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Abstract

Bone fractures in older adults are often preceded by a loss of muscle mass and strength. Likewise,
bone loss with prolonged bed rest, spinal cord injury, or with exposure to microgravity is also
preceded by a rapid loss of muscle mass. Recent studies using animal models in the setting of
hindlimb unloading or botulinum toxin (Botox) injection also reveal that muscle loss can induce
bone loss. Moreover, muscle-derived factors such as irisin and leptin can inhibit bone loss with
unloading, and knockout of catabolic factors in muscle such as the ubiquitin ligase Murfl or the
myokine myostatin can reduce osteoclastogenesis. These findings suggest that therapies targeting
muscle in the setting of disuse atrophy may potentially attenuate bone loss, primarily by reducing
bone resorption. These potential therapies not only include pharmacological approaches but also
interventions such as whole-body vibration coupled with resistance exercise and functional electric
stimulation of muscle.

Keywords
osteoclasts; myostatin; microgravity; resistance training; irisin

Introduction

The mechanical forces applied to bone, which are critical to skeletal health, come from two
primary sources: external gravitational loading via ground reaction forces and internal
loading via muscle contractions [1, 2]. These forces can be reduced significantly with a more
sedentary lifestyle that often accompanies advanced age, prolonged bedrest, spinal cord
injury or exposure to microgravity with spaceflight. Reduced activity and less frequent
muscle contraction induce muscle atrophy as well as bone loss [3, 4]. In many cases the
association between muscle atrophy and bone loss may be correlative emanating from
systemic factors such as elevated glucocorticoids [5]; however, there also appear to be local
factors related to altered muscle-bone crosstalk that underlie the coordinated loss of muscle
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and bone in these settings. For example, muscle is a source of myokines that can stimulate
bone formation and also contribute to bone loss [6, 7], whereas bone secretes factors such as
osteocalcin and connexin 43 that have direct effects on muscle [8, 9]. Defining the cellular
and molecular mechanisms linking muscle and bone within the setting of disuse is critical
for developing therapeutic approaches to inhibit muscle and bone loss and ultimately prevent
bone fractures. This review examines patterns of muscle atrophy and bone loss in human
subjects, reviews evidence from animal models that shed light on the cellular and molecular
mechanisms underlying muscle and bone loss with disuse, and highlights various therapeutic
strategies for preventing the loss of muscle and bone that occurs with a sedentary lifestyle
and unloading.

Clinical studies

Muscle and bone loss with aging

Osteoporosis is defined as a skeletal disease characterized by low bone mass and micro-
architectural deterioration of bone tissue [10]. Sarcopenia corresponds to a progressive and
general loss of muscle mass with either low muscle strength or physical performance [11].
Importantly, both osteoporosis and sarcopenia are well-known contributors to low trauma
fractures through increased bone fragility, poor balance, reduced walking speed, or falls
[12]. Moreover, sarcopenia with aging is also associated with a more sedentary lifestyle, and
thus represents a form of disuse atrophy [13]. Therefore, the combination of these two
diseases may pose additive risks for fragility fractures, including hip fractures, which are
associated with extensive disability and morbidity in the elderly population [14-16]. In fact,
several epidemiological studies have supported the close association between low muscle
mass and poor bone health in older adults. Verschueren et al. [17] reported that men with
sarcopenia had significantly lower BMD and were more likely to have osteoporosis
compared with those without sarcopenia in a study on middle-aged and elderly community-
dwelling Europeans. Another study including 1,308 men and 1,171 women over 65 years
showed that low muscle mass was significantly associated with higher risk of osteoporosis,
even after adjusting for potential risk factors [18]. Lean mass affects not only overall BMD
but also key cross-sectional bone parameters related to bone strength. Men in the lowest
quartile of relative lean appendicular mass have significantly lower section modulus of both
the femoral neck and distal radius compared to men in higher quartiles of relative lean mass
[19], and men in the lowest quartile of grip strength have significantly lower cortical bone
area and thickness of the distal radius compared with men having higher measures of grip
strength [20] (Fig. 1). The cellular and molecular mechanisms contributing to the
concomitant loss of muscle and bone with aging in these studies is still unclear; however, the
highly integrated changes in skeletal muscle and bone observed from these clinical studies
suggests that therapeutic approaches independently targeting either sarcopenia or
osteoporosis alone may not be enough for effective fracture prevention, and that new
strategies for improving both tissues simultaneously are necessary. Due to the clinical
importance of concurrent sarcopenia and osteoporaosis, the term “osteosarcopenia” has been
proposed [21] and extensively discussed in a recent review paper [22].

Osteoporos Int. Author manuscript; available in PMC 2021 February 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bettis et al. Page 3

Muscle and bone loss with spaceflight and bed rest

Spaceflight and prolonged bed rest are useful human models to understand the effects of
unloading on muscle and bone, despite their limited clinical relevance in terms of falls or
fractures. After 6 months aboard the International Space Station, 9 crewmembers with an
exercise prescription had a 10 to 15% reduction in calf muscle mass and a 32% decreased
peak power along with a slow-to-fast fiber type transition in the gastrocnemius and soleus
muscles [23]. Astronauts on even short duration spaceflight, such as 8- and 17-day mission,
experienced a marked decrease in muscle volume and strength [24, 25]. Besides muscle
atrophy, there is the well-documented development of bone loss during spaceflight. Lang et
al. [26, 27] showed that bone mass was lost at a rate of 0.5% to 1.5% per month during 4- to
6-month spaceflight, and that proximal femur BMD was only partially recovered at 1 year
after re-exposure to Earth’s gravity. Bone loss in space is mainly attributable to the
uncoupling of bone remodeling, reflecting increased bone resorption and decreased bone
formation [28]. Long-term bed rest is also used as a microgravity model to simulate the
physiological changes that occur in humans since bed rest can significantly decrease both
muscle volume and force [29, 30] as well as bone mass [31, 32]. Interestingly, the changes
of muscle and bone under these conditions occur in such a way that muscle atrophy precedes
the decline in bone mass [2, 33]. Furthermore, muscle loss can be recovered about six times
faster than bone loss in astronauts after returning to normal gravity [34]. These data suggest
that decreased muscle derived forces may primarily drive bone loss with unloading. There is,
however, accumulating evidence that muscle can secrete cytokines in response to contraction
and exercise [35, 36]. Changes in these muscle-derived factors with unloading may also
contribute to bone loss, and these are referenced below under animal studies of disuse.

Loss of muscle and bone with paralysis and spinal cord injury

Spinal cord injury (SCI) is a traumatic event that is equivalent to neurectomy using surgical
interventions to induce sarcopenia and osteopenia. As a result of paralysis, individuals with
SCI experience severe muscle atrophy of about 30-60%, depending on muscle type and
completeness of the lesion, leading to marked reductions in maximal force generation and
endurance [37-39]. In addition, SCl-related bone loss proceeds at a rate of 1% per week for
the first 6-12 months, a rate that is 5 to 20 times greater than that observed in microgravity,
long-term bed rest, and aging post-menopause [37, 40-42]. The primary cause of SCI-
related bone loss is the removal of muscle-induced mechanical stimuli on the bone. For
example, a comparative study including 10 male pairs of monozygotic twins discordant for
SCI showed that leg lean mass loss was significantly correlated with leg BMD loss after SCI
[43]. Muscle contraction elicited by electrical stimulation slowed bone loss and even
partially reversed it after SCI [44—-46]. The interesting point is that this protective effect of
muscle contraction on bone seems to be independent of the central nervous system [47].
Neuronal, endocrine, and lifestyle factors caused by paralysis, such as dysfunction of the
pituitary-hypothalamic axis, increased adiposity, insulin resistance, and autonomic
dysfunctions [48-50] may additionally worsen the rapidity of SCl-related bone loss [37].
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Evidence from animal models

Inducing muscle and bone loss with hindlimb unloading (HLU) and botulinum toxin (BTX)

Hindlimb unloading- (HLU) and botulinum toxin- (BTX) induced muscle paralysis
represent two of the most commonly explored rodent disuse models that alter the force
applied to bone in subtle yet significant ways. HLU removes or reduces external ground
reaction forces, but spares muscle contraction, while botulinum toxin-induced paralysis
eliminates muscle contractions but allows for the application of external forces [51]. In the
HLU model, a device is attached to the animal’s tail to prevent hindlimb weight bearing, but
unlike botulinum toxin induced paralysis the hindlimbs are not fully immobilized [33].
Thus, passive muscle contractions are allowed to continue but muscle forces are
theoretically reduced since they do not oppose the torque of ground reaction forces [51, 33].
In the botulinum toxin model, intramuscular injection of BTX in the hindlimbs elicits
temporary muscle paralysis, which secondarily alters gait and impacts external forces such
that peak ground reaction forces are reduced by 11% four days after BTX injection and are
recovered by 14 days post-injection [51]. Both models induce muscle atrophy and bone loss;
however, the time course and interdependence of these effects have yet to be fully
characterized [33, 52-53]. Here we focus our attention on recent animal studies utilizing
HLU and BTX, describing the relative effects of each on muscle atrophy and bone
metabolism.

The effects of BTX and HLU on bone are cumulative

Forces produced during muscle contraction can account for 70% of the bending moments
applied to the lower limb, thus the forces applied to bone from muscle far exceed the loads
applied to bone from ground reaction forces [2, 54, 55]. Since BTX injection removes all
muscle contraction, it is not necessarily surprising that total bone loss following muscle
paralysis via BTX injection often occurs more quickly and drastically than with removal of
ground reaction forces via HLU [51, 56, 57]. Importantly, Warden et al. observed that the
combination of HLU and BTX injection together has a more significant impact on bone than
either HLU or BT X alone, suggesting that muscle can indeed have positive effects on bone
even in the setting of unloading [58] (Table 1). This observation is further supported by the
fact that muscle-specific ectopic expression if IGF-1 can suppress osteopenia in the setting
of hindlimb unloading [59]. Ellman et al. also examined the combined effects of BTX and
HLU, but added groups of both cage dwelling and HLU groups without botox injection to
serve as additional controls [51]. Their results were consistent with Warden et al. in many
regards, including combined HLU+BTX intervention showing more deleterious effects on
bone than that of either intervention alone for structural parameters such as proximal tibia
trabecular bone volume fraction and thickness as well as hindlimb BMD [51]. Ellman et al.
also revealed significant, indirect effects of BTX such as lower BMD and poor bone
architecture in the uninjected legs of both BT X-treated groups compared to their respective
control groups with no exposure to BTX [51]. The indirect effects of BTX on hindlimb
BMD and tibia microarchitecture were almost as drastic as those seen in direct BTX
treatment of the injected leg, and even exceeded the effects of hindlimb unloading alone in
some measures [51]. These findings, in addition to the studies noted below, suggest that
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BTX hindlimb injections can affect multiple bone sites in addition to local regions adjacent
to the injection area.

HLU and BTX can produce contrasting site-specific patterns of bone resorption

The two studies compared above and numerous others have demonstrated that decreased
mechanical loading, regardless of the loading source, results in bone catabolism and muscle
atrophy (Table 1). The time course of muscle and bone loss with HLU and BTX indicates
that muscle atrophy generally precedes bone loss. Lloyd et al. performed HLU in mice for
three weeks and found significant muscle atrophy of HLU subjects beginning at day 7,
whereas decreases in tibial and femoral cortical thickness were not demonstrated until day
14 [33]. Thus, in this experiment, changes in muscle preceded those in bone, suggesting that
sarcopenia may contribute to the subsequent osteopenia that develops during HLU [33].
Muscle mass, cortical bone structure, and bone strength in control mice did not decline over
the experimental period, suggesting the possibility that muscle may have a greater influence
on cortical than trabecular bone [33]. When similar parameters were monitored in the tibia
following BTX-induced muscle paralysis it was found that initial bone resorption occurs in
metaphyseal trabeculae, and then later occurs homogeneously along the long axis of the
diaphyseal cortex [60]. The timing of bone resorption at these specific locations (3 days and
9 days post injection respectively) suggests that initial bone resorption in the metaphysis
occurs via upregulation of basal osteoclastic activity that may then drive a secondary wave
of bone resorption in the diaphysis [60].

It is known that acute trabecular bone loss following muscle paralysis arises via RANKL-
mediated osteoclastogenesis, but the initial signaling cascade responsible for the rapid
activation of this bone catabolic pathway does not appear to be RANKL-dependent [61]. In
HLU mice, increases in osteocyte apoptosis and RANKL production preceded increases in
bone resorption at both endocortical and trabecular surfaces [62]. Osteocytes are a primary
source of RANKL, and it is thought that apoptotic osteocytes trigger RANKL expression by
neighboring osteocytes [62]. Additionally, apoptosis inhibition with QVD completely
prevents HLU-triggered increase in RANKL expression and bone resorption at both sites,
supporting the idea that osteocyte apoptosis is a common final pathway for activating and
targeting bone resorption in response to many diverse stimuli [62]. In addition to apoptosis,
many cytokines may play a role in the initiation of bone resorption. TNF and IL-1 have been
upregulated prior to the onset of bone resorption at 7 and 14 days post BTX induced
paralysis, and in separate experiments cytokines have been shown to upregulate osteoclast
activity [58, 63-67]. Ausk et al. found that within 24 hours of BTX injection there are
alterations of the bone marrow microenvironment marked by inflammatory cell infiltrate,
followed by an increase in TNF and IL-4 at day 3 [68]. These alterations coincided with
bone marrow becoming permissive to the formation of large osteoclasts with more nuclei,
but not total number of osteoclasts [68]. This experiment demonstrated for the first time that
BTX injection induces inflammation within the bone marrow cavity adjacent to the muscle
and explains, at least in part, the spatiotemporal pattern of initial bone resorption in the
metaphyseal trabecula.
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Muscle-derived factors can modulate bone loss in the setting of disuse atrophy

A number of different factors have been identified that play key roles in bone
mechanotransduction, and altering the expression of certain mechano-responsive genes
during unloading can significantly impact the sensitivity of bone to disuse-induced bone
loss. For example, bone-specific deletion of connexin 43, Nod2, Fas, beta catenin, and
periostin each attenuate cortical bone loss with unloading [69-72]. More recently it has been
discovered that muscle-derived factors can also impact bone loss with unloading, consistent
with the studies referenced above indicating that muscle loss precedes bone loss with disuse
resulting from spaceflight, bed rest, and hindlimb unloading. The myokine irisin is released
with muscle contraction and stimulates bone formation by osteoblasts [73], and irisin
treatment prevents muscle and bone loss with hindlimb unloading in mice [74]. Irisin can
suppress osteoclast differentiation /7 vitro and inhibit RANKL expression by osteoblasts
[75], providing evidence for a direct effect of this myokine on bone resorption (Fig. 2).

The myokine myostatin is also known to be elevated in catabolic conditions [7], and
myostatin also has direct effects on osteoclastogenesis [76]. We previously found that
osteoclast number on trabecular bone surfaces increased with unloading in both wild-type
and myostatin-deficient mice [77]. However, myostatin deficiency suppresses subperiosteal
resorption with unloading (Fig. 3), suggesting that some of myostatin’s effects on osteoclasts
may be localized to the muscle-bone interface. Follistatin is a potent antagonist of myostatin,
and follistatin is elevated with hypergravity, decreased with microgravity, and follistatin can
attenuate myostatin-induced osteoclastogenesis [78]. These findings point to a key role for
myostatin signaling in loss of both muscle and bone during unloading (Fig. 2). Muscle
catabolism involves not only myostatin activity but also degradation by the ubiquitin ligases
Murfl and Mafbx. Importantly, congenital absence of Murf1 is also protective against
cortical and trabecular bone loss with hindlimb unloading [79]. Finally, the adipokine leptin
is now recognized to also be expressed in muscle and secreted by muscle cells as well as by
adipocytes [80]. Hindlimb unloading in rats induces a reduction in circulating leptin, and
leptin replacement therapy inhibits trabecular bone loss due to increased bone resorption
[81]. The extent to which fat- or muscle-derived leptin contributes to serum leptin levels
during unloading is not known, but it is certainly possible that muscle-derived leptin may be
involved in the overall reduction in circulating leptin that occurs with unloading.

Discussion

Studies in humans and animal models indicate that muscle loss can occur rapidly with disuse
or immobilization. Furthermore, muscle atrophy appears to contribute directly to bone loss
primarily via increased bone resorption by osteoclasts, although decreases in irisin levels
with disuse may also suppress osteogenesis. These observations suggest that therapeutic
approaches targeting muscle to prevent atrophy could also reduce bone loss in the settings of
decreased ambulatory activity with aging, bed rest, or spinal cord injury. Certain
interventions utilizing this muscle-centric approach have shown some promising results.
Functional electric stimulation of the soleus muscle in spinal cord injury patients attenuates
bone loss in the tibia, particularly in the posterior tibia adjacent to the soleus muscle itself
[37, 44]. Whole-body vibration has also been explored as a treatment modality for disuse
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atrophy. Low-magnitude, high-frequency vibration improved retention of postural stability
and flexor (but not extensor) muscle strength following 90 days of bedrest [82]. Bone
parameters were not examined in this study, but the positive impact of vibration on gait has
important implications for reducing falls in sedentary individuals with muscle weakness.
This is further indicated by a meta-analysis showing that while vibration had no significant
effect on hip or lumbar spine bone mineral density in older women it did significantly
improve functional measures of leg muscle strength [83]. Vibration has also been used in
conjunction with resistance exercise in bedrest patients, and the combination of both
vibration and exercise appears to be more effective than either intervention alone for
preventing muscle atrophy [84], reducing bone marrow fat accumulation in the spine [85],
and preserving bone mass in the distal tibia [86]. The resistance exercise data are consistent
with results from the Advanced Resistance Exercise Device (ARED) showing that resistance
exercise during spaceflight can prevent significant loss of muscle and bone with prolonged
exposure to microgravity [87]. Together these data underscore the importance of frequent
and forceful muscle contractions for preserving bone health.

Pharmacological approaches are also being explored to reduce loss of muscle and bone with
aging and disuse. Myostatin inhibitors referenced earlier represent one approach, and
treatment of older patients with a myostatin antibody can improve appendicular lean mass
and functional measures of muscle power, though changes in bone are not known [88]. Other
pharmacological strategies include selective androgen receptor modulators (SARMS) [89,
90]. Testosterone treatment itself has been found to reduce bone loss with Botox injection
[91] and sciatic nerve injury [92] in rodents, but surprisingly the effects on muscle atrophy
using these models are negligible and not significant. On the other hand, the SARM
MK-0773 increased lean mass in older women but had no significant impact on bone
mineral content [90]. These pharmacological studies suggest, in light of the data from
resistance exercise presented above, that mechanical stimuli related to muscle contraction
may have the greatest potential for preserving bone health when bone is at risk from
unloading. Myokines such as irisin are released with muscle contraction but also with
whole-body vibration [93], underscoring the importance of muscle contraction and physical
stimuli for muscle-bone crosstalk. As Girgis and colleagues recently noted [90], “the
simplest of all therapies to treat, or in this case prevent, musculoskeletal disease is also the
most difficult to implement”. Strength training can increase muscle power, improve balance,
and in many cases prevent bone loss even in settings of disuse. Novel strategies that can
mimic the multiple physiological signals emanating from frequent, forceful muscle
contraction are most likely to provide the greatest benefit to the skeleton in cases of
immobilization, disuse, and microgravity.
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Figure 1.
Graphs showing measures of cortical area (A; p<0.001 ANOVA) and cortical thickness (B;

p<0.05 ANOVA) in men with grip strength values in the lowest (Q1) and highest (Q4)
quartiles. Data from ref. [20]. C. Schematic showing the significant differences in bone
cross-sectional shape of the radius among men in the lowest and highest quartiles of grip
strength.
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Figure 2.
A. Histological sections of the distal femur stained for tartrate resistant acid phosphatase in

normal mice (WT, left column) and mice lacking myostatin (MSTN KO, right column) after
7 days hindlimb unloading (SUSP). Arrows point to numerous osteoclasts on the
subperiosteal surface in wild-type mice but not in myostatin-deficient mice after unloading.
C=cortical bone, p=periosteum, med=medullary cavity. B. Quantification of osteoclast
number per bone surface on the periosteum of ground control (CON) and tail-suspended
(SUSP) normal (WT) and myostatin-deficient (MSTN KO) mice.
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Figure 3.
Relationship of muscle atrophy, and muscle hypertrophy, to myokines impacting bone

resorption by osteoclasts (red) and bone formation by osteoblasts (blue). Myostatin
expression and secretion is increased with unloading, increasing bone resorption. Follistatin
is increased with muscle contraction and hypertrophy, suppressing myostatin-induced bone
resorption. Follistatin and the myokine irisin, which is also increased with muscle
contraction, can both directly inhibit osteoclastogenesis and irisin stimulates osteogenesis.
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Table 1

Comparison of the effects of Hindlimb Unloading (HLU), Botulin Toxin Injection (BTX), and combination of
Hindlimb Unloading and Botulin Toxin Injection (HLU + BTX) in mouse studies [refs. 48—-65]. External
ground reaction forces are preserved with injection of BTX alone, internal muscle derived forces are preserved
with HLU alone, while both forces are removed with the combination of HLU + BTX. The degree of bone
resorption is greatest with the combination of Hindlimb Unloading and Botulin Toxin Injection, followed by
BTX injection, and least with HLU.

HLU | BTX | HLU+BTX
External Ground Reaction Forces - + -
Internal Muscle Derived Forces + - -
Relative Degree of Bone Resorption + ++ +++
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