly reduced in the ODE, LPS, and
PGN treatment groups compared with the saline group, with no
significant differences between exposed groups. Trabecular struc-
tural changes, as indicated by SMI and Tb Pf, were found to be
significantly increased in the ODE, LPS, and PGN treatment
groups, compared with the saline group. Torsional resistance
was also significantly decreased after ODE, LPS, and PGN treat-
ment, compared with the saline group. Interestingly, LPS treat-
ment demonstrated the most pronounced bone deterioration, and
statistically significant differences were found in BMD, BV/TV,
BS/BV, Tb Th, and MMI in comparison with PGN treatment
(Table 1).

Lung Inflammation after Repetitive Treatment with ODE,
LPS, and PGN

Previously, we established that repetitive intranasal inhalations
of ODE and PGN result in lung histopathologic changes, marked
by the development of lymphoid aggregates and increased al-
veolar and bronchiolar compartment inflammation (5). In the
present study, lungs from the same mice used in the bone experi-
ments depicted in Figure 4 and Table 1 were processed and hema-
toxylin and eosin-stained (Figures SA-5D), and semiquantitatively
assessed for inflammatory changes (Figure SE). Consistent with
our previous work (5, 6), repetitive ODE and PGN treatment
resulted in significant increases in all inflammatory parame-
ters, including lymphoid aggregates and alveolar and bronchiolar
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Figure 2. Repetitive ODE inhalation exposure results in decreased bone quality and quantity according to micro-CT imaging analysis. After 3 weeks
of repetitive intranasal inhalation treatment with saline (control) and ODE, the animals were killed, and their calcaneus bones were subjected to
micro-CT analysis. ODE induced significant changes in mean parameters of bone quality and bone quantity, as measured in the trabecular bone of
the distal calcaneus of these animals (n = 4/group). Specifically, differences in (A) bone mineral density (BMD), (B) bone volume to tissue volume
ratio (BV/TV), (C) bone surface to bone volume ratio (BS/BV), (D) trabecular thickness (Tb Th), (E) trabecular number (Tb N), (F) trabecular
separation (Tb Sp), (G) structural model index (SMI), (H) trabecular pattern factor (Tb Pf), and (/) the polar moment of inertia (MMI) are
shown. Error bars represent SDs. *P < 0.05 and **P < 0.01 indicate statistical significance (Student t test) between saline-treated and ODE-

treated mice.

compartment inflammation, compared with saline-treated ani-
mals. However, repetitive LPS treatment resulted in subtle, but
nonsignificant, increases in alveolar and bronchiolar compartment
inflammation. Overall, PGN treatment resulted in the most pro-
nounced lung parenchymal inflammatory changes, and statistically
significant differences were found in all inflammatory parameters
in comparison with LPS treatment (Figure SE).

DISCUSSION

This study demonstrated significant bone loss and disease after
repetitive inhalation exposure to complex ODE, LPS, and PGN
in mice. This was not secondary to animal distress or weight loss,
and was not entirely dependent on the degree of induced lung
parenchymal inflammation. Bone deterioration was marked by
adverse effects on the parameters of both bone quantity and
quality, which culminated in the loss of bone strength and me-
chanical properties. The findings demonstrated by micro-CT
were confirmed by bone histology, which also demonstrated de-
creased bone collagen and depleted proteoglycan within the
articular cartilage. Collectively, and to the best of our knowledge,
this is the first in vivo animal report to demonstrate that repet-
itive inhalation exposure to inflammatory agents such as organic
dust, LPS, and PGN causes bone loss. This animal model may
substantially contribute to understanding the mechanisms un-
derlying systemic manifestations of chronic, noninfectious lung
disease.

The substantial loss of bone quantity and the deterioration of
bone quality described are suggestive of osteoporosis (27, 28),
a known risk factor for fractures. Osteoporosis is defined not only
by low bone mass, but also by microarchitectural deterioration of
the bone tissue, which apart from BMD plays an important role
in defining the biomechanical properties of skeletal tissue (27,
29). In addition, the degradation of organic extracellular bone
matrix affects fracture fragility in osteoporosis (30). With the
emergence of newer imaging technologies (e.g., micro-CT imag-
ing), numerous studies have validated the importance of assessing
both bone quantity and quality to achieve an overall view of
skeletal health (27-29, 31, 32). Using this new and validated ap-
proach, our experiments revealed a significant depletion of bone
mass and disconnected trabecular structure with a predominance
of rod-like trabeculae and a loss of mechanical strength after re-
petitive inhalant exposure to ODE, LPS, and PGN.

Bone tissue maintains a homeostatic environment owing to
the synergy between osteoblasts (bone-forming) and osteoclasts
(bone-resorbing). Osteoclasts are multinucleated giant cells, dif-
ferentiated from the monocytic/macrophage lineage of hemato-
poietic precursor cells (33). In certain rheumatologic diseases
such as rheumatoid arthritis, localized and systemic inflamma-
tion causes an imbalance of this equilibrium, currently thought
to be secondary to increased osteoclast activity (34). In addition,
bacterial cell-wall components, including but not limited to LPS
and PGN, have been implicated in directly mediating inflam-
matory skeletal diseases, including periodontitis, arthritis, and
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Figure 3. Repetitive treatment with ODE results in bone loss parameters according to histopathology. After micro-CT imaging, right hind limbs from
mice exposed to saline (control) and ODE for 3 weeks were decalcified, sectioned, and stained. Sections of one mouse per treatment group were
stained with hematoxylin and eosin (A), safranin O/fast green (SOFG) (B), or modified Masson (D), and are shown at X2 magnification. (A) In
accordance with micro-CT data and images, note the decreased trabecular bone in the distal calcaneus (circle) after hematoxylin and eosin staining.
(B and C) Representative images of the calcaneo (Ca)-cuboidal (Cu) joint after SOFG staining at X2 (B) and x40 (C) demonstrate changes in
articular cartilage. Note the depletion of proteoglycan and loss of uniformity in the articular cartilage of the ODE treatment group (C2, bold red
arrows). (D) Modified Masson staining indicates loss of collagen in the ODE-exposed group (D2, bold red arrows). All images of the ODE treatment
group show a decreased cortical thickness of the calcaneus (A2, B2, and D2, double arrows indicate cortical thickness).

osteomyelitis (35, 36). During osteoclast differentiation, mod-
ulating the gene expression of Toll-like receptors (TLRs)
results in the predominant expression of TLR2 and TLR4
(33). Although both macrophage-colony stimulating factor
(M-CSF) and the receptor activator of the NF-kB ligand are
essential for osteoclastogenesis, studies have shown that LPS
and PGN affect osteoclastogenesis in a dose-dependent man-
ner (36, 37). Moreover, LPS through TLR4 recognition and
PGN through TLR2 recognition initiate an inflammatory cas-
cade (i.e., IL-1B, IL-6, and TNF-a release) via the activation of
NF-kB and mitogen-activated protein kinase, resulting in bone
resorption (33, 36, 37). In our findings of inhalational lung
injury-induced bone loss, the possibility exists that these bac-
terial components escaped into the systemic circulation to
affect skeletal health directly. However, lung-produced in-
flammatory mediators may also have escaped into the sys-
temic circulation, where they directly or indirectly activated
osteoclasts or disrupted the osteoclast—osteoblast equilibrium.

Indeed, others have shown that inflamed COPD lungs release
a variety of inflammatory mediators (e.g., IL-6 and granulocyte/
macrophage colony—stimulating factor) that promote the recruit-
ment of inflammatory cells into plaques affecting plaque stability,
resulting in cardiovascular disease (38-40). Future studies to
explore these various mechanisms underlying inhalational lung
injury-induced bone disease are warranted.

A divergence was evident between lung parenchymal inflam-
mation and degree of bone loss. Namely, the LPS exposure group
showed mild and nonsignificant changes in lung histopathology
(Figures 5C and 5E), and yet bone deterioration was greatest
in mice repetitively exposed to LPS (Table 1). In contrast, re-
petitive PGN treatments resulted in the greatest changes in lung
histopathology (Figures 5D and 5E), but the lowest amount of
comparable bone changes (Table 1). Although part of this re-
sponse may be attributable to the concentrations used, it is
more likely explained by the differing host effects induced by
these bacterial products. As previously reported (13) and
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TABLE 1. QUANTITATIVE OVERVIEW OF BONE LOSS ACCORDING TO MICRO-CT IMAGING

Parameter Saline (n = 3) ODE (n = 4) LPS (n = 4) PGN (n = 4) ANOVA (P Value)
Bone mineral density (g/mm?) 0.63 = 0.03 0.48 = 0.04* 0.43 + 0.02%F 0.53 = 0.06* 0.000
Percent bone volume 51.38 = 2.54 38.40 = 2.80* 34.65 = 1.86*" 43.50 = 5.46* 0.000
Specific bone surface (mm™) 39.95 + 4,13 48.07 *= 4.21 52.76 = 1.26*" 43.79 = 7.57 0.027
Trabecular pattern factor (mm™ -0.83 = 1.93 4.75 = 0.20* 4.75 + 1.92* 2.81 + 2.57* 0.008
Structural model index 0.53 £ 0.27 1.09 = 0.07* 0.95 = 0.15* 0.96 + 0.22* 0.012
Trabecular thickness (mm) 0.091 + 0.007 0.080 + 0.008 0.073 + 0.002*" 0.087 + 0.011 0.042
Trabecular number (mm™") 5.64 = 0.16 4.76 = 0.19* 4.73 + 0.26* 5.01 = 0.40* 0.005
Trabecular separation (mm) 0.11 £ 0.007 0.13 £ 0.005 0.12 = 0.004 0.12 £ 0.014 0.094
Polar moment of inertia (mm*) 0.0030 = 0.00010 0.0020 = 0.00017* 0.0017 *+ 0.00008*"* 0.0022 + 0.00027* 0.000

Definition of abbreviations: micro-CT, micro-computed tomography; ODE, organic dust extract; PGN, peptidoglycan.
*P < 0.05, TP < 0.05, and *P < 0.05 represent statistical significance versus saline, PGN, and ODE, respectively, using least significance difference (LSD) as post hoc test

for multiple comparisons within the groups. Data are represented as means = SDs.

described in the online supplement, the ODE used is a complex
biological agent comprised of particulate matter and significant
quantities of LPS and PGN (i.e., microbial components of
Gram-negative and Gram-positive bacteria, respectively). The
LPS dose chosen was double the amount detected in ODE, to
prevent an underestimation of its role. In addition, it was pre-
viously shown that LPS may not be a major driver of swine
confinement organic dust-induced lung inflammation. Specifi-
cally, TLR4-deficient mice were only minimally protected from
acute swine barn air-induced inflammation (16), and dust
scrubbed of LPS retains significant inflammatory potential (7,
13). Accumulating evidence suggests that PGN is a major driver
of animal confinement organic dust-induced lung inflammation,
because TLR2-deficient mice are significantly (but not com-
pletely) protected from acute and repetitive organic dust—
induced airway inflammation (6). Gram-positive bacteria are
also abundant in these agricultural environments (13, 17), and
moreover, TLR2 gene polymorphisms, but not TLR4 gene poly-
morphisms, were recently associated with lung function in work-
ers at swine operations (41). Thus, these current studies parallel

Saline

Saline

previous work demonstrating an important role for PGN in
mediating dust-induced lung inflammatory consequences. How-
ever (and importantly), these studies suggest that LPS may be
the critical component in mediating the systemic bone loss
consequences.

The lack of a comparable effect on bone health by PGN may be
explained by its multilayered and cross-linked rigid structure (42).
Owing to these unique structural characteristics, the inhalation of
PGN may affect the processing and clearance of this molecule in
the respiratory system. Indeed, others have shown that PGN
from S. aureus failed to induce arthritis when digested and frag-
mented (43), suggesting that only a part of these long-chained
structures has proinflammatory properties (44). Future studies
are warranted to dissect these potential mechanisms. Future lines
of epidemiologic research may also be needed to determine links
between occupational exposures and bone loss or fractures. Fur-
thermore, a clinical implication of this study involves the need to
promote the use of protective respiratory gear for workers in
agricultural and/or organic dust environments, to protect not only
their lungs, but also, potentially, their bones.

Figure 4. Repetitive inhalation
exposure to LPS and peptido-
glycan (PGN) results in bone
loss according to micro-CT im-
aging analysis. (A) Representa-
tive 2D images of ankle (top)
in animals (1 of 4 animals per
group) repetitively treated for
3 weeks with LPS, PGN, or
saline by intranasal inhalation
method, with coronal and
transaxial images of the calca-
neus (bottom). Dotted red line
on the coronal view represents
the transaxial cut. Dotted
red arrows indicate cross
section. (B) 3D reconstructed
images of one of four mice
per treatment group, i.e.,,
saline, LPS, and PGN (top).
Reconstructive images of re-
gion of interest (circle) are
shown in the distal calcaneus,
where micro-CT analysis was
performed, along with the
proximal cortical bone (rectan-
gle, bottom). Note the sub-
stantial loss of cortical bone,
represented as cortical thinning
(double arrow) in both 2D and
3D images.
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Figure 5. (A-E) Lung inflammation after repetitive treatment with ODE, LPS, and PGN. Mice were intranasally treated with saline control (A), ODE
(B, 12.5%), LPS (C, 100 ng), and PGN (D, 100 pg) daily for 3 weeks. A representative 4-5-pum-thick section (hematoxylin and eosin-stained) of one
of four mice per treatment group is shown at X10 magnification (A-D). (E) Mean semiquantitative distribution of inflammatory score of lung
lymphoid aggregates, alveolar inflammation, and bronchiolar inflammation in mice (n = 4 mice per group). Error bars represent SEs. Statistically
significant differences are denoted by asterisks (*P < 0.05, **P < 0.01, and ***P < 0.001), compared with saline treatment. #p < 0.05, #p < 0.01,
and ##p < 0.001 denote significant differences between groups, as indicated. One-way ANOVA was performed, with Tukey post hoc test com-

parison. Line scale represents 60 pum.

In conclusion, organic dust from swine confinement facilities
promoted systemic bone loss, with LPS playing a more substantial
role than PGN in terms of degrading skeletal health. However, in
the same animals, ODE and PGN showed considerable lung pa-
thology, with PGN alone demonstrating the most robust lung in-
flammatory response. Overall, this information suggests that the
inhalation of varying microbial motifs may affect lung (localized)
versus systemic consequences differently. With the use of micro-
CT imaging technologies, we anticipate that this animal model
demonstrating the intranasal inhalation of complex organic dust—
induced, LPS-induced, and PGN-induced bone loss could not only
be used to facilitate future mechanistic and interventional thera-
peutic studies, but could also be expanded to include other envi-
ronmental exposure agents that might affect skeletal health.
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