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Abstract
Osteoporosis is an increasingly prevalent malady of the elderly that is associated
with bone fragility and increased risk of fractures. Osteoporosis treatments focus on restoring bone strength and quality. Teriparatide (TPTD) is a therapeutic agent that has been shown to increase bone strength by improving the
volume and connectivity of trabecular bone. Exercise is also known to have
pro-osteogenic effects. Here we used a rat model of severe osteoporosis
(ovariectomized and tail-suspension) to evaluate the effects of TPTD, exercise and a combination of TPTD and exercise on the microstructure of trabecular bone. TPTD mono-therapy and TPTD combined with exercise treatment significantly increased bone mineral density (BMD) in the whole body.
Micro-computed tomography analysis revealed that a combination of exercise
and TPTD treatment significantly decreased bone surface to volume and trabecular separation compared with those of the control and exercise groups.
Node-strut analysis indicated that exercise or TPTD alone did not affect
trabecular bone connectivity. However, the combination of exercise and
TPTD treatment significantly decreased measures of trabecular bone connectivity (node number) that are consistent with a transition from rod-like to
plate-like of trabecular bone microstructures. The combination treatment
with exercise and TPTD improved microstructure of trabecular bone in the
OVX and tail-suspended rats. These results indicate that combining exercise
with TPTD represents a viable means to improve cancellous bone strength in
osteoporosis populations.
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1. Introduction
Bone fragility due to osteoporosis is associated with an increased risk of fractures
in the elderly [1]. The number of elderly individuals is increasing rapidly, thus
effective treatments for osteoporosis are very important to reducing the risk of
fragility fractures in the elderly. One of the goals of osteoporosis treatment is to
prevent fragility fractures by improving bone strength, as defined by bone mineral density (BMD) and bone quality [2]. Bone quality consists of two factors:
structural characteristics and material characteristics. The structural characteristics of cancellous bone are defined by several factors including the connectivity
and microstructure of trabecular bone such as plate-like or rod-like [3]. It has
been reported that the microarchitecture of trabecular bone is a structural characteristic that plays a significant role in cancellous bone strength and determines its biomechanical properties [4]. Thus, it is vital to investigate the effects
of osteoporosis treatments on the microstructure of trabecular bone using a
model of severe osteoporosis.
Teriparatide (TPTD) is a therapeutic agent used to treat osteoporosis that has
been shown to increase bone strength by improving the connectivity of trabecular bone as well as increasing bone volume [5] and BMD [6] in a rat model of
osteoporosis. However, we previously reported that TPTD was unable to restore
the connectivity of trabecular bone and bone strength in a severe osteoporosis
model of ovariectomized (OVX) and sciatic neurectomized (NX) rats [5].
Therefore, TPTD alone may not be able to restore the connectivity and microstructure of trabecular bone in severe osteoporosis, and additional treatment(s)
may be required to augment the effects of TPTD on trabecular bone in such cases.
Exercise therapy is a potential candidate for use in combination therapy. Exercise increases systemic parathyroid hormone (PTH) levels depending on the
type, intensity, and duration of exercise [7] [8] [9], and has a dynamic loading
effect on bone tissue. It has been reported that loading and high-dose intermittent PTH administration revealed synergistic effects on cortical bone volume
and cortical bone formation of the proximal tibia and distal ulna in mice [10]
[11].
In view of this, aerobic exercise therapy may enhance the effect of TPTD on
the microstructure of trabecular bone. However, the effects of combined exercise
therapy and TPTD on the connectivity and microstructure of trabecular bone
remain unclear. Therefore, we investigated the effects of aerobic exercise therapy
and TPTD in combination on trabecular bone connectivity and microstructure
in severe osteoporosis model rats (OVX + tail suspension).

2. Materials and Methods
2.1. Animals and Experimental Protocol
Seven-month-old female Wistar rats (Japan SLC, Shizuoka, Japan) were housed
in a controlled environment (temperature 23˚C ± 2˚C, humidity 40% ± 20%)
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with a 12-h light/dark cycle.
An ovariectomy was performed under general anesthesia at 7 months of age as
a model of estrogen deficiency. General anesthesia was induced by intraperitoneal injection of xylazine hydrochloride (Sederac; Nippon Zenyaku Kogyo, Fukushima, Japan) and ketamine hydrochloride (Ketalar; Daiichi Sankyo Propharma, Tokyo, Japan). Rats were tail-suspended for 4 weeks to create hindlimb
unloading at 2 weeks after OVX. Finally, rats were randomly assigned to one of
the following four groups (n = 5/group) at six weeks after OVX: Cont group,
control group administered TPTD vehicle without low-intensity aerobic exercise
training; Exe group, exercise group subjected to low-intensity aerobic exercise
using a treadmill; TPTD group, teriparatide group administered TPTD at 30
µg/kg; and Comb group, combined group administered TPTD in combination
with low-intensity aerobic exercise. After 8 weeks of treatment, the following parameters were evaluated. The animals were anesthetized by intraperitoneal injection
of xylazine hydrochloride and ketamine hydrochloride for measurement of whole
body BMD. Rats were euthanized by injection of sodium pentobarbital (150 mg/kg
body weight) (Dainippon Sumitomo Pharma, Osaka, Japan), and the lumbar
vertebrae were harvested for evaluation of the trabecular connectivity and the
micro-structure of trabecular bone using the micro-computed tomography.
The protocols for all animal experiments were approved in advance by the
Animal Research Committee of Akita University Graduate School of Medicine,
and all subsequent animal experiments adhered to the “Guidelines for Animal
Experimentation” of Akita University Graduate School of Medicine (approval
number: a-1-2935, which was approved in August/03/2017).

2.2. Tail-Suspension Model
Hindlimb unloading was performed as described previously [12]. The animals
were suspended by the tail to maintain the rat at a head-down tilt of 30˚ with the
hindlimbs elevated above the floor of the cage for 28 days. The rats were allowed
a 360˚ range of motion to facilitate free movement about the cage.

2.3. TPTD Administration and Treadmill Exercise
TPTD (Asahi Kasei Pharma, Tokyo, Japan) was dissolved in sterile saline containing 0.1% rat serum albumin, and a dose of 30 μg/kg body weight was administered subcutaneously three times per week for 8 weeks based on a previously
reported protocol [6] [13].
Low-intensity treadmill exercise was applied at a speed of 10 m/min at a 5%
incline for 60 min/day, 5 days/week for 8 weeks (MK-680; Muromachi Kikai,
Tokyo, Japan). The treadmill exercise conditions were determined based on our
previous study [14]. All rats completed the treadmill exercise throughout the entire experimental period.

2.4. Tissue Preparation
After the animals were sacrificed, the lumbar vertebrae (L2-4) were excised and
DOI: 10.4236/ojo.2021.111001
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fixed in 10% neutral-buffered formalin (Wako Chemical Industries, Osaka, Japan) prior to micro-computed tomography measurements.

2.5. BMD Measurement
BMD of the whole body was measured using dual-energy X-ray absorptiometry (DXA) (QDR-4500 Delphi; Hologic, Bedford, MA, USA). Each region was
scanned in “small animal” mode with the “regional high-resolution” scan option.

2.6. Micro-Computed Tomography Measurement
The excised lumbar spines from the four groups treated for 8 weeks (n = 5 each)
were secured in a sample holder. Micro-computed tomography was performed
using CosmoScan GX II (Rigaku Corporation, Tokyo, Japan) according to the
manufacturer’s instructions, with an isotropic voxel size of 36 μm, energy of 90
kVp, and current of 88 μA. Captured images were rendered using TRI/3D BON
(Ratoc System Engineering Co., Ltd., Tokyo, Japan) software. Evaluation of trabecular bone volume and structure was performed based on bone surface/bone
volume (BS/BV [1/mm]) and trabecular separation (Tb.Sp [μm]). To evaluate
trabecular bone connectivity, Node-strut analysis parameters including the
number of nodes (N.Nd/TV [1/mm3]), number of terminus (N.Tm/TV [1/mm3]),
node to node length (NdNd/TV [1/mm3]), node to terminus length (NdTm/TV
[1/mm3]), and terminus to terminus length (TmTm/TV [1/mm3]) were measured. In addition, to analyze the microstructure of trabecular bone, trabecular
bone pattern factor (TBPf [1/mm]), and structure model index (SMI) were also
measured. TBPf expresses the ratio of convex to concave trabecular surfaces,
thus indicating the level of trabecular connectivity [3]. SMI is an index of trabecular structure and expresses the ratio of plate-like to rod-like structures [15].

2.7. Statistical Analysis
All data are expressed as mean ± standard deviation (SD). A Kolmogorov–Smirnov test showed that all data were normally distributed. Differences
between groups were evaluated using one-way analysis of variance (ANOVA)
and post hoc analysis was conducted using Scheffe’s method. All statistical analyses were performed using the Statistical Package for the Biosciences (SPBS)
version 9.6 (Akita University, Akita, Japan) [16]. Values of p < 0.05 were considered significant.

3. Results
3.1. Body Weight
Body weights at the beginning of the experiment were not significantly different
among the groups. The body weight (mean ± standard deviation) was significantly lower in the Exe (260.6 ± 12.7 g) and Comb groups (260.6 ± 14.1 g) than
in the Cont group (284.8 ± 15.5 g) (p < 0.05) after 8 weeks of treatment.
DOI: 10.4236/ojo.2021.111001
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3.2. BMD of Whole Body
The BMDs at 8 weeks after treatment are shown in Figure 1. The BMD of the
whole body was significantly increased with TPTD treatment (p < 0.05) and
combined treatment with exercise and TPTD (p < 0.01) compared with that of
the control group.

3.3. Micro-Computed Tomography
Exercise did not affect any of the parameters regarding bone volume and trabecular bone structure. Combined treatment with exercise and TPTD significantly
decreased BS/BV (Figure 2(a)) and Tp.Sp (Figure 2(b)) compared with the
control and exercise groups (p < 0.05 - p < 0.01). Axial images of the lumbar
spine obtained by micro-CT showed that the trabecular bones were thicker in
the Comb group (Figure 3(d)) than in the Cont group (Figure 3(a)).
Table 1 shows the results of Node-strut analysis and microstructure determination using TBPf and SMI. Exercise did not affect the Node-strut analysis parameters and TBPf and SMI. TPTD monotherapy significantly improved TBPf
compared with the control group (p < 0.05). Combined treatment with exercise and TPTD significantly decreased the node number (N.Nd/TV) compared
with the control, exercise, and TPTD mono-therapy groups (p < 0.05 - p <
0.01), and significantly decreased the node to node length (NdNd/TV) compared with the control group. In addition, the combined treatment showed significantly improved TBPf and SMI compared with the control, exercise, and
TPTD mono-therapy groups (p < 0.05 - p < 0.01).
Table 1. Micro-computed tomography of the lumbar spine, Node-Strut analysis and microstructure.
Cont

Exe

TPTD

Comb

ANOVA

N.Nd/TV (1/mm3)

27.7 ± 2.1

22.2 ± 2.4

22.4 ± 4.6

14.7 ± 4.0a’bc

<0.0001

N.Tm/TV (1/mm3)

0.7 ± 0.4

0.4 ± 0.1

0.6 ± 0.2

0.4 ± 0.2

0.0490

NdNd/TV (1/mm3)

13.9 ± 1.2

12.8 ± 0.8

12.6 ± 1.2

10.5 ± 2.4a

0.0106

NdTm/TV (1/mm )

0.2 ± 0.04

0.1 ± 0.08

0.2 ± 0.13

0.15 ± 0.05

0.2605

TmTm/TV (1/mm )

0.03 ± 0.03

0.01 ± 0.01

0.02 ± 0.01

0.01 ± 0.01

0.3628

TBPf

−0.2 ± 1.6

−3.1 ± 1.9

−3.4 ± 1.11 a

−6.1 ± 1.3a’bc

<0.0001

SMI

0.8 ± 0.4

0.3 ± 0.4

0.2 ± 0.2

−0.5 ± 0.4

<0.0001

Node-Strut analysis

3

3

Micro structure

a’bc

n = 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 µg/kg, three times/week, Comb: combined group, administered teriparatide and
performed aerobic exercise training, ANOVA: analysis of variance. N.Nd/TV: number of nodes, N.Tm/TV:
number of terminus, NdNd/TV: node to node length, NdTm/TV: node to terminus length, TmTm/TV:
terminus to terminus length, TBPf: trabecular bone pattern factor, SMI: structure model index. ap < 0.05,
a’
p< 0.01 vs. Cont group with Scheffe’s method; bp < 0.05, b’p < 0.01 vs. Exe group with Scheffe’s method; cp
< 0.05, c’p< 0.01 vs. TPTD group with Scheffe’s method.
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Figure 1. Bone mineral density in the whole body. Values represent the mean ± SD. ap <
0.05, a’p < 0.01 vs. Cont group using Scheffe’s method. Cont: control group, administered
vehicle without aerobic exercise; Exe: exercise group, performed aerobic exercise training;
TPTD: teriparatide group, administered teriparatide at 30 µg/kg, three times/week; Comb:
combined group, administered teriparatide and performed aerobic exercise training.

a
25

(1/mm)

20

a,b,c

15
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5
0

Cont
b

Exe

TPTD

Comb

180
a,b

(µm)
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TPTD

Comb

Figure 2. Lumbar spine bone volume (a: BS/BV) and trabecular bone structure (b: Tb.Sp)
by micro-computed tomography. Values represent the mean ± SD. ªp < 0.01 vs. Cont group,
b
p < 0.05 vs. Exe group, cp < 0.05 vs. TPTD group using Scheffe’s method. BS/BV: bone
surface/bone volume; Tb.Sp: trabecular separation; Cont: control group, administered vehicle
without aerobic exercise; Exe: exercise group, performed aerobic exercise training; TPTD:
teriparatide group, administered teriparatide at 30 µg/kg, three times/week; Comb: combined group, administered teriparatide and performed aerobic exercise training.
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a

b

c

d

Figure 3. Axial images of the lumbar spine by micro-CT. Cont (control) group,
administered vehicle without aerobic exercise (a); Exe (exercise) group, performed aerobic exercise training (b); TPTD (teriparatide) group, administered teriparatide at 30
µg/kg, three times/week (c); and Comb (combined) group, administered teriparatide and
performed aerobic exercise training (d).

4. Discussion
In this study, the combined treatment with aerobic exercise (treadmill) and
TPTD increased the BMD of the whole body, and improved the microstructure
of the trabecular bone from rod-like to plate-like according to TBPf and SMI,
parameters related to the mechanical property of cancellous bone. In contrast,
the parameters related to the connectivity in trabecular bone were not improved
by the combined treatment with aerobic exercise and TPTD in the OVX and
tail-suspended rats. Moreover, mono-therapy with aerobic exercise or TPTD did
not affect these parameters in this study.
The parameters TBPf and SMI reflect the microstructure of trabecular bone
and correlate with bone strength. SMI has been shown to deteriorate in OVX
rats [15] and is elevated in subjects with a history of osteoporotic fragility fractures compared with those with no such history [17]. Thus, it is very important
to improve trabecular bone microstructure parameters (i.e. TBPf and SMI). Intermittent administration of PTH [18], [19] and three times weekly administration of TPTD [6] have been shown to improve TBPf and SMI in OVX rats, and
TPTD improves these parameters in patients with primary osteoporosis [20].
However, TPTD mono-therapy did not recover TBPf and SMI in the severe osteoporosis model (OVX + tail-suspension) rats in this study. Although it is necessary to investigate the effect of other doses or durations of TPTD treatment
on these parameters of trabecular microstructure, the combined treatment with
TPTD and exercise improved these parameters in this model. The combined
treatment with TPTD and exercise is suggested to be another option to improve
trabecular bone microstructure, and by extension, the strength of cancellous
bone.
The parameters describing trabecular bone connectivity, such as N.Nd/TV
and NdNd/TV, were not improved by the combined treatment with aerobic exercise and TPTD in the severe osteoporosis model rats in this study. Our previous study demonstrated that intermittent administration of PTH increased the
connectivity of trabecular bone in OVX + NX rats, according to a two-dimensional
Node-strut analysis [5]. However, another study reported that intermittent administration of PTH thickened the trabecular plates and did not increase trabecular connectivity in OVX rats by three-dimensional high-resolution microscoDOI: 10.4236/ojo.2021.111001
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py [21]. The absence of an effect on trabecular bone connectivity might be
caused by an increase in the width of the trabecular bone and changes in trabecular structure from rod-shaped to plate-shaped.
The exercise used in this study is considered to be a model of aerobic exercise,
such as walking and running on a treadmill. Weight-bearing exercise, such as
running and jumping, are thought to have high osteogenic potential [22] [23]
[24]. However, level and downhill running exercise failed to show significant effects on structural and microarchitectural changes of trabecular bone in growing
rats [25]. Moreover, reloading subsequent to mechanical unloading did not recover the bone volume of trabecular bone and trabecular structures such as
Tb.Th in aged rats [26]. Nevertheless, exercise therapy with a treadmill in combination with TPTD significantly improved trabecular microstructure parameters compared to the respective monotherapy in this study. The mechanism
likely involves the occurrence of adaptation during exercise due to dynamic
loading as well as PTH release, and PTH signaling during exercise contributes to
improvements in the structural-level mechanical properties of cortical bone [27].
In clinical practice, we used OVX and tail-suspended osteoporosis rats as a
model for elderly osteoporosis patients who spend large amounts of time in bed
and have decreased activity. TPTD is a highly effective drug and shows a clear
effect of increasing BMD and suppressing the occurrence of fractures. However,
for elderly people with decreased activity and advanced osteoporosis, treatment
with TPTD alone may not restore bone strength and fractures. In such situations, the use of TPTD in combination with exercise, even minimal activity such
as standing or walking, appears to be useful for improving the fine structure of
trabecular bone and eventually improving cancellous bone strength.
However, there are several limitations in this study. First, evaluation of the
treatment effect on the microstructure of trabecular bone was performed at
only one time point (8 weeks after treatment). Second, a single dose of TPTD
and a fixed condition of treadmill exercise were used in this study. A longer
treatment duration, higher TPTD dose, and more robust treadmill exercise
might reveal significant effects on the microstructure of trabecular bone even
with mono-therapy.

5. Conclusion
The present study investigated the effects of TPTD, exercise and a combination
of TPTD and exercise on the microstructure of trabecular bone in the lumbar
spine of rats model of severe osteoporosis (ovariectomized and tail-suspension).
The combined treatment with aerobic exercise and TPTD recovered the microstructure of trabecular bone, such as TBPf and SMI, but not the connectivity,
and showed significant effects on BMD and bone volume as well as trabecular
thickness. These results indicate that combining exercise with TPTD represents
a viable means to improve cancellous bone strength in elderly osteoporosis populations with decrease in their activity.
DOI: 10.4236/ojo.2021.111001
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