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Abstract

Introduction Although teriparatide (TPTD) and exercise may improve osteoporosis, muscle atrophy, and fat metabolism dur-
ing ageing, the effects of treatment with a combination of TPTD and exercise on these factors remain unclear. Therefore, this
study examined the effects of TPTD and exercise on bone, skeletal muscle, and fat in ovariectomized and tail-suspended rats.
Materials and methods Seven-month-old female Wistar rats were ovariectomized and subjected to tail suspension. The
rats were then randomized into one of the following four groups (n=20/group) after 4 weeks: control group, treated with
TPTD vehicle and no exercise; TPTD group (30 pg/kg TPTD, 3 days/week); Exercise group (treadmill at 12 m/min, 60 min/
day, 5 days/week); and Combined group treated with TPTD and treadmill exercise. After 1 and 8 weeks of treatment, bone,
skeletal muscle, and fat tissue parameters were evaluated.

Results TPTD improved bone mineral density (BMD), bone structure, bone strength at the femoral metaphysis, and the
percentage of skeletal muscle mass, and decreased the percentage of fat mass and the adipose volume in the bone marrow.
Treadmill exercise increased BMD, bone strength of cancellous bone, and the percentage of skeletal muscle mass, and
decreased the percentage of fat mass as seen on dual-energy X-ray absorptiometry. Furthermore, combined treatment sig-
nificantly affected BMD, bone structure, and bone strength of cortical bone at the femoral diaphysis.

Conclusion TPTD or treadmill exercise improved bone, skeletal muscle, and fat mass. Combination therapy with TPTD and
exercise had synergistic effects on BMD, structure, and bone strength in ovariectomized, tail-suspended rats.
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Introduction

Increased risks of falls and fragility fractures are multifacto-
rial problems in the elderly population. Osteoporosis is one
factor that is known to be associated with a higher risk of
fragility fractures due to a loss of bone mass, microarchitec-
ture, and strength [1]. Muscle atrophy or weakness is another
musculoskeletal condition that develops during aging and is
known to cause falls and fragility fractures in the elderly [2,
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3]. It was recently shown that bone and muscle are intercon-
nected, both chemically and metabolically [4]. Furthermore,
it has been reported that marrow adipose tissue plays an
important role in affecting the bone quantity and quality [5,
6]. Wong et al. reported that bone marrow adiposity and
muscle adiposity are related in postmenopausal women with
osteoporosis [7]. Thus, in elderly adults who have higher
risks of falls and fragility fractures, it is important to prevent
and treat osteoporosis, muscle atrophy, and fatty infiltration
to bone marrow and skeletal muscle. In addition, fat infiltra-
tion and alterations in stem cell differentiation are common
to osteoporosis and muscle weakness.

Effectively preventing or treating osteoporosis and mus-
cle atrophy, as well as fatty infiltration to bone marrow and
skeletal muscle, requires several types of interventions,
such as combined treatment with pharmacotherapy and
exercise. Teriparatide (TPTD) is a medication used to treat
osteoporosis through the stimulation of bone formation. We
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previously reported that TPTD exerts anabolic effects on
bone formation via insulin-like growth factor-I (IGF-I) [8].
IGF-I promotes satellite cell growth in skeletal muscle and
restores muscle atrophy [9]. However, the effects of TPTD
on skeletal muscle have yet to be elucidated. TPTD reduces
fat mass in the bone marrow of ovariectomized (OVX) rats
[10] and decreases triglyceride levels and lipid droplets of
the fatty liver in diabetic osteoporosis model rats [11]. These
findings suggest that TPTD may have anabolic effects on not
only bone but also skeletal muscle and fat tissue.

Exercise is important in the management of osteoporo-
sis, and exercise has been shown to increase bone mineral
density (BMD) [12, 13], improve body balance [14, 15], and
reduce the number of falls [16]. IGF-I is associated with the
effects of exercise on BMD [17]. Skeletal muscle secretes
myokines through muscle contraction due to exercise, and
myokines mediate cross-talk between bone and body fat
[18]. Exercise has an anabolic effect on bone through the
secretion of IGF-I, and it improves lipid metabolism by
inhibiting the action of inflammatory adipokines [19, 20].

Based on these findings, we hypothesized that combined
therapy with TPTD and exercise can synergistically improve
bone, skeletal muscle, and fat tissue in the bone marrow and
body; however, no study to date has examined the combined
effects of TPTD and exercise on these factors. Therefore, the
purpose of the present study was to investigate the effects
of TPTD and/or exercise on bone and skeletal muscle, as
well as fat tissue, in OVX, tail-suspended rats as a model of
postmenopausal osteoporosis and muscle atrophy.

Materials and methods
Animals and experimental protocol

Seven-month-old female Wistar rats (Japan SLC, Shizuoka,
Japan) were housed in a controlled environment (tempera-
ture 23 +2 °C, humidity 40% +20%) with a 12-h light/dark
cycle. Rats were allowed ad libitum access to tap water and
commercial standard rodent chow.

As a model of estrogen deficiency, bilateral ovariectomies
were performed under general anesthesia at 7 months of age.
General anesthesia was induced by intraperitoneal injec-
tion of xylazine hydrochloride (Sederac; Nippon Zenyaku
Kogyo, Fukushima, Japan) and ketamine hydrochloride
(Ketalar; Daiichi Sankyo Propharma, Tokyo, Japan). Start-
ing at 2 weeks after OVX, rats were tail-suspended for
4 weeks to create hindlimb unloading. Finally, at six weeks
after OVX, rats were randomly assigned to one of the fol-
lowing four groups (n=20/group): a control (Cont) group-
administered TPTD vehicle without low-intensity aerobic
exercise training; an exercise (Exe) group that performed
low-intensity aerobic exercise on a treadmill; a TPTD
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group-administered TPTD; and a combination (Comb)
group that was administered TPTD and performed low-
intensity aerobic exercise. After 1 and 8 weeks of treatment,
the following parameters were evaluated. The animals were
anesthetized by intraperitoneal injection of xylazine hydro-
chloride and ketamine hydrochloride for measurement of
the percentages of fat mass and muscle in the whole body
and lower limbs only after 8§ weeks of treatment. Rats were
euthanized by injection of sodium pentobarbital (150 mg/kg
body weight) (Dainippon Sumitomo Pharma, Osaka, Japan),
and the bilateral femora, right tibia, lumbar vertebrae, and
blood samples from the vena cava were harvested for evalu-
ation after 1 week and 8 weeks of treatment.

The protocols for all animal experiments were approved
in advance by the Animal Research Committee of our insti-
tute, and all subsequent animal experiments adhered to the
“Guidelines for Animal Experimentation” of our university
(approval number: a-1-2935).

Tail-suspension model

Hindlimb unloading was performed as described previously
[21]. The tail was suspended to maintain the rats at a head-
down tilt of 30° with the hindlimbs elevated above the floor
of the cage for 28 days (Yamashita Technical Research Insti-
tute Co., Ltd., Tokushima, Japan). The rats were allowed a
360° range of movement to facilitate free movement about
the cage.

TPTD administration and treadmill exercise

TPTD (Asahi Kasei Pharma, Tokyo, Japan) was dissolved
in saline containing 0.1% rat serum albumin, and a dose
of 30 pg/kg body weight was administered subcutaneously
three times per week for 1 week or 8 weeks based on a previ-
ously reported protocol [22].

Low-intensity treadmill exercise was performed at a
speed of 10 m/min at a 5% incline for 60 min/day, 5 days/
week, for 1 week or 8 weeks (MK-680; Muromachi Kikai,
Tokyo, Japan). The treadmill exercise conditions were deter-
mined based on our previous study [23]. All rats completed
the treadmill exercise during the entire experimental period.

Bodyweight measurement

Bodyweight was measured at the beginning and end of the
experiment and changes in body weight were compared
among all groups.

Tissue preparation

After sacrifice, the right femur and lumbar vertebrae (L2-
4) were fixed in 10% neutral-buffered formalin (Wako
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Chemical Industries, Osaka, Japan) until preparation for
BMD and micro-computed tomography measurement. The
left femur was dissected free of soft tissue, wrapped in gauze
moistened with saline, and frozen at — 80 °C until biome-
chanical testing. The right proximal half of the tibia was
decalcified with neutral 10% ethylene diamine tetraacetic
acid for approximately 4 weeks, and then embedded in
paraffin. Subsequently, 3-um-thick mid-frontal slices were
sectioned and stained with hematoxylin and eosin for histo-
morphometry of bone marrow fat.

Serum bone metabolic markers

The blood samples were centrifuged at 15,000 rpm for
20 min to separate serum after collecting the blood sample
from the vena cava. Serum procollagen type 1N-terminal
propeptide (P1NP) and tartrate-resistant acid phosphatase-
5b (TRACP-5b) were measured using an enzyme immunoas-
say (EIA) kit (Rat/mouse PINP EIA kit, Immunodiagnostic
Systems Ltd., Boldons, United Kingdom) and a solid phase
immunofixed enzyme activity assay (RatTRAP test, Immu-
nodiagnostic Systems Ltd.).

BMD measurement

BMDs of the femur and lumbar spine (L2-L4) were meas-
ured using dual-energy X-ray absorptiometry (DXA) (QDR-
4500 Delphi; Hologic, Bedford, MA). Each region was
scanned in “small animal” mode, with the “regional high-
resolution” scan option. Femoral BMD was measured at the
proximal, middle, and distal thirds of the femora, as well as
the total femur.

Percentages of fat and skeletal muscle mass
in the pelvis and hindlimbs

Body composition, including lean mass (g), fat mass (g),
bone mass (g), and body fat percentage (%), was also
assessed with DXA (QDR-4500 Delphi; Hologic) only at
8 weeks of treatment. Each region was scanned in the “small
animal” mode using the “rat whole body” scan option.

After scanning, the area distal from the pelvis was
selected as the measurement range. The percentage of skel-
etal mass (muscle percentage, %) in the pelvis and hindlimbs
was calculated by summing the muscle masses of the lower
limbs, assuming that all non-fat and non-bone mass is skel-
etal muscle.

Biomechanical testing
Mechanical testing of the left femoral shaft was performed

at room temperature using a material testing machine
(MZ500S; Maruto, Tokyo, Japan) only at 8 weeks of

treatment. The mid-diaphysis of the femur was stabilized
by placing it on two supports of the test apparatus placed
20 mm apart. The load of a three-point bending test was
applied in the anteroposterior direction midway between the
two supports.

Load—displacement curves were recorded at a crosshead
speed of 5 mm/min. Breaking force (N), breaking energy (N
mm), maximum load (N), and breaking time (s) were calcu-
lated using software for measuring bone strength (CTR win.
Version 1.05; System Supply, Nagano, Japan), as previously
described [24, 25].

Following the three-point bending test, the distal part of
the femur was evaluated using a compression test, as pre-
viously described [26]. Load—displacement curves were
recorded, and the breaking force (N), breaking energy (N
mm), maximum load (N), and stiffness (N/mm) were calcu-
lated using the same software.

Fat histomorphometry

Fat histomorphometric analysis at the proximal tibia with
200x magnification was performed using a semiautomatic
graphic system (Histometry RT CAMERA; System Sup-
ply). Measurements were obtained at 400 pm caudally from
the lowest point of the growth plate and 100 pm medially
from the endosteal surface. The histomorphometric adipo-
cyte volume per total bone marrow volume (AV/MV, %),
number of adipocytes per unit area of marrow volume (N.A/
MYV, number of cells/mmz), and volume of each adipocyte
per number of adipocytes (AV/N.A, pm?) were evaluated as
parameters of fat histomorphometry in the bone marrow of
the proximal tibia only at 8 weeks of treatment, as described
previously [10].

Micro-computed tomography examination

The excised right femur and lumbar spine from rats in the
four groups that were treated only for 8 weeks (n=4-5 each)
were secured in a sample holder. Micro-computed tomog-
raphy was performed with CosmoScan GX II (Rigaku Cor-
poration, Tokyo, Japan), according to the manufacturer’s
instructions, with an isotropic voxel size of 36 pm, energy
of 90 kVp, and current of 88 pA. Captured images were
rendered using TRI/3D BON (Ratoc System Engineering
Co., Ltd., Tokyo, Japan) software. Evaluation of osteoporo-
sis was performed based on the bone volume/tissue volume
(BV/TV), trabecular thickness (Tb.Th), trabecular number
(Tb.N), cortical thickness (Ct.Th), and cortical area (Ct.Ar).

Statistical analysis

All data are expressed as means + standard deviation (SD).
A Kolmogorov—Smirnov test showed that all data were
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normally distributed. Differences between groups were eval-
uated using one-way analysis of variance (ANOVA) and ana-
lyzed using Scheffe’s methods as post hoc tests. All statisti-
cal analyses were performed using the Statistical Package for
the Biosciences (SPBS) version 9.6 (Akita University, Akita,
Japan) [27]. Values of p < 0.05 were considered significant.

Results
Bodyweight

Body weights at the beginning of the experiment and at
1 week of treatment were not significantly different among
the groups (Table 1). The body weight was significantly
lower in the Exe and Comb groups than in the Cont group
(p <0.05) after 8 weeks of treatment.

BMD

The BMDs of the femur and lumbar spine at 1 week and
8 weeks after treatment are shown in Table 2. At 1 week of
treatment, the BMDs of the femur and lumbar spine did not
show significant differences among the four groups.

After 8 weeks of treatment, the Exe and TPTD groups
showed significantly higher BMDs in the total, proximal,
and distal femur than the Cont group (p <0.01 or p <0.01).
The combined treatment with exercise and TPTD (Comb
group) significantly increased the BMDs in the total, proxi-
mal, middle, and distal femur compared with that of the
Cont, Exe, and TPTD groups (p <0.05, p<0.01).

In the lumbar spine, the Exe, TPTD, and Comb groups
showed significantly higher BMDs than the Cont group
(»<0.05, p<0.01, and p <0.01, respectively). Further-
more, combined treatment with exercise and TPTD led to a

Table 1 Body weights (g) in

Cont Exe TPTD Comb ANOVA
each group
Beginning (n=20) 238.4+10.9 234.6+10.2 241.9+14.5 244.8+12.5 0.0843
1 week (n=10) 248.0+13.4 232.9+13.7 248.8+10.1 242.9+129 0.0536
8 weeks (n=10) 286.1+14.0 259.8+11.5% 271.8+17.9 258.8 +14.3*% <0.05

Values represent the means + standard deviation (SD)

Cont control group, administered vehicle without aerobic exercise, Exe exercise group, performed aerobic
exercise training, TPTD teriparatide group, administered teriparatide at 30 pg/kg, three times/week, Comb
combined group, administered teriparatide and performed aerobic exercise training

* p<0.05 vs. Cont group with Scheffe’s method

Table2 BMD (g/cm?) in each

Cont Exe TPTD Comb ANOVA
group
1 week
Femur total 0.200+£0.007 0.199+0.004  0.201+0.006  0.200+0.010 0.9876
Femur proximal ~ 0.196+0.008  0.196+0.005  0.198+0.006  0.198+0.015 0.8439
Femur middle 0.182+0.010  0.185+0.007  0.182+0.010  0.182+0.008 0.8765
Femur distal 0.221+0.010 0.218+0.008  0.218+0.008  0.217+0.006 0.7331
Lumbar spine 0.199+0.003  0.199+0.006  0.202+0.007  0.198+0.007 0.6240
8 weeks
Femur total 0.220+0.012  0.239+0.008°  0.239+0.007°  0.259+0.009*" <0.0001
Femur proximal ~ 0.212+0.012  0.247+0.011*  0.236+0.008°  0.254+0.011¥"¢ <0.0001
Femur middle 0.193+£0.015  0.207+0.009  0.209+0.009  0.226+0.012*"¢ <0.0001
Femur distal 0.236+0.014  0.260+0.011*  0.259+0.007°  0.284+0.009*" <0.0001
Lumbar spine 0.202+0.013  0.221+0.016*  0.235+£0.011¥  0.245+0.009*" <0.0001

n =10 per group. Values represent the means +SD

Cont control group, administered vehicle without aerobic exercise, Exe exercise group, performed aerobic
exercise training, TPTD teriparatide group, administered teriparatide at 30 pg/kg, three times/week, Comb
combined group, administered teriparatide and performed aerobic exercise training

2 <0.05, “p<0.01 vs. Cont group with Scheffe’s method

°p<0.05, " p<0.01 vs. Exe group with Scheffe’s method

p<0.05, “p<0.01 vs. TPTD group with Scheffe’s method
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significant increase in the BMD of the lumbar spine com-
pared with that of the Exe alone group (p <0.01).

Bone metabolic markers

The serum TRACP-5b level was significantly differ-
ent among the four groups at 1 week, but not at 8§ weeks,
after treatment by ANOVA (p=0.036) (Supplementary
Table 1). The TRACP-5b level was significantly lower in
the Comb group than in the Exe group at 1 week after treat-
ment (p <0.05). There were no significant differences of
P1NP among the four groups at 1 week and 8 weeks after
treatment.

Bone strength as determined by biomechanical
testing

In the femoral diaphysis, a cortical bone-rich site, the Comb
group showed a significantly higher breaking force and
maximum load than the Cont group (p <0.01 and p <0.01,
respectively) (Fig. 1a). In addition, the Comb group showed
a significantly higher maximum load than the Exe and TPTD
groups (p <0.01 and p <0.01, respectively). Breaking energy
and breaking time of the femoral diaphysis showed no sig-
nificant differences among the groups.

In the femoral distal metaphysis, a cancellous bone-rich
site, the intervention groups showed significantly higher
breaking energy and maximum load than the Cont group
(»<0.05, p<0.01) (Fig. 1b). The Comb group showed a
significantly higher breaking force than the Cont and Exe
groups (p <0.01 and p <0.05, respectively). The Exe and
TPTD groups showed significantly longer breaking times
than the Cont group (p <0.01).

Fat histomorphometry

AV/MYV and N.A/MV were significantly lower in the TPTD
and Comb groups than in the Cont and Exe groups (p <0.05,
p <0.01) (Table 3). However, no significant differences in
AV/N.A were observed among the groups. The number of
adipocytes was greater in the Cont group (Fig. 2a) than in
the other groups (Fig. 2b—d). Cancellous bone was greater
in the Exe, TPTD, and Comb groups (Fig. 2b—d) than in the
Cont group (Fig. 2a).

Percentages of fat and skeletal muscle of the pelvis
and lower limbs

The percentages of fat and skeletal muscle of the pelvis and
lower limbs are shown in Fig. 3. Hindlimb weights were
significantly lower in the Exe and Comb groups than in the
Cont group (p <0.01). Exercise, TPTD, and combined treat-
ment with exercise and TPTD significantly decreased the

percentage of fat mass in each respective group when com-
pared with the Cont group (p <0.01). The combined treat-
ment with exercise and TPTD also significantly decreased
the percentage of fat mass in the Comb group when com-
pared with the Exe group (p <0.05). The percentages of
muscle mass were significantly higher in the Exe, TPTD,
and Comb groups than in the Cont group (p <0.01).

Micro-computed tomography

Table 4 shows the results of micro-computed tomography.
At the femoral neck, BV/TV was significantly higher in the
Comb group than in the other groups (p <0.01). Tb.Th val-
ues were significantly higher in the Exe, TPTD, and Comb
groups than in the Cont group (p <0.05, p <0.05, and
p <0.01, respectively), and in addition, Tb.Th was signifi-
cantly higher in the Comb group than in the Exe or TPTD
groups (p <0.01). Tb.N was significantly higher in the Comb
group than in the Cont and Exe groups (p <0.05).

At the distal metaphysis, all parameters were signifi-
cantly higher in the TPTD and Comb groups than in the
Cont group, and additional increases in BV/TV, Tb.Th, and
Tb.N were observed in the Comb group compared with the
Exe group (p <0.01, p<0.05, and p <0.01, respectively).

At the femoral midshaft, Ct.Th and Ct.Ar were signifi-
cantly higher only in the Comb group compared to the other
groups (p <0.05, p<0.01, respectively). The axial images of
micro-CT at the femoral midshaft showed that the cortical
bone was thicker in the Comb group (supplementary Fig-
ure 1d) than in the Cont group (supplementary Figure 1a).

At the lumbar spine, TPTD monotherapy significantly
increased BV/TV compared with that in the Cont group
(p <0.05). The combined treatment with exercise and TPTD
significantly increased BV/TV and Tb.Th compared with
those in the Cont, Exe, and TPTD groups (p <0.01, p <0.05,
and p <0.05, respectively). No significant difference in Tb.N
was seen among the groups.

Discussion
Exercise effects on bone, skeletal muscle, and fat

Treadmill exercise for OVX, tail-suspended rats signif-
icantly increased BMD, except at the middle region of
the femur and in the lumbar spine, bone strength at the
distal metaphysis of the femur, and the percentage of
skeletal muscle at the pelvis and hindlimbs. Exercise did
not affect bone metabolic markers in this study. Tread-
mill exercise only decreased the percentage of fat as seen
on DXA, but not the adipose tissue in the bone marrow.
It was previously demonstrated that exercise stimulates
the proliferation of mesenchymal stem cells, as well as
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Fig. 1 Bone strength of the femoral mid diaphysis (a) and distal met-
aphysis (b) (n=9-10 per group). Values represent the means+SD.
*p<0.05, **p<0.01 with Scheffe’s method. Cont control group,
administered vehicle without aerobic exercise; Exe exercise group,

osteogenesis, in addition to suppressing adipocyte diam-
eter [28]. Furthermore, a study also showed that treadmill
training prevents bone loss by inhibition of peroxisome
proliferator-activated receptor gamma (PPARY) expres-
sion rather than by promoting the osteogenic factor, runt-
related transcription factor 2 [29]. In OVX rats, treadmill
training activates glycogen synthase kinase-3f/p-catenin
signaling and inhibits the production of PPARY in lumbar
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performed aerobic exercise training; TPTD teriparatide group, admin-
istered teriparatide at 30 pg/kg, three times/week; Comb combined
group, administered teriparatide and performed aerobic exercise train-
ing

vertebrae [30]. Treadmill exercise also increases soleus
and plantar muscle mass in OVX rats [31]. These mecha-
nisms act to increase BMD and decrease the percentage of
fat. The effects of treadmill exercise on the BMD and bone
strength of cancellous bone, skeletal muscle mass, and fat
mass in the OVX tail-suspended rats were consistent with
the results of previous studies in OVX rats.
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Table 3 Fa.t histqmorphometry Cont Exe TPTD Comb ANOVA
of the proximal tibia in each
group at 8 weeks of treatment AV/MV (%) 53.4+6.7 442+9.4 31.5+6.6% 26.4+5.177 <0.0001
AV/N. A (pm?) 511.6+50.5  482.0+73.6 465.5+64.5 4233+24.4 0.1184
N.A/MV (number 1043.9+91.4  934.5+2300  6782+113.7°  621.9+103.5%" 0.0003
of cells/mm?)

n=9-10 per group. Values represent the means +SD

Cont control group, administered vehicle without aerobic exercise, Exe exercise group, performed aerobic
exercise training, TPTD teriparatide group, administered teriparatide at 30 pg/kg, three times/week, Comb
combined group, administered teriparatide and performed aerobic exercise training

AV/MV adipocyte volume per total bone marrow volume, N.A/MV number of adipocytes per unit area of
marrow, AV/N. A volume of each adipocyte per number of adipocytes

2p<0.05, “p <0.01 vs. Cont group with Scheffe’s method
5p<0.05, p<0.01 vs. Exe group with Scheffe’s method

Fig. 2 Histological sections stained with hematoxylin and eosin at the
metaphyseal tibia; magnification X10. Cont: control group, admin-
istered vehicle without aerobic exercise (a); Exe: exercise group,
performed aerobic exercise training (b); TPTD: teriparatide group,

TPTD effects on bone, skeletal muscle, and fat

Several previous studies have mentioned the effects of the
frequency and dose of TPTD on cortical BMD or the cortical
porosity of the proximal or middle shaft of the femur. Takao-
Kawabata et al. demonstrated that administration of TPTD
three times per week significantly and dose-dependently
increased the BMD of the proximal femur and the cortical
thickness of the middle shaft of the femur compared with
OVX control rats [32]. Takakura et al. also showed that cor-
tical porosity develops as a result of an increased frequency
of administration with a lower concentration of total TPTD
administration [22]. In the present study, administration of
TPTD three times per week increased the proximal and distal

administered teriparatide at 30 pg/kg, three times/week (c¢); Comb:
combined group, administered teriparatide and performed aerobic
exercise training (d)

femoral BMD, but not the BMD of the middle shaft of the
femur, increased the maximum load of the distal metaphysis,
but not that of the middle shaft of the femur, and increased
the Tb.Th of the proximal femur and the BV/TV of the dis-
tal femur, with no effect on the bone metabolic markers.
The effects of TPTD on the proximal or distal femur were
consistent with the results of previous studies. However,
the effects of TPTD on the middle shaft of the femur were
different from the results for OVX rats in previous studies
compared with the results for OVX tail-suspended rats in
the present study. The model of OVX, tail-suspended rats
appears to cause more severe bone loss and bone fragility at
the middle shaft of the femur, which is a cortical bone-rich
site, than the OV X rats reported in the previous studies.
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Fig. 3 Pelvis and hindlimb weight and percentages of fat and skeletal

muscle mass (n=7 per group). Measurement of the percentages of

fat and skeletal muscle mass was performed using DXA. Values rep-
resent the means +SD. *p <0.05, **p <0.01 with Scheffe’s method.
Cont control group, administered vehicle without aerobic exercise;

Table 4 Micro-computed
tomography of the femoral neck
and distal metaphysis of the
femur at 8 weeks of treatment
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Exe exercise group, performed aerobic exercise training; TPTD teri-
paratide group, administered teriparatide at 30 pg/kg, three times/
week; Comb combined group, administered teriparatide and per-
formed aerobic exercise training

Cont Exe TPTD Comb ANOVA

Femoral neck

BV/TV (%) 37.2+2.4 425+6.8 452+5.3 59.0+3.1¥0°¢ <0.0001

Tb.Th (um) 78.2+6.4 90.8+3.7° 92.5+6.1% 107.3 +5.4%%¢ <0.0001

Tb.N (/mm) 47+0.2 4.7+0.6 49404 5.5+0.1%® 0.0095
Distal metaphysis

BV/TV (%) 6.3+25 10.9+3.4 16.2+3.8¢ 22.9+4.8Y <0.0001

Tb.Th (um) 50.8+5.2 60.9+2.6 65.9+7.8" 77.2+7.54° <0.0001

Tb.N (/mm) 1.2+0.4 1.8+0.5 2.4+03* 294044 <0.0001
Femoral shaft

Ct.Th (um) 526.1+15.8 531.8+28.9 543.9+37.1 605.0 +10.4¥°¢ 0.0006

Ct.Ar (mm?) 43+02 4.4+0.3 4.4+0.3 5.0+0.1¥%¢ 0.0034
Lumbar spine (L4)

BV/TV (%) 412+4.4 48.6+5.4 50.9+4.1* 61.6+5.6°% <0.0001

Tb.Th (pm) 107.9+7.3 125.5+9.8 126.7+9.6 157.2+18.59%¢ 0.0001

Tb.N (/mm) 3.8+0.2 3.9+0.2 40+0.1 3.9+0.1 0.1110

n=4-5 per group. Values represent the means + SD

Cont control group, administered vehicle without aerobic exercise, Exe exercise group, performed aerobic
exercise training, TPTD teriparatide group, administered teriparatide at 30 pg/kg, three times/week, Comb
combined group, administered teriparatide and performed aerobic exercise training, ANOVA analysis of

variance

BV/TV bone volume per tissue volume, 7b.Th trabecular thickness, 7b.N trabecular number, Cz.Th cortical

thickness, Ct.Ar cortical area

3 <0.05, “p <0.01 vs. Cont group with Scheffe’s method

®p <0.05,%p<0.01 vs. Exe group with Scheffe’s method

°p<0.05, p<0.01 vs. TPTD group with Scheffe’s method
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In the present study, TPTD monotherapy significantly
increased the percentage of skeletal muscle and decreased
the percentage of fat in the pelvis and hindlimbs as measured
by DXA and decreased the adipose volume in bone mar-
row in the OVX, tail-suspended rats. This is the first study
to demonstrate that TPTD treatment increased the percent-
age of skeletal muscle in osteoporosis and muscle atrophy
model rats. A previous in vitro study reported that parathy-
roid hormone (PTH) modulates the uptake and retention of
25-hydroxyvitamin D in skeletal muscle cells [33]. Growth
hormone (GH) is a potent anabolic agent that promotes skel-
etal muscle cell protein synthesis and growth [34]. GH exerts
its effect either directly or indirectly by promoting IGF-1. We
previously demonstrated that the anabolic effects of PTH on
bone are exerted via IGF-I [8]; therefore, we hypothesized
that TPTD may have anabolic effects on atrophied skeletal
muscle via the 25-hydroxyvitamin D or the IGF-I/GH axis.
Brent et al. reported that PTH (1-34) and GH prevent disuse
osteopenia and sarcopenia in rats [35]. As a direct effect of
TPTD on skeletal muscle, Kimura et al. reported that the
differentiation of satellite cells into myotubes is accelerated
by PTH and the expression of the PTH-1 receptor [36]. In
addition, TPTD treatment significantly improves muscle
weakness in dystrophin-deficient mdx mice [37]. Although
the effects of TPTD on skeletal muscle remain unknown,
TPTD may have an anabolic effect on muscle atrophy or
muscle weakness.

We previously reported that TPTD increases cancellous
bone volume by stimulating bone formation and suppresses
adipocyte volume [10]. TPTD decreases triglyceride levels
and lipid droplets of the fatty liver in diabetic osteoporo-
sis model rats [11]. TPTD also decreases body weight and
fat mass via an increase in undercarboxylated osteocalcin
[38]. In the present study, TPTD monotherapy significantly
decreased the percentage of fat in the pelvis and decreased
the adipose volume in the bone marrow. These results were
consistent with the results of previous studies. TPTD may
have positive effects on fat metabolism in this model.

Effects of combined treatment with TPTD
and exercise on bone, skeletal muscle, and fat

Compared with each monotherapy, combined treatment
with treadmill exercise and TPTD significantly increased
BMD at all sites of the femur and lumbar spine, the bone
strength of a cortical bone site (middle femur) and a cancel-
lous bone-rich site (distal metaphysis), BV/TV and the tra-
becular thickness of the proximal and distal femur and lum-
bar spine, and cortical thickness and area with suppression
of bone resorption compared with exercise monotherapy
at 1 week after treatment. Furthermore, combined therapy
significantly decreased adipose volume in the bone marrow
and the percentage of fat compared with treadmill exercise

monotherapy. However, the combined treatment did not have
a significant effect on the percentage of skeletal muscle in
this model rat.

Exercise increases systemic PTH levels depending on the
type, intensity, and duration of exercise [39—41], in addition
to an effect of dynamic loading on bone tissue. Sugiyama
et al. reported synergistic effects on the cortical bone volume
of the proximal tibia and distal ulna with loading and high-
dose intermittent PTH administration in mice [42]. PTH
treatment can further increase cortical bone formation dur-
ing direct loading [42, 43]. In a recent study, bone adaptation
during exercise occurred not only due to dynamic loading,
but also PTH release, and PTH signaling during exercise
contributed to improvement in the structural-level mechani-
cal properties of cortical bone [44]. Based on these results,
combined treatment with TPTD and treadmill exercise
showed synergistic effects, especially on cortical bone com-
pared with TPTD monotherapy. However, the synergistic
effects of TPTD and treadmill exercise on the percentage of
fat mass or skeletal muscle mass compared with the effects
of TPTD monotherapy were not observed in the OVX, tail-
suspended rats. The mechanisms of the combined effects of
TPTD and treadmill exercise on fat mass or skeletal muscle
may be different from those on cortical bone.

Limitations

The results of the present study must be considered in light
of several limitations. First, the percentage of skeletal mus-
cle mass was evaluated only with DXA. Further investigation
is needed to evaluate the effects of TPTD on skeletal muscle
size, type of skeletal muscle, and its related gene expression
during treatment. Second, only a single type or condition
of the exercise was evaluated. Other types or conditions of
exercise may have different effects on bone, skeletal muscle,
and fat when combined with TPTD treatment. Third, there
were no control groups with OVX or tail-suspension alone
to evaluate their individual effects on bone, skeletal muscle
mass, and fat mass. Finally, the mechanisms of the effects
of combined therapy of TPTD and exercise were not inves-
tigated by analyzing gene expression in bone, muscle, and
fat tissues in this study. Future studies are needed to address
these points.

Conclusions

In the present study, TPTD and/or treadmill exercise for
OVX, tail-suspended rats as a model of osteoporosis and
muscle atrophy, representing immobilized, postmenopausal,
osteoporotic women, demonstrated the following. TPTD
monotherapy increased the BMD and structure of cancel-
lous bone at the femur and lumbar spine, the bone strength
at the femoral metaphysis, and the percentage of skeletal
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muscle mass, and it decreased the percentage of fat mass
and adipose volume in the bone marrow. Treadmill exercise
only increased the BMD and bone strength of cancellous
bone, increased the percentage of skeletal muscle mass, and
decreased the percentage of fat mass as measured by DXA.
In addition to these effects of each treatment, the combined
treatment with TPTD and treadmill exercise had synergis-
tic effects on BMD, structure, and bone strength of cortical
bone at the femoral diaphysis. These results suggest that
the combination therapy of TPTD and treadmill exercise
may be effective for improving bone, skeletal muscle, and
fat in elderly patients with osteosarcopenia. In the clinical
situation, treatment of elderly and immobilized, postmeno-
pausal, osteoporotic women to prevent fragility fractures by
TPTD alone may not be enough. In addition to treatment
with TPTD, some kind of exercise, such as standing or walk-
ing with support, is needed to achieve a preventive effect on
fragility fractures, especially at cortical bone-rich sites in
elderly and immobilized, osteoporotic patients.
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