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Chronic obstructive pulmonary disease (COPD) is associated with an increased risk of fracture; however, the
mechanisms underlying skeletal fragility in COPD remain incompletely understood. In particular, it is unclear
whether bone deterioration is primarily attributable to physical inactivity or to intrinsic disease-related factors.
In this study, we investigated the effects of emphysema on bone quality under conditions of comparable open-
field-assessed spontaneous locomotor activity in an elastase-induced emphysema mouse model. Open-field-
assessed spontaneous locomotor activity, feed intake, water intake, urine volume, and fecal volume did not
differ between emphysema and control mice. In contrast, mice with emphysema exhibited impaired bone for-
mation, deterioration of trabecular bone microstructure, and reduced bone material properties, including altered
apatite c-axis orientation, the accumulation of advanced glycation end products, and increased bone brittleness.
Exploratory cap analysis of gene expression sequencing of pooled bone marrow samples provided hypothesis-
generating signals implicating mitochondrial and oxidative stress-related pathways. These results suggest that
emphysema is associated with skeletal deterioration despite comparable open-field-assessed spontaneous loco-
motor activity and provide new insight into the mechanisms underlying fracture risk beyond bone mineral
density in patients with chronic lung disease.

1. Introduction has been suggested in patients with COPD [8].
Risk factors for musculoskeletal disorders in patients with COPD
include aging, smoking, low body weight, physical inactivity, nutri-

tional deficits, vitamin D deficiency, hypogonadism, decreased respira-

Chronic obstructive pulmonary disease (COPD) is a lung disease that
causes airflow obstruction and chronic respiratory symptoms triggered

by long-term inhalation exposure to harmful substances, mainly smok-
ing, resulting in organ damage throughout the body in addition to
damage to the lungs [1,2]. COPD causes bone and muscle disorders such
as extrapulmonary lesions [3-5] and is a risk factor for osteoporosis and
fracture. The emphysema volume is negatively correlated with the bone
mineral density (BMD) of the thoracic spine [6], and the severity of
COPD is correlated with the BMD in each region [7]. In addition,
epidemiological studies on COPD and fracture risk have reported a BMD-
independent increase in fracture risk, and deterioration of bone quality

tory function, systemic inflammation, oxidative stress, hypoxia and
glucocorticoid use [9]. As described in the “Clinical Practice Guide on
Fracture Risk in Lifestyle Diseases”, the detailed pathological/molecular
mechanisms of musculoskeletal complications in patients with COPD are
unknown, and basic research is needed to elucidate these mechanisms
[10]; however, verification in animal models and human bone biopsies
has been limited, and the essential pathogenesis has not been elucidated.

We reported bone loss with decreased bone formation, muscle fiber
atrophy and a shift in type from type I to type II muscle fibers in mice
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with emphysema induced by intratracheal elastase administration and
reported that these findings were similar to the clinical picture in
middle-aged and elderly patients with COPD [11,12]. We considered it
appropriate to use a model to exclude general factors influencing bone
metabolism and to investigate the effects of COPD/emphysema on bone;
however, the spontaneous activity levels in this model were not evalu-
ated. In addition, the material properties, which are the foundation of
bone quality, have not been investigated.

In elastase-induced mice with emphysema, which are a model of
relatively mild emphysema, we believe that spontaneous activity is not
reduced. We hypothesized that mice with emphysema would demon-
strate deterioration of bone quality (bone microstructure, bone meta-
bolic dynamics, and material properties) even in the absence of
detectable differences in open-field-assessed spontaneous locomotor
activity. The purpose of our study was to investigate whether emphy-
sema impairs bone quality under conditions of comparable open-
field-assessed spontaneous locomotor activity.

2. Materials and methods
2.1. Animals

The experimental protocol was approved by the Ethics Review
Committee for Animal Experimentation of our institution (approval
number AE18-004). Mouse selection, anesthesia, and intratracheal
administration procedures were performed as previously described
[11]. A total of 30 eight-week-old male C57BL/6 J mice (approximately
20 g) were purchased from Charles River Japan (Tokyo, Japan) and
acclimated for 4 weeks under standard laboratory conditions (temper-
ature 24 + 1 °C, humidity 55 + 5%). All the mice were housed in
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similarly designed cages. The light/dark cycle was 12 h, with lights on
from 7:00 a.m. to 7:00 p.m. Drinking water and feed were available ad
libitum. All the mice were fed a commercial mouse diet (CE-2; Japan
CLEA, Tokyo, Japan) containing 1.25% calcium and 1.06% phosphorus
[13].

2.2. Experimental protocol

The experimental protocol design is shown in Fig. 1A. Mice aged 12
weeks (24-27 g) were anesthetized by an intraperitoneal injection of
0.3 mg/kg medetomidine (Kyoritsu Seiyaku Corporation, Tokyo,
Japan), 1.0 mg/kg midazolam (Astellas Pharma Inc., Tokyo, Japan), and
5.0 mg/kg butorphanol (Meiji Seika Pharma Co., Ltd., Tokyo, Japan),
followed by the intratracheal administration of 0.1 U of porcine
pancreatic elastase (PPE; Sigma—Aldrich Inc., St. Louis, MO) dissolved in
50 pl of saline (PPE group) or 50 pl of saline alone (Saline group). The
administration of PPE to both lungs of all the mice was confirmed by
micro-CT (pCT). The mice were randomly allocated to the PPE or Saline
groups. Blinding was not performed for group allocation or outcome
assessment. To minimize potential assessment bias, outcomes were ob-
tained using standardized protocols and predefined analysis procedures.
Where applicable, image-based measurements were performed using
fixed acquisition settings and predefined thresholds/parameters, and
mechanical testing followed a prespecified protocol.

The body weights of the mice in each group were measured every
week, and the amounts of drinking water, feed intake, urine, and feces
were measured every 4 weeks for 24 h (from 9:00 a.m. to 9:00 a.m. the
next day). In addition, pentosidine concentrations in urine (Japanese
Institute for the Control of Aging, Fukuroi, Japan) were measured using
urine collected at week 24. Spontaneous locomotor activity was
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Fig. 1. Experimental protocol, body weight, open-field-assessed spontaneous locomotor activity, and lung morphometric analysis

(A) Experimental protocol. (B) Sequential changes in body weight. The data are presented as the mean + SD (n = 15 mice per group). (C) Spontaneous locomotor
activity measured every 4 weeks using an open-field test (400 x 400 x 400 mm) for 30 min with a video-tracking system (n = 15 mice per group). (D) Representative
hematoxylin and eosin-stained lung sections. The mean linear intercepts (Lm) indicate the degree of pulmonary emphysema. Scale bar = 100 pm. Violin plots indicate
the probability density of the kernel, and the width of the shaded areas represents the proportion of data. The thick dashed line in the center indicates the median, the
box represents the interquartile range, and whiskers indicate min-max values. **P < 0.01.



T. Nabeshima et al.

evaluated using the same procedure as in previous reports [14] and
assessed every 4 weeks in an open field (400 mm x 400 mm x 400 mm)
between 8:00 p.m. and 1:00 a.m. using a video tracking system (Etho-
Vision® XT, version 15.0, Brain Science Idea Co., Ltd., Osaka, Japan).
The mice were placed in the center of the arena and allowed to habituate
for 30 min; locomotor activity was then recorded for 30 min [15].

Under intraperitoneal anesthesia, the left distal femur and bone
mineral phantoms (QRM GmbH; Moehrendorf, Germany) were imaged
using in vivo pCT (CosmoScan GX; Rigaku, Tokyo, Japan) with the
following parameters: 90 kVp; 88 pA; voxel size, 10 x 10 x 10 pm3;
integration time, 35.714 ms; and scan time, 18 s. Using TRI/3D-BON
software (Ratoc System Engineering, Tokyo, Japan), the change rate
of trabecular volumetric BMD (Tb.vBMD) was calculated in a meta-
physeal region of interest (ROI) with a height of 1.0 mm, commencing
0.5 mm proximal to the growth plate based on the value at week 0 [16].
At the end of the experiment, the mice were sacrificed at weeks 4 and 24,
and the bilateral lungs and limb bones were removed for analysis.

2.3. Lung

Lung histomorphometry was performed as previously described
[17]. Lungs at weeks 4 and 24 were inflated in 0.1 M phosphate-buffered
saline (PBS) at a pressure of 25 cm H3O and fixed with 4% para-
formaldehyde (PFA) in 0.1 M PBS. After being embedded in paraffin, the
lung tissue was cut into 5-pm-thick slices and stained with hematoxylin
and eosin (H&E). H&E-stained sections were evaluated under a micro-
scope using an image analysis and measurement system (WinROOF
2015; Mitani Corporation, Tokyo, Japan). In 20 randomly selected fields
of the left lung parenchyma, the mean linear intercepts (Lm), a measure
of mean alveolar diameter, were evaluated at 100x magnification, and
the images were manually thresholded. Airway and vascular structures
were excluded from the analysis.

2.4. Trabecular bone

The left femur was harvested at 4 and 24 weeks with mineral
phantoms and was imaged using pCT with the following parameters: 90
kVp; 88 pA; voxel size, 10 x 10 x 10 um3; integration time, 533.33 ms;
and scan time, 2 min. The analysis method and analysis area were the
same as those used for the in vivo analysis, and the following parameters
were calculated: trabecular bone volume (Tb.BV/TV: %), trabecular
thickness (Tb.Th: mm), trabecular separation (Tb.Sp: mm), trabecular
number (Tb.N: 1/mm), structural model index (SMI) and connectivity
density (Conn.D: 1/mm®) [18,19].

The mice were given calcein (Fujifilm Wako Pure Chemical Corpo-
ration, Osaka, Japan) subcutaneously at 10 and 3 days before sacrifice.
Right tibias were harvested at 4 and 24 weeks. Bone histomorphometry
was performed on nondecalcified samples. Nondecalcified samples were
examined using the same technique as in previous reports [16]. Each
collected tibia was permeabilized in 70% ethanol for 3 days and
embedded in methyl methacrylate (MMA) after Villanueva bone stain-
ing. Bone histomorphometry was measured using a semiautomatic
analysis system (Histometry-RT, SYSTEM SUPPLY, Nagano, Japan). The
analysis area was the secondary trabecular bone region, excluding the
area within 250 pm of the growth plate and one cortical shell width of
the intracortical surface. The following structural parameters were
measured: bone volume/tissue volume (BV/TV: %), osteoid surface (OS/
BS: %), osteoblast surface (Ob.S/BS: %), osteoblast number (Ob.N/BS:
N/mm), osteoclast surface (Oc.S/BS: %), osteoclast number (Oc.N/BS:
N/mm), mineralizing surface fraction (MS/BS; %), mineral apposition
rate (MAR; pm/day) and surface referent bone formation rate (BFR/BS;
mm?/mm?/year). The abbreviations for the histomorphometric pa-
rameters were derived from the recommendations of the Histo-
morphometry Nomenclature Committee of the American Society for
Bone and Mineral Research [20,21].
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2.5. Cortical bone

For the femoral bones removed at week 24, CT images were obtained
using a microfocus X-ray CT (SMX-100CT, Shimadzu, Kyoto, Japan)
under 70 kV and 70 pA radiation with a spatial resolution of 6 x 6 x 6
pm3 to measure the cortical bone area (Ct.Ar: mmz), cortical thickness
(Ct.Th: pm), periosteal perimeter (Ps.Pm: mm) and endocortical
perimeter (Ec.Pm: mm). To ensure sufficient spatial resolution for
quantitative evaluation, the central part of the shaft was enlarged and
photographed. After the CT images were binarized, the data were pro-
cessed using TRI/3D-BON software (Ratoc System Engineering).

The degree of apatite c-axis orientation [22] as a bone quality
parameter was analyzed using a pXRD system (R-AXIS BQ, Rigaku,
Tokyo, Japan) equipped with a transmission-type optical system and an
imaging plate (Fujifilm, Tokyo, Japan) placed behind the sample. The
detailed conditions for pXRD were described in a previous paper [23,24]
with minor modifications. The crystallographic c-axis of apatite aligns
almost parallel to the collagen fiber direction because of the epitaxial
crystallization of apatite on the collagen template; therefore, the degree
of apatite c-axis orientation reflects that of the collagen fiber [25]. Mo-
Ko radiation with a wavelength of 0.07107 nm was generated at a tube
voltage of 50 kV and a tube current of 90 mA. The incident beam was
focused on a beam spot 300 pm in diameter by a double-pinhole metal
collimator and radiated in the anterior-posterior axis from the anterior
surface at the center of the bone width. Diffraction data were collected
for 600 s. The measurements were performed on the whole femur
(Points 1-9). From the obtained diffraction intensity pattern, the degree
of preferential orientation of the apatite c-axis along the bone axis was
determined as the relative intensity ratio of the (002) to (310) diffrac-
tion peaks originating from apatite [26].

Three-point bending tests were conducted using a universal testing
machine (Instron 5565, Instron, MA, USA) to evaluate flexural fracture
behavior. The samples were loaded at a crosshead speed of 1 mm/min
under moist conditions in HBSS and ambient temperature until failure.
The maximum load (Fpax, N), stiffness (S, N/mm), and energy-to-failure
(U, N-mm) were analyzed from the load-displacement curve. Material
properties such as the Young's modulus (E, GPa), maximum stress (Gmax,
MPa) and toughness (j, rnJ/ms) were calculated using the following
equation.

LS
E=581 M
L
Omax = maxﬁ (2)
3 2
§= Zy;w 3

where S is the stiffness, U is the energy-to-failure, Fpax is the maximum
load, L (mm) is the distance between the supports (8 mm in this study), Ix
(mm?) is the area moment of inertia, Zy (mm?®) is the section modulus,
and ymax (mm) is the maximum distance from the neutral axis to the
outermost fiber of the cross-section. The values of structural parameters,
including Iy, Zy, and ymax, wWere analyzed using the CT data.

2.6. Bone marrow cells

The right femurs of the mice were harvested at week 24 and then
trimmed on both ends of the femur, the intramedullary cavity was
flushed with 0.1 M PBS, and the bone marrow cells were harvested.
Total RNA preparation, single-stranded complementary DNA purifica-
tion, and quantitative real-time polymerase chain reaction (QRT-PCR)
analysis were performed as described previously [17]. The expression
levels of each target gene were normalized to the expression level of the
B-actin transcript.
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Cap analysis gene expression sequencing (CAGE-seq) of bone
marrow cells in both groups was performed as previously described
[27]. Two samples (the saline group and the PPE group) were generated
by pooling bone marrow cells from 4 mice per group. CAGE library
preparation, sequencing, mapping and gene expression analysis were
performed by DNAFORM (Kanagawa, Japan). The quality and quantity
of total RNA were assessed using a bioanalyzer (Agilent, CA, USA) to
ensure RNA integrity numbers (RINs) > 7.0 and A260/280 and A260/
230 ratios >1.7. First-strand cDNAs were reverse transcribed from the
RNAs, and second-strand ¢cDNAs were subsequently synthesized and
selected by the cap-trapping method. After the barcode tags were
attached, CAGE libraries were constructed. Libraries were sequenced
using 75-nt single-end reads on an Illumina NextSeq 500 sequencer.
Reads were mapped to the mouse mm9 genome using BWA (version
0.7.12-r1039), and unmapped reads were then mapped using HISAT2
(version 2.0.5). The 5' coordinates of the CAGE tags were clustered using
the CAGEr R/Bioconductor package [28] with an irreproducible dis-
covery rate (IDR) threshold of 0.1 [29] and a minimum count per million
(CPM) of 0.1. Differential expression analysis was performed using
DESeq2 [30]. Genes with |log2-fold change| > 1 and CPM > 10 were
defined as genes meeting the expression-change criteria and classified as
PPE-up or PPE-down for functional enrichment analysis using Meta-
scape (https://metascape.org) [31]. Membership analysis was per-
formed, and genes related to “mitochondria,” “inflammation,”
“oxidative stress,” and “hypoxia” were extracted to generate the
respective gene lists. Because CAGE-seq was performed using one pooled
sample per group, this analysis was considered exploratory and was used
only for pathway screening, not for statistical inference of differential
gene expression.

2.7. Statistical analysis

The primary outcome was the trabecular BV/TV of the distal femur
assessed by pCT at 24 weeks after PPE or saline administration. Sec-
ondary outcomes include additional pCT indices, dynamic histo-
morphometric parameters of bone formation, bone material properties,
mechanical properties from three-point bending, and physiological/
behavioral measures. Because multiple secondary outcomes were
assessed, secondary analyses were considered exploratory and inter-
preted accordingly.

The sample size was determined a priori based on the primary
outcome (trabecular BV/TV by pCT at 24 weeks). Because variability
estimates for 24-week BV/TV were not available at the planning stage,
we used BV/TV data at 12 weeks from our prior study in this model as
the basis for sample size planning (saline: 19.2 + 2.4; PPE: 14.5 + 3.6;
values reported as standard deviation (SD), n = 7 per group). Using a
pooled SD of approximately 3.06 and an expected between-group dif-
ference of 4.7, with a two-sided a = 0.05 and 80% power for a two-group
comparison, the minimum required sample size was estimated to be 7
mice per group. Accordingly, we planned to analyze 7 mice per group. A
total of 15 mice per group were initially used for longitudinal assess-
ments; the primary pCT endpoint (ex vivo BV/TV at week 24) was
evaluated in the animals available at that time point (n = 7 per group),
as indicated in the figure legends.

Differences in the mean Lm, bone morphometric parameters, and
gene expression levels between the two groups were analyzed using the
Mann-Whitney U test because of the nonnormal data distribution and
limited sample sizes. Longitudinal changes in body weight, metabolic
parameters, spontaneous locomotor activity, and Tb.vBMD assessed by
in vivo pCT were analyzed using repeated-measures analysis of variance
(ANOVA). The correlation between Lm and various parameters was
analyzed using Spearman's correlation coefficient. A two-tailed P value
<0.05 was considered to indicate statistical significance. All the statis-
tical analyses were performed using GraphPad Prism (version 9;
GraphPad Software, La Jolla, CA, USA).
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3. Results

3.1. Open-field-assessed spontaneous locomotor activity after emphysema
induction

There were no differences between the PPE and Saline groups at any
time point in terms of body weight, feed intake, drinking volume, urine
volume, fecal volume, or open-field-assessed spontaneous locomotor
activity (Fig. 1B, C and Supplementary Fig. 1). Despite comparable feed
intake and open-field-assessed spontaneous locomotor activity,
compared with that in the Saline group, visceral fat mass in the PPE
group was greater, whereas soleus muscle mass was lower (Supple-
mentary Figs. 2 and 3). The values of Lm at weeks 4 and 24 in the PPE
group were significantly greater than those in the Saline group (Fig. 1D).

3.2. Trabecular bone loss with impaired bone formation in mice with
emphysema

The rate of change in the Tb.vBMD assessed by in vivo pCT was
significantly lower in the PPE group than in the Saline group at weeks 8,
12, 16, 20, and 24, although the between-group difference appeared
smaller at later time points (Fig. 2A).

Ex vivo pCT analysis revealed that the BV/TV and Tb.Th at week 24
were significantly lower in the PPE group than in the Saline group,
although there were no significant differences in any bone microstruc-
ture parameters at week 4. Significant negative correlations were
observed between Lm and BV/TV at week 24 (Fig. 2B and C).

With respect to bone histomorphometry of the proximal tibia at week
24, the BV/TV and osteoblast parameters were significantly lower in the
PPE group. The dynamic parameters (MAR and BFR/BS) indicated
impaired bone formation in the PPE group, and the osteoclast parame-
ters did not significantly differ between the two groups. There were no
significant differences in any parameters at week 4. Significant negative
correlations were observed between Lm and BFR/BS at week 24 (Fig. 3A
and B).

The mRNA expression levels of runt-related transcription factor 2
(Runx2), Sp7 transcription factor (Sp7/Osterix), collagen type I alpha 1
chain (Collal), and osteocalcin (OC), which are related to the differ-
entiation and activity of osteoblasts, were significantly lower in the PPE
group than in the Saline group (Fig. 3C).

3.3. Cortical bone with deterioration of bone quality in mice with
emphysema

There were no differences in cortical BMD or morphological pa-
rameters in the central region of the femoral shaft between the two
groups (Fig. 4A and B). However, regarding the orientation of the apatite
c-axis, a significant decrease in the orientation was observed in the PPE
group from positions 3-6 of the femoral shaft. Furthermore, a significant
negative correlation was observed between the orientation of the c-axis
of apatite at positions 4-5 and Lm (Fig. 5A).

Pentosidine in urine was significantly higher in the PPE group, and a
significant positive correlation with Lm was observed (Fig. 5B). In me-
chanical testing, the values for energy-to-failure and toughness were
significantly lower in the PPE group (Fig. 5C).

3.4. CAGE-seq analysis of bone marrow cells

Among 15,063 detected genes, 246 and 119 met the predefined
criteria for lower and higher expression, respectively, in the PPE pooled
sample. Membership analysis of each of these genes revealed a high
percentage of genes related to “mitochondrial and oxidative stress” (PPE
down: 47%, PPE up: 32%) (Fig. 6). The overall distribution of gene
expression changes between the Saline and PPE groups is shown in
Supplementary Fig. 4.
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Fig. 2. Trabecular bone analysis assessed by pCT

(A) Sequential changes in trabecular volumetric bone mineral density (Tb.vBMD) in the distal femur as assessed by in vivo pCT. The data are presented as the mean
+ SD (n = 15 mice per group). P values were determined by repeated-measures ANOVA. *P < 0.05. (B) Representative three-dimensional pCT images of trabecular
bone within the region of interest (ROI) at the distal femur at week 24 (36 weeks of age). (C) Quantitative trabecular bone parameters within the ROI at weeks 4 and
24 (n = 7 mice per group). *P < 0.05. Violin plots indicate the probability density of the kernel, and the width of the shaded areas represents the proportion of data.
The thick dashed line in the center indicates the median, the box represents the interquartile range, and whiskers indicate min-max values. The right panel shows the
relationship between Lm and BV/TV within the ROI at week 24. The correlation coefficient r and p-value are shown in the upper right corner.

4. Discussion

In our study, elastase was administered intratracheally to induce
pulmonary emphysema in mouse lungs, followed by a 6-month obser-
vation period. The results revealed that the bone microstructure dete-
riorated alongside impaired bone formation, leading to reduced material
properties and bone strength. The absence of a between-group differ-
ence in open-field-assessed spontaneous locomotor activity is consistent

with the possibility that emphysema-related factors contributed to the
observed skeletal changes.

Patients with COPD have multiple fracture risk factors [9]. To
investigate the impact of lung lesions on bone, it is necessary to exclude
at least common fracture risk factors (age, smoking status, weight,
malnutrition status, and habitual/daily physical activity level); howev-
er, this is difficult in clinical studies [10]. We previously conducted
studies using this animal model but were unable to exclude the influence
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(A) Representative light and fluorescence microscopy images of the proximal tibia at week 24. Scale bars: white, 500 pm; black, 50 pm; blue, 20 pm. (B) Quantitative
trabecular histomorphometric parameters within the ROI at weeks 4 and 24 (n = 5-7 mice per group). *P < 0.05; **P < 0.01. The right panel shows the relationship
between Lm and BFR/BS at week 24. The correlation coefficient r and p-value are shown in the upper right corner. (C) mRNA expression levels of Runx2, Sp7
(Osterix), Collal, and osteocalcin (OC) in bone marrow cells (n = 15 mice per group). *P < 0.05; **P < 0.01. Violin plots indicate the probability density of the
kernel, and the width of the shaded areas represents the proportion of data. The thick dashed line in the center indicates the median, the box represents the
interquartile range, and whiskers indicate min-max values. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

of physical activity level [11]. Therefore, our study was the first to
provide evidence that bone microstructure deterioration occurs in the
presence of emphysema in a setting where spontaneous locomotor ac-
tivity assessed by an open-field test did not differ between groups.
Furthermore, material properties were also impaired. Although there
was a slight difference in the Tb.vBMD of the distal femur at the final
observation, bone strength was reduced, suggesting that emphysema
strongly affects bone quality.

Material properties contribute to bone fragility through mechanisms
independent of reduced bone density and deterioration of bone micro-
structure [32,33] and are related to oxidative stress [34-36]. In patients
with COPD, serum hyperhomocysteinemia has been reported, and ho-
mocysteine generates reactive oxygen species, causing oxidative stress.

In individuals under oxidative stress, reduced material properties lead to
decreased bone strength [37-39]. Our study revealed reduced bone
matrix orientation—one of the material property parameters—in the
femurs of mice with emphysema, along with elevated urinary pentosi-
dine levels and decreased bone strength. In this pooled, exploratory
CAGE-seq analysis, approximately 40% of the genes meeting our
expression-change criteria were related to oxidative stress and mito-
chondrial function. These findings suggest that oxidative stress may be
involved in the bone phenotypes observed in this model. However,
because the CAGE-seq analysis was performed using one pooled bone
marrow sample per group, these findings should be interpreted as
hypothesis-generating rather than confirmatory and currently remain
within the scope of exploratory data. Although the CAGE-seq data in this
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(A) Representative three-dimensional images and bone mineral density mapping of cortical bone within the ROI at the femoral midshaft at week 24 (36 weeks of
age). (B) Quantitative cortical bone parameters within the ROI of the femoral midshaft at week 24. Violin plots indicate the probability density of the kernel, and the
width of the shaded areas represents the proportion of data. The thick dashed line in the center indicates the median, the box represents the interquartile range, and

whiskers indicate min—max values (n = 8-10 mice per group).

study cannot be used to draw causal conclusions, antioxidant agents
such as astaxanthin and sulforaphane are expected to improve bone
quality, necessitating further investigation.

Although the shape parameters of the cortical bone in the femurs of
the mice were identical, flexural fracture testing revealed a significant
difference in energy absorbed (energy-to-failure) between the groups.
Because energy-to-failure reflects the capacity for deformation
(including post-yield deformation), a lower energy-to-failure suggests
reduced post-yield deformation and increased brittleness. Oxidative
stress reduces the orientation of apatite and decreases its mechanical
properties [40,41]. Urinary pentosidine, a type of AGE and a substance
generated within the body under the combined effects of oxidative
stress, is increased in this model. Taken together, these findings are
consistent with a possible contribution of oxidative stress to impaired
bone material properties; however, the present study does not establish
a causal relationship between oxidative stress, apatite disorientation,
and bone brittleness.

There remains debate as to whether the musculoskeletal disorders
observed in patients with COPD result from disuse or are changes
attributable to the pathophysiology of emphysema. In this mouse model,
bone quality deterioration and reduced bone formation were observed
despite comparable open-field-assessed spontaneous locomotor activity
and feed intake. Clinical studies have reported BMD-independent frac-
ture risk in patients with COPD is not fully explained by BMD-defined

osteoporosis [8]. Although the present model does not reproduce the
full clinical spectrum of human COPD, this clinical observation is
broadly consistent with the pattern observed in the present study.
Furthermore, changes in visceral fat and muscle mass were observed in
these model mice (Supplementary Figs. 1-3). It is well known that COPD
patients have a high prevalence of metabolic syndrome [42]; therefore,
further research using this mouse model may contribute to elucidating
the mechanisms underlying lipid metabolism abnormalities in COPD
patients.

The limitations of this study are as follows: Intratracheal adminis-
tration of elastase was used to induce emphysema, but the same dose of
elastase does not always induce the same severity of emphysema
because the inhibitory effect of endogenous elastase activity varies
among animal species and individuals. Therefore, although the major
skeletal findings were consistently observed across the experimental
cohorts, variations in the degree of lung injury may have contributed to
the heterogeneity of the skeletal findings. Furthermore, although the
experiment was conducted across multiple cohorts, the animals were
randomly assigned to both groups, and no systematic differences related
to the cohorts were observed during the data collection process. In
addition, the elastase-induced pulmonary emphysema model is essen-
tially a model of acute lung injury followed by emphysematous changes
and thus is not a true COPD model. Nevertheless, this model is useful for
investigating emphysema-associated skeletal changes. In addition,
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Fig. 5. Bone material properties and mechanical strength

(A) Degree of apatite c-axis orientation along the longitudinal axis of the femur at week 24 (n = 8-9 mice per group). *P < 0.05; **P < 0.01. The relationship between
Lm and the orientation of the c-axis of apatite is also shown. The correlation coefficient r and p-value are shown in the upper right corner. (B) Urinary pentosidine
concentrations at week 24 (n = 5 mice per group). *P < 0.05. The relationship between Lm and urinary pentosidine concentrations at week 24 is also shown. The
correlation coefficient r and p-value are shown in the upper right corner. (C) Representative three-point bending test results and quantitative parameters of femoral
bone strength, including maximum load, stiffness, energy-to-failure, Young's modulus, maximum stress, and toughness (n = 8-9 mice per group). *P < 0.05. Violin
plots indicate the probability density of the kernel, and the width of the shaded areas represents the proportion of data. The thick dashed line in the center indicates

the median, the box represents the IQR, and whiskers indicate min-max values.

locomotor activity was assessed using a 30-min open-field test, which
captures behavior in a novel environment and may not fully reflect
habitual home-cage activity over extended periods. Therefore, we
cannot exclude subtle group differences in long-term daily physical ac-
tivity, and interpretations related to physical activity should be limited
to open-field-assessed locomotion. Future studies using continuous

home-cage monitoring are warranted. Furthermore, as mentioned
earlier, the bone marrow analysis performed in the present study was
limited to exploratory pooled CAGE-seq analyses and did not evaluate
changes in bone marrow cellular composition or lineage allocation.
Therefore, we cannot determine whether alterations in specific marrow
cell populations contributed to the impaired bone formation phenotype.
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Fig. 6. CAGE-seq analysis of bone marrow cells

Among a total of 15,063 detected genes, 246 genes showed lower expression and 119 genes showed higher expression in the PPE pooled sample based on the
predefined expression-change criteria. Gene ontology-based membership analysis revealed that a substantial proportion of the genes meeting the fold change and
count per million thresholds were associated with mitochondrial and oxidative stress-related pathways (46.7% downregulated genes; 32.8% upregulated genes).

These results are presented as exploratory, hypothesis-generating findings.

Future studies using flow cytometry, single-cell transcriptomics, or
lineage-specific analyses will be necessary to clarify the cellular mech-
anisms underlying skeletal deterioration in emphysema. Finally,
outcome assessments were not performed under blinded conditions.
Although standardized acquisition and analysis protocols were used,
observer bias cannot be completely excluded, particularly for image-
based, histomorphometric, and mechanical outcome measures. The
secondary outcomes (PCT data, histomorphometry, gene expression,
material properties, and biomechanics) were evaluated using unad-
justed multiple comparisons and are exploratory in nature. These limi-
tations should be considered when interpreting the findings.

5. Conclusion

In the PPE-induced emphysema mouse model, open-field-assessed
spontaneous locomotor activity was not reduced over 6 months, and
physiological parameters such as body weight, feed intake, water intake,
fecal output, and urine output were comparable between the groups.
Despite preserved open-field—assessed spontaneous locomotor activity,
emphysema was associated with deterioration of the trabecular micro-
structure and dynamic indices of bone formation, as well as impaired
bone material properties (reduced apatite c-axis orientation and
increased urinary pentosidine), resulting in decreased energy-to-failure
and increased bone brittleness. These findings suggest that emphysema
is associated with skeletal deterioration in a model with preserved open-
field—assessed spontaneous locomotor activity; however, the contribu-
tion of differences in long-term habitual activity cannot be completely
excluded.
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