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A B S T R A C T

Although it is suggested that chronic obstructive pulmonary disease (COPD) and bone are related, almost all of
the pathological mechanisms of COPD-related osteoporosis remain unknown. There is a mouse model showing a
deterioration of bone quality after cigarette smoke exposure; however, in smoking exposure models, various
factors exist that affect bone metabolism, such as smoking and body weight loss (muscle and fat mass loss). We
considered it appropriate to use an elastase-induced emphysema model to exclude factors influencing bone
metabolism and to investigate the influence of pulmonary emphysema on bone metabolism. The purpose of this
study was to establish a COPD/emphysema-related osteoporosis mouse model by using the elastase-induced
emphysema model. The lumbar vertebrae and femurs/tibiae exhibited trabecular bone loss and impaired os-
teogenic activity in 24-week-old male elastase-induced emphysema model mice. In addition, the model mice
showed atrophy of type I muscle fibers without atrophy of type II muscle fibers. We believe that the mice
described in this experimental protocol will be accepted as a COPD/emphysema-related osteoporosis mouse
model and contribute to further investigations.

1. Introduction

Chronic obstructive pulmonary disease (COPD) demonstrates ske-
letal muscle and bone disorders as extrapulmonary lesions and is a risk
factor for osteoporosis and sarcopenia [1–8]. Patients diagnosed with
COPD have a high prevalence of osteoporosis [9]. The prevalence of
vertebral fractures in COPD patients is 24 to 63% [10], and thoracic
vertebral fractures occur more often than lumbar vertebral fractures
[11]. In addition, COPD is the most frequent disease as a cause of
secondary osteoporosis in men [12].

Chronic inflammation due to many factors occurs in the lungs of
patients with COPD, and irreversible loss of alveolar surface and

depletion of lung elastin, which are pulmonary emphysema findings,
have been identified [13]. There is also a clinical phenotype called
combined pulmonary fibrosis and emphysema (CPFE), which is char-
acterized by the coexistence of pulmonary fibrosis and emphysema
[14], but emphysema volume has especially been shown to be strongly
related to vertebral bone mineral density (BMD) [15]. Almost all of the
pathological mechanisms of COPD/emphysema-related osteoporosis
remain unknown, although it is suggested that COPD/emphysema is
related to bone.

The problem in investigating the pathological mechanism of COPD-
related osteoporosis is that various factors exist that affect bone meta-
bolism, such as smoking [16], body weight [17], COPD exacerbation
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[18], use of steroids [19], and sarcopenia [20]. In particular, sarcopenia
and body weight loss in COPD subjects are related to excessive energy
expenditure by respiratory muscles, systemic inflammation, nutrition
disability and physical inactivity. Analysis excluding these factors is
difficult in humans, and analysis in an animal model is desired; how-
ever, there is currently an absence of an appropriate animal model for
COPD/emphysema-related osteoporosis patients.

Several pulmonary emphysema models exist [21], such as smoking
exposure models, transgenic animals, and elastase-induced emphysema
models. The smoking exposure model is the one most commonly used as
a COPD animal model, and it demonstrates the deterioration of bone
quality [22]. However, there is no unified experimental protocol [23].
In addition, the degree of emphysema is mild; therefore, it may be the
influence of smoking exposure rather than emphysema causing bone to
degrade. Problematically, not only weight but also fat and muscle mass
decrease systemically over time [24]. In transgenic animals, we must
consider the effect of genetic modifications on bone. An elastase-in-
duced emphysema model is used to initiate the inflammatory response
seen in COPD and to induce an inflammatory response to make it
permanent [23]. The greatest advantage is that we can control the se-
verity of pulmonary emphysema depending on the elastase dosage.
Therefore, we considered it appropriate to use this model to exclude
factors influencing bone metabolism (smoking, body weight loss,
muscle mass loss) and to investigate the influence of COPD/emphysema
on bone metabolism.

It is necessary for us develop a mouse model to elucidate the pa-
thological mechanisms of a COPD/emphysema-related osteoporosis.
We planned the following study, utilizing the elastase-induced em-
physema model to establish an appropriate animal model for patients
with COPD/emphysema-related osteoporosis. The purposes of our study
are 1) to verify the elastase dosage that induces the emphysema without
complications (weakness and body weight loss) and 2) to evaluate the
bones and muscles of the pulmonary emphysema model mice. In ad-
dition, this study establishes a mouse model of patients with COPD/
emphysema-related osteoporosis.

2. Materials and methods

2.1. Mice

The experimental protocol was approved by the Ethics Review
Committee for Animal Experimentation of the University of
Occupational and Environmental Health (approval number, AE11-014).
A total of 56 eight-week-old male C57BL/6 J mice (approximately 20 g)
were purchased from Charles River Japan (Tokyo, Japan) and accli-
mated for 4 weeks under standard laboratory conditions (temperature
24 ± 1 °C, humidity 55 ± 5%). All of the mice were housed in simi-
larly 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 food were available ad li-
bitum. All of the mice were fed a commercial mouse diet (CE-2; Japan
CLEA, Tokyo, Japan) containing 1.25% calcium and 1.06% phosphorus.

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 of medetomidine (Kyoritsu Seiyaku Corporation, Tokyo,
Japan), 1.0 mg/kg of midazolam (Astellas Pharma Inc., Tokyo, Japan),
and 5.0mg/kg of butorphanol (Meiji Seika Pharma Co., Ltd., Tokyo,
Japan), followed by the intratracheal administration of 0.025 U, 0.1 U,
or 0.25 U porcine pancreatic elastase (PPE: Sigma-Aldrich Inc., St.
Louis, MO) dissolved in 50ml of saline (the PPE 0.025, PPE 0.1 and PPE
0.25 groups, respectively) or 50ml of saline alone (the Control group)
into the trachea [25–28]. The administration of PPE into both lungs of
all mice was confirmed by a microcomputed tomography (μCT). The
body weight of the mice in each group was measured every week. At

week 12, the 24-week-old mice were sacrificed, and blood samples, the
spine, the bilateral lungs, femurs, tibias, and leg muscles were obtained
for analysis. The bone and muscle data of the group without compli-
cations (weakness or body weight loss) was compared with the data of
the Control group.

2.3. Lung histomorphometry

Lungs were inflated with 0.1M phosphate-buffered saline (PBS) at a
pressure of 25 cm H2O and then fixed with 4% paraformaldehyde (PFA)
in 0.1M PBS. After paraffin embedding, the lung tissue was cut in 5-μm
thick slices and stained with hematoxylin and eosin (H&E). The H&E-
stained sections were evaluated under a microscope using an image
analysis measurement system (WinROOF 2015, MITANI Corporation,
Tokyo, Japan). The mean linear intercept (Lm), an indicator of the
mean alveolar diameter [29], was assessed in 20 randomly selected
fields of the left lung parenchyma at 100×magnification, and the
images were manually thresholded. The airway and vascular structures
were eliminated from the analysis.

2.4. Dual-energy X-ray absorption

The spine (T3-L5) and left femur of 24-week-old mice were prepared
by removing all of the soft tissue, and then the BMD (mg/cm2) was
measured with DXA (DCS-600, Aloka, Tokyo, Japan) [30–32].

2.5. Microstructural analysis of trabecular bone using microcomputed
tomography

Using in vivo μCT imaging (CosmoScan GX; Rigaku, Tokyo, Japan),
changes in the BMD of vertebrae (T4, T7, T10, L1, and L4) were tracked
over 12 weeks. All of the mice were scanned with the μCT at weeks 0, 4,
8, and 12 (90 kVp, 88 μA, 142.86-ms integration time, and a resolution
of 18× 18×18 μm3 after reconstruction), and the total BMD, in-
cluding the trabeculae and cortex, of each vertebra was analyzed using
BMD measurement software (BoneAnalysis, Rigaku Corporation,
Tokyo, Japan).

The trabecular bones of the first lumbar vertebra (L1) and left distal
femoral metaphysis obtained at week 12 were analyzed by a μCT
system with a resolution of 10×10×10 μm3 (90 kVp, 88 μA, 533.33-
ms integration time) in a vertebral or metaphyseal volume of interest
(VOI) with a height of a 1.0mm, commencing 0.5mm proximal to the
growth plate. The filter type was median (Kernel size; 5× 5×5). The
minimum threshold for bone density was 334mg/cm3 determined
through correlation to phantoms of known density [33]. The bone
microstructure parameters in the trabecular bone of L1 and the distal
femoral metaphysis were evaluated using Analyze 12.0 software
(AnalyzeDirect, Inc., KS, USA) and presented as follows: trabecular
bone volume (BV/TV: %), trabecular thickness (Tb.Th: mm), trabecular
separation (Tb.Sp: mm), trabecular number (Tb.N: 1/mm), structure
model index (SMI), and connectivity density (Conn.D: 1/mm3) [34].

2.6. Static and dynamic bone histomorphometry in nondecalcified
specimens

Bone histomorphometry was performed using nondecalcified spe-
cimens as previously described [31,32]. The lumbar vertebrae (L1–4)
and right proximal tibiae were embedded in methyl methacrylate
(MMA) after Villanueva's bone staining. Five-μm-thick sagittal (lumbar
vertebrae) or coronal (tibiae) sections of nondecalcified specimens were
cut on a microtome. Histomorphometry was performed using a semi-
automatic image analysis system linked to a light microscope (Histo-
metry-RT, SYSTEM SUPPLY, Nagano, Japan). The secondary spongiosa
area was determined for each section. To exclude the primary spon-
giosa, the regions within 250 μm of the growth plate and one cortical
shell-width of the endocortical surface were not measured. Regarding

M. Tsukamoto et al. Bone 120 (2019) 114–124

115



the structural parameters, the BV/TV (%), the osteoid surface (OS/BS:
%) and the osteoblast surface (Ob.S/BS: %) were determined, and the
mineralizing surface (MS/BS: %), the mineral apposition rate (MAR:
μm/day) and the surface referent bone formation rate (BFR/BS: mm3/
mm2/year) were obtained using luminescence microscopy, as reported
previously [35]. Regarding the bone resorption parameters, the osteo-
clast surface (Oc.S/BS: %) was measured in the right proximal tibia.
The cells that formed resorption lacunae on the surface of the trabe-
culae and contained two or more nuclei were identified as osteoclasts
[32]. The abbreviations for the histomorphometric parameters were
derived from the recommendations of the Histomorphometry Nomen-
clature Committee of the American Society for Bone and Mineral Re-
search [35,36].

2.7. Systemic bone chemical markers

Blood samples were collected from anesthetized mice via a retro-
orbital bleed at 12 weeks. The plasma was obtained by centrifugation,
and the samples were stored at−30 °C until testing. The plasma level of
osteocalcin was determined using an enzyme immunoassay (EIA) kit
(Mouse Gla-Osteocalcin High Sensitive EIA Kit, Takara Bio, Shiga,
Japan), and the plasma level of tartrate-resistant acid phosphatase-5b
(TRACP-5b) was examined using an enzyme-linked immunosorbent
assay (ELISA) kit (MouseTRAP™ Assay, Immunodiagnostic Systems,
Fountain Hills, Maricopa Country, Arizona, USA).

2.8. Muscle mass

The left quadriceps, gastrocnemius, plantaris, and soleus muscles

Fig. 1. Experimental protocol, body weights, and lung morphometric analysis in each group.
(A) Experimental protocol. (B) The sequential changes in body weight. Data are the mean ± SD (n= 7 in each group). (C) The mean linear intercept (Lm) values as a
parameter of emphysema. Data are the mean ± SE (n= 14 in each group). *p < 0.05, ***p < 0.001. (D) Representative images of H&E-stained lung sections at
week 12 after saline or elastase administration stained with hematoxylin and eosin. Scale bar= 200 μm.
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were removed, cleaned of extraneous tissue, and weighed during ne-
cropsy. Absolute measurements were normalized to the total body
weights of each mouse.

2.9. Cross-sectional myofiber measurements

The muscles were then placed in 4% PFA for 24 h and transferred to
70% ethanol for future staining with H&E for morphologic evaluation.
The right-sided gastrocnemius and soleus muscles were transversely
sectioned at the middle of the muscle belly and then sectioned at 5-μm
and stained with H&E. An average of 300 myofibers were evaluated for
morphology, and the myofiber cross-sectional area (CSA) was de-
termined using ImageJ software (NIH) [37].

2.10. Immunofluorescence staining of muscular fibers

Right quadriceps muscles were embedded in O.C.T. Compound
(Sakura Finetek Japan Co., Ltd., Tokyo, Japan) and then sectioned at
5 μm. The frozen sections of quadriceps muscles were rinsed with PBS
and immediately fixed in 4% PFA in 0.1M PBS for 15min. For the
permeabilization step, we covered tissue sections with ice-cold 100%
methanol and incubated the tissue in methanol for 10min at −20 °C. A
blocking step was performed to reduce nonspecific staining by im-
mersing the slides in 1% BSA/5% normal goat serum for 60min.

Type I (slow twitch) and type II (fast twitch) are included in muscle
fibers, and type II is divided into three subtypes (IIA, IID/X, and IIB).
Immunofluorescence staining of type I muscle fibers (BA-F8 primary
antibody, DSHB, dilution 1:100), type IIA muscle fibers (SC-71 primary
antibody, DSHB, dilution 1:200), type IID/X muscle fibers (6H1 pri-
mary antibody, DSHB, dilution 1:20) and type IIB muscle fibers (BF-F3
primary antibody, DSHB, dilution 1:100) was then conducted. For
double-immunofluorescence staining (I & IIA, I & IID/X, I & IIB), the
frozen sections were labeled with mouse monoclonal BA-F8 and mouse
monoclonal SC-71, 6H1 or BF-F3 antibodies and then visualized with
goat antimouse IgG antibodies conjugated with Alexa Fluor dyes (red-
stained, Thermo Fisher, dilution 1:200) and goat antimouse IgM anti-
bodies conjugated with Alexa Fluor dyes (green-stained, Thermo Fisher,
dilution 1:200).

2.11. Measurement of the type I muscle fiber area

Most type I muscle fibers are contained in the intermediate vastus in
mice, whereas few are contained in the vastus lateralis. Thus, a region
of interest (ROI) in the intermediate vastus was determined for each
section because type I muscle fibers are abundant in this region. The
area of ROI was 320,000 μm2 (400 μm×800 μm) except for measure-
ments of the width of one fiber from the muscular membrane of the
rectus femoris and vastus medialis (the muscular membrane between
intermediate vastus and vastus lateralis is unclear). We analyzed the
proportion of each muscle fiber (type I, type IIA, type IID/X, and type
IIB) within the ROI.

2.12. Statistical analysis

The data are shown as the mean ± SD or SE. Body weight was
analyzed using repeated measures ANOVA, and Lm was analyzed using
one-way ANOVA with Tukey's post hoc test. Compared with the Control
group, the influence of pulmonary emphysema on the change rates of
BMD at each vertebra (T4, T7, T10, L1, and L4) was computed by re-
peated measures ANOVA. One-way ANOVA with Bonferroni's post hoc
test was used to detect differences between the potential effects of the
Control, PPE 0.025 and PPE 0.1 groups. Differences were considered
significant at p < 0.05. All statistical analyses were performed with
STATA/IC 14 (StataCorp, College Station, TX, USA) on a Macintosh
computer.

3. Results

3.1. Body weight

The experimental protocol design is shown in Fig. 1A. Seven of the
14 mice in the PPE 0.25 group were euthanized after a few days due to
weakness. Four of the remaining 7 mice showed body weight losses of
15% or more at day 7 after intratracheal administration; thus, the ex-
periment was stopped for the PPE 0.25 group. There were no significant
differences in body weight at each week among the Control, PPE 0.025,
and PPE 0.1 groups (Fig. 1B).

3.2. Lung histomorphometry

The effect of PPE administration into the trachea on pulmonary
alveoli was dose dependent. The mean value of the linear intercept in
lung specimens in the PPE 0.025 group was significantly higher than
that in the Control group, and the value in the PPE 0.1 group was much
higher (Fig. 1C–D).

3.3. Sequential changes in bone mineral density

The rates of change in the BMD of each vertebra (T4, T7, T10, L1,
and L4) scanned by μCT are shown in Fig. 2. No significant difference in
the BMD change rates was found between baseline and week 12 in the
Control group, but the BMD change rate at week 12 in the PPE 0.025
(T10 and L4) and PPE 0.1 groups (T4, T7, T10, L1 and L4) was sig-
nificantly lower than that at baseline. Regarding all vertebrae, the
change rates of BMD at 4, 8, and 12 weeks after intratracheal admin-
istration in the PPE 0.1 group were significantly lower than those in the
Control group (Fig. 2A–E). In addition, the change rate of BMD at
12 weeks in the PPE 0.025 group was significantly lower than that in
the Control group, and the value in the PPE 0.1 group was much lower.
Finally, significant differences were observed in the BMD of the ex-
tracted spine (T3–L5), as measured by DXA, between the Control and
PPE 0.1 groups at week 12 (Fig. 2F).

3.4. Microstructural analysis using microcomputed tomography

μCT imaging showed a significant difference in L1 trabecular bone
(Fig. 3A). Regarding the microstructural parameters of the trabecular
bone at L1, significantly lower values for the BV/TV were observed in
the PPE 0.1 group than in the Control group. The value of Tb.Sp in the
PPE 0.1 group was significantly higher than that in the Control group.
Significant differences in Tb.Th, Tb.N, SMI, or Conn.D were not ob-
served (Fig. 3B–G). Lm showed a strong correlation with BV/TV at L1
(Fig. 3H).

Trabecular bone imaging of the femur using μCT also showed a
significant difference (Fig. 3I). Regarding the microstructural para-
meters of the trabecular bone at the distal femur, the values of BV/TV,
Tb.N, and Conn.D in the PPE 0.1 group were significantly lower than
those in the Control group, and the value of Tb.Sp in the PPE group was
significantly higher than that in the Control group (Fig. 3J–O). Lm
showed a moderate correlation with BV/TV at the distal femur
(Fig. 3P).

3.5. Analysis of static and dynamic histomorphometry

Regarding static and dynamic bone histomorphometry of the tra-
becular bone at L1–4, significantly lower values for BV/TV and OS/BS
were observed in the PPE 0.1 group than in the Control group, and
significantly lower values for MS/BS, MAR and BFR/BS were observed
in the PPE 0.025 and PPE 0.1 groups than in the Control group. In
addition, the value of MAR in the PPE 0.1 group was significantly lower
than that in PPE 0.025 group. Significant differences in the Oc.S/BS or
the Ob.S/BS were not observed among all groups (Fig. 4A–H).
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Regarding static and dynamic bone histomorphometry of trabecular
bone also at the proximal tibiae, the values of BV/TV and OS/BS in the
PPE 0.1 group were significantly lower than those in the Control group.
Significantly lower values for MS/BS, MAR, and BFR/BS were observed
in the PPE 0.025 and PPE 0.1 groups than in the Control group. There
were no significant differences in Oc.S/BS or Ob.S/BS between the PPE
0.1 and Control groups (Fig. 5A–H).

3.6. Systemic chemical markers of bone metabolism

The plasma level of osteocalcin in the PPE 0.1 group was sig-
nificantly lower than that in the Control group (Fig. 6A). However,
there was no significant difference in the plasma level of TRACP-5b
among all of the groups (Fig. 6B).

3.7. Muscle mass of the lower limbs and the proportion of type I muscle
fibers in the intermediate vastus

There were no significant differences in the weights of the quad-
riceps, gastrocnemius or plantaris among all of the groups (Fig. 7A–C).
Only the soleus weight in the PPE 0.025 and PPE 0.1 groups was sig-
nificantly less than that in the Control group (Fig. 7D). Similarly, no
significant differences were shown in the quadriceps, gastrocnemius or
plantaris muscle masses normalized to body weight among all of the
groups, and the soleus muscle mass normalized to body weight in the
PPE 0.1 group was significantly less than that in the Control group
(Fig. 7E–H). The soleus muscle fibers of PPE 0.1 group appear to be
atrophied (Fig. 7I). A significant difference in the CSA of 300 muscle

fibers in the gastrocnemius was not observed among all of the groups.
However, the CSA of 300 muscle fibers in the soleus was significantly
lower than that in the Control group (Fig. 7J). Thus, it was suggested
that the area per fiber is small and that the diameter of the muscle fiber
is short.

We analyzed the proportion of type I muscle fibers in the ROI de-
termined in the intermediate vastus, which contains a large number of
type I muscle fibers, in each specimen (Fig. 8A), since the weight and
the 300-fiber CSA of the soleus muscle, which includes numerous type I
muscle fibers (Supplementary data), were decreased in the PPE 0.1
group. A significantly lower proportion of type I muscle fibers was
observed in the ROI of the PPE 0.1 group than in the Control group
(Fig. 8B and C). However, there were no significant differences in the
proportion of type IIA, IID/X or IIB fibers among all of the groups. Lm
showed a moderate correlation with the soleus muscle mass normalized
to body weight, 300-fiber CSA of soleus, and proportion of type I muscle
fibers in the intermediate vastus (Fig. 8D).

4. Discussion

This study was performed to establish a COPD/emphysema-related
osteoporosis mouse model for elucidating the pathological mechanism
of COPD/emphysema-related osteoporosis, and the following results
were observed according to the purposes of this study. 1) PPE 0.025 U
and PPE 0.1 U were the appropriate doses (Fig. 1 B–D) when we ex-
amined the elastase dose that induced emphysema without complica-
tions. Therefore, the bone and muscle data were compared among the
PPE 0.1, PPE 0.025 and Control groups. 2) The BMD change rates from

Fig. 2. Bone mineral density of each vertebra.
(A–E) The sequential changes in BMD at each vertebra. Data are the mean ± SD (n=7 in each group). The asterisks indicate a significant difference from the age-
matched Control group value; *p < 0.05, **p < 0.01. The daggers indicate a significant difference from the age-matched PPE 0.025 group value; ††p < 0.01. (F)
The BMD of spines and femurs measured by DXA. Data are the mean ± SE (n= 14 in each group). *p < 0.05.
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the upper thoracic vertebra (T4) to the lower lumbar vertebrae (L4) at
weeks 4, 8, and 12 after a PPE administration showed significantly
lower values in the PPE 0.1 group (Fig. 2A–E). The BMD measured by
DXA of the extracted vertebrae in PPE 0.1 group was significantly lower
than that in the Control group (Fig. 2F). The cancellous bone at both L1
and the femur scanned by μCT showed microstructural degradations
(BV/TV, Tb.Sp, Tb.N, Conn.D, Fig. 3). Dynamic histomorphometry of
the lumbar vertebrae and the proximal part of the tibiae showed sig-
nificant declines in osteogenesis (OS/BS, MS/BS, MAR, BFR/BS), and a
low value of plasma osteocalcin, which is a bone formation marker, was
shown (Figs. 4–6). However, a significant decrease in soleus muscle
weight in the PPE 0.1 group was observed (Fig. 7). The soleus muscle
contains a large number of type I muscle fibers, and a significant de-
crease in type I muscle fibers was observed in the intermediate vastus,
which similarly contains type I muscle fibers (Fig. 8B and C). Based on
the above results, we will discuss below and verify whether this animal
model will be established as a COPD/emphysema-related osteoporosis

mouse model.
There are many reports on the reduction of BMD in patients with

COPD, which are consistent with our mice data [2–6]. Regarding the
bone metabolism dynamics of COPD-related osteoporosis, there is an
opposing opinion [38] and one that supports our results (the value of
plasma osteocalcin in elastase-induced emphysema mice was low), but
there is no consensus view. The reasons for a lack of consensus on bone
metabolism dynamics in COPD patients include the different subjects
among studies and the possibility that several factors, such as gender,
age and pneumonia, have also been involved. The gender and age of the
mice in this study were selected to be male and middle-aged, respec-
tively. Xiaomei et al. [39] demonstrated that the bone formation
marker in elderly male COPD patients was significantly lower. When
targeting middle-aged and elderly men, the bone metabolism dynamics
are considered to be bone loss caused by impaired osteogenesis, which
are consistent with the mice data obtained in this study.

Vertebral fractures in patients with COPD characteristically occur at

Fig. 3. Analysis of the trabecular microstructure by microcomputed tomography.
(A) Representative 3D imaging at the 1st lumbar vertebra (L1). The parameters of (B–G) the L1. (H) Relationship between the extent of emphysema and BV/TV at L1.
(I) Representative 3D imaging at the distal femur. The parameters of (J–O) the distal femur. (P) Relationship between the extent of emphysema and BV/TV at the
distal femur. Data are the mean ± SE (n=7 in each group). *p < 0.05.
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the thoracic vertebrae (T8–12) more often than the lumbar vertebrae
[40]. Although we considered the possibility that the lower thoracic
vertebrae might be accompanied by local bone fragility, the BMD
change rates declined at almost all of the vertebrae (T4–L4) in the PPE
0.1 group in our study. Consistent with our results, BMD decline has
been shown at almost every vertebra calculated by CT in patients with
COPD [41]. Vertebral fractures of patients with COPD frequently occur
in lower thoracic vertebrae (T8–12). For this reason, we believe that the
lower thoracic vertebrae tend to be exposed to concentrated stress due
to external factors (coughing and falling) and that fractures occur easily
in patients with systemic bone fragility, as in COPD cases.

The cancellous bone loss of the PPE 0.1 group mice existed not only
in the vertebrae but also in the femur. A previous report showed that
the BMD of both the lumbar vertebrae and femur are decreased in
patients with COPD [10]. In addition, COPD was noted in 47% of pa-
tients with hip fractures, and it is suggested that COPD is a risk factor of
not only vertebral fractures but also hip fractures [42]. The values of
the dynamic histomorphometric parameters (MAR, BFR/BS) in the PPE
0.1 group were significantly lower than those in the Control group.
Since plasma osteocalcin, a bone formation marker, decreased without
the elevation of the plasma TRACP-5b value, it was suggested that the
COPD/emphysema-related osteoporosis is a low-turnover-type osteo-
porosis. In addition, hamsters with elastase-induced emphysema have

been previously demonstrated to have impaired bone formation of
cortical bone [43]. Therefore, it was suggested that pulmonary em-
physema might be a factor that systemically induces the bone loss and
reduction of osteogenic activity.

In the PPE 0.1 group, only the soleus muscle was decreased in
weight among the muscles of the lower limbs. The soleus muscle con-
tains a large number of type I muscle fibers (Supplementary data), and a
significant decrease in type I muscle fibers was observed in the inter-
mediate vastus, which similarly contains type I muscle fibers. The
atrophy of type I muscle fibers has been reported in a systematic review
of COPD cases [44]. Type I muscle fibers are mainly observed in the
skeletal muscles responsible for endurance exercise and play a very
important role in locomotion and posture maintenance against load or
gravity. Studies aiming to elucidate the pathological mechanism of
atrophy of type I muscle fibers associated with COPD/emphysema and
the prevention of its onset may lead to beneficial effects on bones and
motor function. We found that type II muscle fibers do not change even
in mice with elastase-induced emphysema. One of the reasons is that
300-fiber CSA of gastrocnemius muscle composed of type II muscle fi-
bers did not change at all. However, since the 300-fiber CSA of the
soleus muscle (composed of Type I and Type IIA) was shown to de-
crease, Type IIA muscle fibers may be atrophied. Although the inter-
mediate vastus was used as a substitute for the soleus in this study, it

Fig. 4. Static and dynamic bone histomorphometry at the 1st–4th lumbar vertebrae.
(A) BV/TV, (B) Oc.S/BS, (C) Ob.S/BS, (D) OS/BS, (E) MS/BS, (F) MAR and (G) BFR/BS. Data are the mean ± SE (n=6–7 in each group). *p < 0.05, **p < 0.01.
(H) The fluorescence microscopy findings from the lumbar vertebrae, double-labeled by calcein. The width of the double-labeled area in the PPE 0.025 group was
significantly narrower than in the Control group, and the width in the PPE 0.1 group was much narrower. Scale bar= 200 μm.
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seems necessary to evaluate the muscle fibers of the soleus in the future.
Muscle atrophy can affect specific fiber types, involving pre-

dominantly type I or type II muscle fibers, and is frequently accom-
panied by a slow-to-fast or fast-to-slow fiber type shift. For example,
muscle disuse, such as in a spinal cord injury, causes type I fiber
atrophy with a slow-to-fast fiber type shift, whereas aging and cancer
cachexia leads to preferential atrophy of type II fibers with a fast-to-
slow fiber type shift [45]. The identification of the signaling pathways

responsible for the differential response of muscles types and fiber types
can lead to a better understanding of the pathogenesis of muscle
wasting and to the design of therapeutic interventions appropriate for
the specific disorders [45]. In general, the muscle fiber type shifting in
COPD has been thought to be different from muscle atrophy due to
aging, and the underlying mechanism is almost unknown. We plan to
conduct further investigations using this mouse model in the future.

The limitations of this study are as follows. 1) Notably, the em-
physema model used in this study is elastase inducible, and the en-
dogenous elastase activity inhibitory effect varies depending on ani-
mals, strains, and individuals. Importantly, the same dose of elastase
does not always induce similar pulmonary emphysema. 2) Animal ac-
tivity was not evaluated in this study. In general, if activity declines,
muscle fiber atrophy centering on type II muscle fibers occurs [46,47],
and muscle mass and body weight decrease. Although there is concern
about the decrease in momentum against an exercise load [25,48], we
assumed that at least the basic activity level had not declined. 3) An
elastase-induced model differs from human COPD in that it causes acute
inflammation and promptly induces pulmonary emphysema. However,
this model has many findings similar to human COPD and smoking
exposure animal models, and it has been used as a COPD animal model.
It would be necessary to examine the time course of lung destruction
and inflammation and to determine whether or not these factors cor-
relate with bone loss. However, we did not investigate this in the pre-
sent study. If the effect of acute inflammation is a principal factor, BMD

Fig. 5. Static and dynamic bone histomorphometry at the proximal tibia.
(A) BV/TV, (B) Oc.S/BS, (C) Ob.S/BS, (D) OS/BS, (E) MS/BS, (F) MAR and (G) BFR/BS. Data are the mean ± SE (n=6–7 in each group). *p < 0.05, **p < 0.01.
(H) The light microscopy findings at the proximal tibia. Trabecular bone at the proximal tibia in the PPE 0.1 group also decreased with the decline of osteogenic
activity compared to that in the Control group. Scale bar= 500 μm.

Fig. 6. Systemic chemical markers of bone metabolism.
The plasma levels of (A) osteocalcin and (B) TRACP-5b. Data are the
mean ± SE (n= 6–7 in each group). *p < 0.05.
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should gradually improve; however, the difference in the BMD change
rate after week 4 from the Control group increased. Although the effects
of acute inflammation cannot be completely eliminated, we believe that
the bone loss and bone metabolism dynamics at week 12 after PPE
administration reflect the effects of pulmonary emphysema.

Finally, even if these limitations are taken into consideration, we
believe that these model mice will be accepted as a COPD/emphysema-
related osteoporosis model.

5. Conclusions

The bone and muscle phenotypes in the mice with elastase-induced
emphysema were highly similar to those previously reported in patients
with COPD. We believe that the mice described in this experimental
protocol will be accepted as a COPD/emphysema-related osteoporosis
model.

Supplementary data to this article can be found online at https://

Fig. 7. Analysis of the lower limb muscles.
The weight of the (A) quadriceps, (B) gastrocnemius, (C) plantaris, and (D) soleus. The weight of the (E) quadriceps, (F) gastrocnemius, (G) plantaris, and (H) soleus
normalized to body weight. Data are the mean ± SE (n=14 in each group). *p < 0.05, **p < 0.01, ***p < 0.001. (I) The light microscopy findings and (J) cross
sectional area (CSA) of 300 fibers in the gastrocnemius and soleus. Data are the mean ± SE (n= 7 in each group). Scale bar= 50 μm.
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