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Effect of zoledronic acid on muscle D
metabolism in mice with osteoporosis

combined with sarcopenia
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Abstract

Objective To investigate the effects of zoledronic acid on muscle metabolism in mice with osteoporosis and
sarcopenia and elucidate the possible underlying mechanism.

Methods Twenty-four 8-week-old male C57BL/6J mice were randomly divided into four groups: non-suspension
(N-SUS), suspension (SUS), suspension +zoledronic acid (ZA), and suspension+PTH(PTH) groups. Equal doses of
saline, zoledronic acid, and PTH were administered subcutaneously. After 4 weeks, the mice were sacrificed, and body
weight and muscle mass (gastrocnemius and soleus) were measured, the right tibia of mice was taken for micro-CT
examination, and the muscle specimens were analyzed using HE staining, ATPase staining, western blotting, and real-
time PCR.

Results Compared with the N-SUS group, the bone mineral density (BMD), trabecular bone relative volume (BV/

TV) and trabecular bone number (Tb.N) were significantly decreased in the SUS group (P<0.01), the trabecular bone
separation(Tb.Sp)was significantly increased (P<0.01), which was reversed in ZA and PTH group (P<0.01).Compared
to the SUS group, the body and muscle weights of the ZA and PTH groups were significantly increased. Compared to
the SUS group, the muscle structure was less damaged, the proportion of type | muscle fibers was increased, and the
protein expression of 3-catenin and AKT were upregulated in the ZA and PTH groups(P < 0.05). In addition, the mRNA
expression levels of Wnt3a, Wnt16, Myf5, and PI3K were significantly increased (P < 0.05), where as those of Myogenic
Differentiation Antigen(MyoD )and Myogenin (MyoG) were significantly decreased (P < 0.05). No significant differences
were observed between the ZA and PTH groups.

Conclusions Zoledronic acid can reduce muscle loss and damage by upregulating the mRNA expression of Wnt and
PI3K and the protein expression of 3-catenin and AKT.Our results provide a novel basis for the development of drugs
for the treatment of osteoporosis combined with sarcopenia.
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Introduction

Sarcopenia is a disease characterized by the progres-
sive and widespread loss of muscle mass, strength, and
function associated with increased age, leading to lim-
ited activity, falls accidents, and even death [1]. Mean-
while, osteoporosis is a systemic metabolic bone disease
characterized by reduced bone mass, disrupted bone
microstructure, increased bone brittleness, decreased
bone strength, and fractures. Studies have suggested
that decreased muscle content, strength, and func-
tion can significantly increase the risk of osteoporosis, a
main risk factor for fall accidents and fractures, and that
decreased bone strength can also significantly increase
the prevalence of sarcopenia. Sarcopenia and osteopo-
rosis are often accompanied by and interact with each
other, jointly increasing the disability and mortality rates
of the elderly population [2, 3]. Current prevention and
treatment measures for sarcopenia include nutritional,
exercise, and drug therapies. Currently, drug therapy
mainly includes vitamin D, androgens, selective andro-
gen receptor modulators, growth hormones, and myo-
statin inhibitors [4]. However, there are no guidelines
for the treatment of sarcopenia, and the development
of new treatments is urgently needed. Zoledronic acid,
a commonly used drug against osteoporosis, has been
found to enhance muscle function. Hassouneh et al. [5]
found that zoledronic acid could increase the sensitivity
of skeletal muscle tissue sensitivity to insulin action at
aged rats. Thus, it increases the glucose uptake capac-
ity and enhances muscle activity. In addition, Hain [6]
and Essex [7] both found that zoledronic acid not only
reduced bone mass loss, but also improved muscle mass
and strength in chemotherapy-induced mice. At the same
time, some scholars [8] have also found that zoledronic
acid can improve the appendicular skeletal muscle mass
and appendicular skeletal muscle mass index in patients
with osteoporosis. However, Haeri et al. [9] found no
increase in limb muscle mass in older women treated
with zoledronate, although bone mineral density at the
hip and spine increased. so the exact efficacy of zole-
dronic acid remain to be verified. And its specific mecha-
nisms of action remain unclear. In this study, we aimed to
explore the effect of zoledronic acid on muscle metabo-
lism in mice with osteoporosis and sarcopenia, analyze
its possible mechanism of action, and provide ideas and
basis for the development of new drugs for the treatment
of sarcopenia.

In view of this, we first need to establish a simple and
effective animal model of osteoporosis combined with
sarcopenia. At present, there are various animal mod-
els of sarcopenia at home and abroad. These included
aging animal models [10], aging+high-fat diet animal
models [11], accelerated aging animal models [12], and
hindlimb unloading animal models [13], Gene knockout
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animal model [14]. Although the pathology of accelerated
aging model is similar to that of geriatric pathology, the
cost is high, and gene knockout model cannot be widely
used as an animal model of sarcopenia at present. There-
fore, aging+high-fat diet and hindlimb unloading ani-
mal models are commonly used modeling methods with
short time and low cost. In addition, some scholars [15]
have found that the tail suspension method (hindlimb
unloading) removes the weight of the rat’s hind limbs,
BMD and BV/TV of tibial subchondral bone decreased
significantly, and TbSp increased significantly, which
was consistent with the manifestation of osteoporosis.
At the same time, studies [16] have shown that after 4
weeks of hindlimb unloading in rats, 50% loss of myofi-
brillar protein could be observed in soleus muscle, and
the contraction tension and mass of soleus and plantaris
muscle were reduced by about 50%. These macroscopic
and microscopic changes of skeletal muscle are consis-
tent with the characteristics of skeletal muscle changes
in sarcopenia.All these evidences support that hindlimb
unloading can be used as an animal model of osteoporo-
sis combined with sarcopenia. And greatly increase the
simplicity of operation.

Methods

Experimental animals

Twenty-four healthy 8-week-old, specific pathogen-free
male C57BL/6] mice (body weight,25+3 g) were pur-
chased from Shanghai Jihui Experimental Animal Feed-
ing Co. LTD.(animal production license number: SCXK
(Shanghai): 2017-0012). The mice were housed at a con-
stant temperature of 2212 °C, 50-60% humidity, alter-
nating light and dark every 12 h, and 15-20 air changes
hourly. They were randomly divided into four groups
according to the number table method: non-suspen-
sion group (N-SUS), suspension group (SUS), suspen-
sion+zoledronic acid group (ZA), and suspension+PTH
group (PTH).

Establishment of an animal model of osteoporosis
combined with sarcopenia

After the mouse tail was picked, the tail was wrapped by
a circle of gauze, and then multiple circles of breathable
tape were wrapped to make a hanging point at the mid-
point of the tail, connect the fish line to hang, and the
other end of the fish line was fixed to the appropriate part
of the cage top, adjust the length of the fish line to ensure
that the hind limbs hanging just out of the horizontal, the
body, and the horizontal surface at an approximately 30 °
angle.The mice could still rotate and feed freely.The set-
up was maintained for 4 weeks [15, 16].
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Medical treatment

Treatment was administered at the beginning of model-
ing. A single dose of zoledronic acid100 pg/kg (Novartis,
JiangSu, China) was administered to the ZA group via
subcutaneous injection.PTH (1-34) 40 pg/kg (Mimo-
topes Peptides, WuXi, China), was administered to the
PTH group 5 days a week, with 2 days interval, for 4
weeks. The N-SUS and SUS groups received equal doses
of saline [17].

Weight measurement

After 4 weeks of treatment, mice weight in each group
were recorded using an electronic scale. Mice were
euthanized by intraperitoneal injection of 2 milliliters of
0.3% concentration pentobarbital, then sacrificed by neck
removal. The right tibia of the mice was taken, and the
tibia of the mice was fixed with 4% paraformaldehyde.
The calves were separated, and the intact gastrocne-
mius and soleus muscles were removed, rinsed with cold
saline, trimmed clean of visible fat and connective tis-
sues, and then weighed.

Micro computed tomography (Micro-CT) examination

The Skyscanl176 scanning software on the microCT
(MCT-III, ZKKS, China) was used to set the following
scanning parameters: voltage 45KeV, electric current
555uA, power consumption 25 W, exposure time 48ms,
resolution 35 pum (actual resolution: 34.92 um), scanning
Angle 180° (2 pictures were captured every 0.7°), serial
scanning of 9 um per slice were done. After scanning, a
fixed volume of interest (VOI) was selected in the center
of the specimen for data analysis. Then, the three-dimen-
sional images of the tibia were reconstructed by NRecon
software. The on-board CTvox 3D imaging software was
used to draw 3D stereoscopic images.

Hematoxylin-eosin staining

Washing the calf muscles to remove glycerin, fixed in
4% paraformaldehyde at 4 for 48 h, washed with normal
saline, dehydrated gradually with alcohol, treated with
xylene transparent, embedded in paraffin, stained with
hematoxylin-eosin, and systematically photographed to
observe the number and shape of muscle fibers.

ATPase staining

Muscle specimens were fixed in4% paraformaldehyde
for 24 h; rinsed with normal saline, followed by 10%,
20%, and 30% sucrose solutions; and then dehydrated.
The surrounding liquid was blotted using an absor-
bent paper. Muscle tissues were embedded in opti-
mal cutting temperature(OCT) compound, The 10 pm
thickness muscle was frozen, serially sliced and dried.
Subsequently, the muscle fiber staining was performed
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to observe changes in the number of different types of
muscle fibers.

Western blot

Muscle tissue samples were collected. Proteins were
extracted with RIPA lysis buffer(Beyotime, Shang-
Hai, China), and protein concentration was deter-
mined using a BCA protein quantification kit(Beyotime,
ShangHai, China). The proteins were separated using
10% SDS-PAGE and then electrotransferred to PVDF
membranes(GE, USA). The PVDF membranes were
blocked in TBST solution containing 5% skim milk for
1 h. Primary antibodies (B-catenin, Akt) were added and
incubated overnight at 4 °C, and then secondary antibod-
ies were added and incubated for 1 h at 16—20 °C.Finally,
the membranes were washed with TBST(Applygen, Bei-
Jing, China) for 30 min. Chemiluminescence was mea-
sured using an ECL chemiluminescence solution(Clinx,
ShangHai, China).

Real-time polymerase chain reaction (PCR)

Genes related to muscle metabolism (Wnt3a,
Wntl16,Myf5, PI3K, MyoD, and MyoG) were selected
to investigate the effects of zoledronic acid on muscle
metabolism. Briefly, total RNA from each sample was
extracted using the TRIzol one-step method and reverse-
transcribed into cDNA using an RT-PCR kit, according
to the manufacturer’s instructions. SYBR real-time PCR
was performed using an ABI7500 real-time fluorescent
quantitative PCR instrument. Relative expression was
calculated using the 2°* method.

Statistical analysis

The SPSS 20.0 software was used for the data analysis.
One-way ANOVA was used to analyze measurements
between multiple groups that conformed to a normal
distribution and the chi-square test.The Tukey test was
used for further two-way comparison between groups.
The Dunnett’s T3 test or independent sample ¢-test was
used to analyze measurements that conformed to a nor-
mal distribution but the variance was not chi-square.The
Kruskal-Wallis H-test was used for data that were not
normally distributed. The level of significance was set at
a=0.05. All data are expressed as mean+standard devia-
tion, and P<0.05 was considered statistically significant.

Results

Body, hallux valgus, and gastrocnemius muscle weight
measurements

As shown in Fig. 1, mice body weight, as well as the
soleus muscle and gastrocnemius weights in the SUS
group decreased significantly compared with the N-SUS
group (P<0.01).Meanwhile, these weight measurements
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Fig. 1 Body weight, and soleus and gastrocnemius muscle weights of mice in each group. Compared with the non-suspension group: 4P<0.05,
#a4p < 0.01. Compared with the suspension group: *P<0.05, **P<0.01. Compared with the suspension +zoledronic acid group: P < 0.05, #P<0.01

N-SUS

ZA PTH

Fig. 2 CT scan of the tibia in each mouse group

significantly increased in the ZA and PTH groups, com-
pared with that of the SUS group (P<0.05 or P<0.01).

Micro-CT

As shown in Figs. 2 and 3, the tibial bone mineral den-
sity (BMD), trabecular relative volume (BV/TV), and
trabecular number (Tb.N) in the SUS group significantly
decreased(P<0.01), and the trabecular separation(Tb.Sp)
degree significantly increased, compared to that in the
N-SUS group, while. Compared with the SUS group, the

tibial BMD(P<0.01), BV/TV(P<0.05),Tb.N(P<0.01) in
the ZA and PTH groups were significantly increased, and
Tb.Sp was significantly decreased (P<0.01).

HE staining of gastrocnemius tissue

The gastrocnemius tissue was stained with HE and
scored as follows: 0, normal tissue without damage;l,
slight tissue damage;2, slight tissue damage and slight
enlargement of tissue space;3, moderate tissue damage
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Fig.3
suspension group: *P<0.05, **P<0.01

and moderately enlarged interstitial space; and4, severe
tissue damage and severely enlarged tissue space.As
shown in Fig. 4; Table 1, the gastrocnemius muscle tis-
sue structure of mice in the N-SUS group was complete,
the muscle fibers were closely arranged, and no damage
was observed. Meanwhile, that of mice in the SUS group
was seriously damaged, observed with muscle fiber atro-
phy, and had a decreased cross-sectional area and an
increased gap in muscle fiber. Muscle fiber atrophy and
increased muscle space in the gastrocnemius muscle of
the ZA and PTH groups were alleviated.

ATPase staining

Compared to the N-SUS group, the proportion of types I
and II muscle fibers in the SUS group were significantly
decreased and increased, respectively (P<0.01;Figs. 5
and 6). Meanwhile, compared to the SUS group, that of
types I and II muscle fibers in the ZA and PTH groups
were significantly increased and decreased, respectively
(P<0.01).
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Changes in the tibial CT parameters in each mouse group. Compared with the non-suspension group: *P<0.05, #4P<0.01. Compared with the

Western blot

As shown in Fig. 7, the expression levels of pB-catenin
and AKT in the gastrocnemius muscle tissue of the SUS
group were significantly decreased (P<0.01),compared to
those of the N-SUS group. Meanwhile, those of the ZA
and PTH groups were significantly increased (P<0.01),
compared to those of the SUS group.

Real-timePCR

The primer sequences are shown in Table 2, searched
through NCBI and artificially synthesized by Kangwei
Century Biotechnology Co.Ltd. Compared to those of
the N-SUS group, the mRNA expression levels of Wnt3a,
Wntl6, Myf5, and PI3K in the gastrocnemius muscle
tissue of the SUS group were significantly decreased
(P<0.01), where as those of MyoD and MyoG were sig-
nificantly increased (P<0.01) (Fig. 8). Compared to
the SUS group, the mRNA expression levels of Wnt3a,
Wnt16, Myf5, and PI3Kwere significantly increased in the
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Fig. 4 Histopathological changes in the gastrocnemius of mice in each group (200x,100 um)

Table 1 HE staining score of the gastrocnemius muscle tissue

Group HE Score
N-SUS 0.33+0.52
SUS 3.67+0.52444
ZA 1.50+£0.55%*#
PTH 1.67£0.52%*#

Compared with the non-suspension group: *P<0.05, #4P<0.01. Compared with
the suspension group: *P<0.05, #*Xp0.01

ZA and PTH groups (P<0.05 or P<0.01), while those of
MyoD and MyoG were significantly decreased (P<0.01).

Discussion

Patients with sarcopenia frequently develop osteoporosis.
As a first-line anti-osteoporosis drug, zoledronic acid not
only reduces bone resorption and improves bone mass,
but it also increases muscle mass [8]. This provides a new
approach for the treatment of sarcopenia. However, the
specific mechanism involved remains unclear. Zoledronic
acid was used to treat osteoporosis and sarcopenia in
mice. Results showed that it could increase the protein

N-SUS

Fig. 5 Mice muscle fiber typing and staining (200x, 100 um)

expression of B-catenin and AKT protein in the gastroc-
nemius tissue of mice by upregulating the expression of
Wnt3a, Wntl6, PI3K, Myf5, and other genes, thereby
increasing muscle weight and improving muscle fiber
damage.

Sarcopenia and osteoporosis are closely associated.
Studies have found that they share common signaling
pathways involved in regulating the metabolic processes
in muscle and bone cells. Among them, the Wnt/B-
catenin signaling pathway is not only involved in the
regulation of osteoblast activity, but it is also related to
muscle regeneration. Osteocytes can secrete sclerostin,
Wnt3a, and prostaglandins, regulate the Wnt/fB-catenin
pathway, and affect bone and muscle metabolism [18].
Muscle contraction is an important mechanical stimulus
for bones that can activate the Wnt/p-catenin pathway in
osteocytes by enhancing fluid flow shear stress, thereby
regulating the activity of osteoblasts. Another signaling
pathway closely related to the muscle and bone is the
PI3K/Akt (intracellular phosphatidylinositol kinase/pro-
tein kinase B) pathway, through which insulin-like growth
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Fig. 7 Protein expression of B-catenin and AKT protein in the gastrocnemius muscle tissue. Compared with the non-suspension group: *P<0.05,

A4p<0.01. Compared with the suspension group: *P<0.05, **P<0.01

Table 2 Primer sequence

Gene Forward Primer Reverse Primer

Mouse Wnt3a CCCGTGCTGGACAAAGCT TCTGCACATGAGCGTGTCACT
Mouse Wnt16 CAGGGCAACTGGATGTGGTT CTCGTGTCGGAACTGGCTTC
Mouse Myf5 CACCACCAACCCTAACCAGAG AGGCTGTAATAGTTCTCCACCTG
Mouse PI3K ACACCACGGTTTGGACTATGG GGCTACAGTAGTGGGCTTGG
Mouse MyoD ACGGCATGATGGACTACAGC AGGCAGTCGAGGCTCGACA
Mouse MyoG AGGGGATCATCTGCTCCCAG ATCCCGGCAGACAATCTCAG
Mouse GAPDH TGTCGTGGAGTCTACTGGTG GCATTGCTGACAATCTTGAG

factor-1 can promote muscle and bone anabolism [19]. In
the present study, we conducted a preliminary investiga-
tion of the proteins and genes involved in these two path-
ways. The results showed that compared with the SUS
group, the weight and muscle mass of the ZA group sig-
nificantly increased, the degree of gastrocnemius muscle
tissue injury was reduced, and the mRNA expression of
Wnt and PI3K, and protein expression -catenin and Akt
were significantly upregulated. Fujimaki [20] et al. found

that PTH increased the grip strength and maximum run-
ning speed of osteoporotic mice by regulating the pro-
liferation, migration, and differentiation of myoblasts
through the Wnt signaling pathway. Both the zoledronic
acid group and PTH group in this experiment have the
effect of enhancing muscle function in mice, and there
is no significant difference between the two groups.It is
speculated that zoledronic acid may increase the muscle
mass of mice with sarcopenia and osteoporosis through
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the Wnt/B-catenin and PI3K/Akt signaling pathways.
Similarly, scholars found that fermented Tenebrio moli-
tor larvae extract could offset the negative effects on
muscle tissue and improve grip strength in rats treated
with dexamethasone through PI3K-Akt-mTOR signal-
ing pathway [21]. Deng et al. found that CILP2 inhibi-
tors can improves glucose metabolism and mitochondrial
dysfunction in sarcopenia via Wnt/B-catenin signalling
pathway and its downstream cascade [22]. However, this
needs to be further verified at the cellular and molecu-
lar levels.However, this needs to be further verified at the
cellular and molecular levels.

Further, zoledronic acid was administered to sarcope-
nic mice and results showed that it significantly increases
body weight as well as muscle mass and fiber density
and strength. Essex et al. [7]found that zoledronic acid
increased muscle mass by 12% and muscle strength by
42% in mice subjected to chemotherapy. Haeri et al. [9]
found that limb muscle mass did not increase in elderly
women administered with zoledronic acid, although the
bone mineral density of the hip joint and spine increased.
The present study verified that zoledronic acid could
significantly increase muscle fiber content and improve
the basic structure of muscle tissue using animal experi-
ments, which was different from the study of Haeri et
al. [9]. Similarly, other clinical trials have suggested that
zoledronic acid can improve muscle strength and exercise

capacity in postmenopausal women [8, 23]. The contra-
dicting results may be because the follow-up period in
the study of Haeri et al. [9] was 2 years, and zoledronic
acid 5 mg was administered as a single dose. The other
studies have tested the muscle strength and quality of
postmenopausal women once a year for 3 years after
treatment with zoledronic acid, and observed different
results. Although the dosage and frequency of the drug
administered to the mice in this experiment were simi-
lar to those used performed by Haeri et al. [9], the differ-
ences may be due to the complex structure of the human
body. Moreover, there are many uncontrollable factors in
clinical trials that lead to differences in the results.
Furthermore, we observed that the types I and II mus-
cle fibers in the SUS group significantly decreased and
increased compared to those in the N-SUS group, respec-
tively. Moreover, compared to the SUS group, the ZA and
PTH groups had significantly increased and decreased
proportion of types I and II muscle fibers, respectively.
Each muscle contains muscle fibers with different rates
of contraction and strength, which are mainly divided
into type I (slow twitch) and II muscle (fast twitch) fibers.
Type I muscle fibers contain a large amount of oxidases
(a large number of mitochondria), are surrounded by
capillary vessels, and have a higher concentration of myo-
globin than any other fiber, the key component(Oxidase
enzyme) that provides type I fibers with a large capacity
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for aerobic metabolism and a strong resistance to fatigue.
Meanwhile, type II muscle fibers have a strong explo-
sive force and high contraction speed; however, they are
prone to fatigue. In the present study, fatigue resistance
of the hind leg muscles of mice significantly worsen after
suspension. Further, the ability to maintain a stable bal-
ance posture was decreased, which can also explain why
elderly individuals with sarcopenia are prone to fall acci-
dents. Moreover, the use of zoledronic acid can signifi-
cantly increase the proportion of type I muscle fibers in
the gastrocnemius muscle, thereby increasing the fatigue
resistance of sarcopenic mice and maintaining a comfort-
able and stable posture.

Myogenin (MyoG) and myogenic regulatory factors
(MyoD and Myf5) are important genes involved in mus-
cle formation and differentiation. MyoD and Myf5 are
homologous determinants that play important roles in
the process of muscle formation, whereas MyoG plays a
key role in the terminal differentiation of myoblasts. In
the present study, the expression of Myf5 in the ZA group
was significantly higher than that in the SUS group, sug-
gesting that zoledronic acid promotes myoblast differen-
tiation by promoting Myf5 gene expression. However, the
expression of MyoD in the ZA and PTH groups were sig-
nificantly lower than that in the SUS group. One possible
reason may be the selective mRNA expression of MyoD
and MyoG in fast(Type II) and slow(Type I) muscle fibers
[24]. Hughes et al. [25] found that MoyD and MyoG are
highly expressed in fast and slow muscle fibers, respec-
tively. Therefore, it is possible that although zoledronate
and PTH can promote the gene expression of MyoD,
these drug can promote the conversion of type II muscle
fibers (fast muscle) to type I muscle fibers (slow muscle).
We found that MyoD expression is lower in the SUS
group than in the control group. It is also possible that
MyoD and Myf5 have complementary redundant func-
tions [26]; therefore, when Myf5 expression is increased,
MyoD expression is not markedly detected. As a slow
muscle regulatory gene, the expression level of MyoG in
each experimental group was not consistent with that in
the in vivo experiment, which is similar to the results of
He [17]. This gene is considered downstream of MyoD
and Myf5, and it may indirectly affect muscle metabolism
through other tissues (such as the bone).

However, this study has the following certain limita-
tions. Firstly, this study demonstrated that zoledronic
acid could reduce muscle damage and loss in sarcope-
nic mice, it was not clear whether zoledronic acid would
affect grip strength and motor performance in sarcope-
nic mice due to the lack of measurements. Secondly, The
observation time for this experiment is only 4 weeks, and
the long-term efficacy still needs to be observed for a lon-
ger period of time.

Page 9 of 10

Conclusion

Zoledronic acid can increase muscle mass, and improve
muscle fiber atrophy and damage in mice with osteo-
porosis combined with sarcopenia by upregulating the
mRNA expression of Wnt, PI3K, Myf5,as well as the pro-
tein expression of 3-catenin and AKT.
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