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Abstract Amyotrophic lateral sclerosis (ALS), also called
Lou Gehrig’s disease, is a fatal neuromuscular disorder char-
acterized by degeneration of motor neurons and by skeletal
muscle atrophy. Although the death of motor neurons is a
pathological hallmark of ALS, the potential role of other or-
gans in disease progression remains to be elucidated. Skeletal
muscle and bone are the two largest organs in the human body.
They are responsible not only for locomotion but also for
maintaining whole body normal metabolism and homeostasis.
Patients with ALS display severe muscle atrophy, which may
reflect intrinsic defects in mitochondrial respiratory function
and calcium (Ca) signaling in muscle fibers, in addition to the
role of axonal withdrawal associated with ALS progression.
Incidence of fractures is high in ALS patients, indicating there
are potential bone defects in individuals with this condition.
There is a lifelong interaction between skeletal muscle and
bone. The severe muscle degeneration that occurs during
ALS progression may potentially have a significant impact
on bone function, and the defective bone may also contribute
significantly to neuromuscular degeneration in the course of
the disease. Due to the nature of the rapid and severe

neuromuscular symptoms, a majority of studies on ALS have
focused on neurodegeneration. Just a few studies have ex-
plored the possible contribution of muscle defects, even fewer
on bone defects, and fewer still on possible muscle-bone
crosstalk in ALS. This review article discusses current studies
on bone defects and potential defects in muscle-bone crosstalk
in ALS.
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Introduction

The neuromuscular system includes skeletal muscle and
motor neurons in the spinal cord and brain that controls
voluntary movements of the human body. Any condition that
affects this system is defined as a neuromuscular disease.
Amyotrophic lateral sclerosis (ALS) is one of the most severe
neuromuscular diseases that is characterized by death of motor
neurons and muscle atrophy. Most ALS patients die within
5 years after disease onset. The lifetime risk of ALS is about
1 in 472 in women and 1 in 350 in men [1]. ALS is an
age-dependent disease. As the US population increases and
ages, an increase in the prevalence of ALS can be anticipated.
The majority of ALS cases are sporadic (SALS), with about
10 % being familial (FALS) [2]. Both SALS and FALS
manifest similar pathological and clinical phenotypes, sug-
gesting that different initiating causes lead to a mechanistical-
ly similar degenerative pathway in the neuromuscular system.
There is no cure for ALS. Available treatments are designed to
relieve symptoms and improve the quality of life for patients
with ALS. Treatment with the only FDA-approved drug,
Riluzole, extends patient life span only for a few months with
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little improvement in ALS symptoms [1]. Thus, there is
an urgent need to further understand the pathogenic mech-
anisms responsible for this disease in order to develop
entirely novel interventions for alleviating the disease
progression and improving the quality of life for ALS
patients.

Most of FALS are associated with mutations in the super-
oxide dismutase gene (SOD1) [2]. Mouse models expressing
ALS-linked SOD1 mutations effectively recapitulate many
features of the human disease and have been extensively used
to investigate pathogenic mechanisms of ALS [3]. Lately,
TDP-43 (TAR DNA-binding protein 43) was also found to
be associated with both FALS and SALS [4]. While efforts
have been made to model TDP-43-ALS in rodents, those an-
imal models did not show consistent ALS phenotypes [4].
Thus, the classical ALS mouse model with the SOD1 muta-
tion (i.e., G93A) that develops both neurodegeneration and
muscle atrophy is still the most widely used animal model
for understanding the pathogenesis of the disease and for the
preclinical studies for potential therapeutic interventions for
ALS [5]. While the majority of studies on ALS animal models
focus on neurodegeneration, a few have explored the possible
contribution of muscle defects and even fewer of bone defects
and the possible muscle-bone crosstalk. Here, we review cur-
rent studies on possible muscle-bone interaction in the course
of ALS progression.

The Role of Skeletal Muscle in ALS

During ALS progression, the degeneration of motor neurons
leads to axonal withdrawal from the neuromuscular junction
leading to muscle atrophy. However, the massive and rapid
decline of muscle function and muscle mass in ALS may
indicate additional pathologies in addition to motor neuron
denervation. Although the death of motor neurons is a patho-
logical hallmark of ALS, defects present in other cell types
may also actively contribute to the disease progression [6].
ALS has been described as a Bdistal axonopathy,^ which af-
fects the axon and the neuromuscular junction in the ALS
transgenic mouse model at an age prior to significant loss of
neuronal bodies and the onset of muscle atrophy [7, 8]. It is
possible that an intrinsic muscle defect occurs early in the
course of ALS that promotes or contributes to the motor axo-
nal withdrawal. Recent studies have shown that defects in Ca
signaling affect the integrity of the neuromuscular junction
and contribute to muscle degeneration in the early stages of
ALS progression [9•, 10•, 11].

Skeletal muscle comprises approximately 40 % of whole-
body lean mass [12] and is substantially affected in ALS.
Accumulating evidence supports the concept that muscle
plays an active role in ALS progression [9•, 13, 14]. Individ-
ual muscle fibers communicate with motor neurons at the site

of the neuromuscular junction. The degeneration of motor
neurons limits neuron-to-muscle signaling leading to severe
muscle atrophy in ALS, while the retrograde signaling from
muscle-to-neuron, which is important for axonal growth and
neuromuscular junction maintenance [15], is also lost in ALS
during disease progression. Expression of muscle-specific
IGF-1 in G93A mice was shown to enhance motor neuron
survival, delaying disease onset and progression [16]. The
gene expression profile of ALS muscle is significantly differ-
ent from that of the muscle with axotomy-induced denervation
[13], suggesting there are muscle defects that are independent
of axonal withdrawal. Overexpression of ALS-associated mu-
tation SOD1G93A in skeletal muscle of normal mice directly
leads to an abnormal mitochondrial network and dynamics in
the absence of motor neuron degeneration [9•]. In further sup-
port of an active role of muscle in ALS progression, published
studies have shown that transgenic mice with muscle-specific
overexpression of the SOD1mutation (G93A) developed age-
related neurologic and pathologic phenotypes consistent with
ALS [17, also see 18]. Thus, studies of ALS animal models
(mimic familial ALS) support the hypothesis that skeletal
muscle is likely one of the primary targets of ALS-
associated mutations. In the case of sporadic ALS, there are
no identified genetic causes. However, the pathologic insults
that damagemotor neurons could play a similar role in skeletal
muscle. It is likely that skeletal muscle experiences double
pathological insults both intrinsic and extrinsic during ALS
progression leading to severe atrophy in a very short period
of time (3–5 years) after onset of the ALS symptoms. This
severe muscle degeneration in ALS may not only feedback to
damage neuronal function, but likely has a significant impact
on bone function.

Potential Muscle-Bone Crosstalk in ALS

Bone is a metabolically active organ and constantly undergoes
resorption and formation called bone remodeling. Bone re-
modeling and maintenance is necessary not only to maintain
the structural integrity of the skeleton but also for homeostasis
of the whole body [19]. Skeletal muscle plays an important
role in bone remodeling. There is a lifelong interaction be-
tween skeletal muscle and bone [20–24, 25•, 26]. Skeletal
muscle acts as an important source of osteogenic growth fac-
tors, such as fibroblast growth factor (FGF-2) and insulin-like
growth factor (IGF-1) [27], thus providing important anabolic
stimuli for bone remodeling [28, 29, 30•, 31]. Muscle-derived
osteogenic stem cells play a significant role in maintaining
bone homeostasis [32, 33•, 34•, 35]. Most importantly, the
shape of bones is constantly regulated by the muscle force,
and the muscle-inducedmechanical load regulates key aspects
of bone morphogenesis [26, 30•, 31, 36, 37].
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Patients with muscle atrophy such as Duchenne muscular
dystrophy (DMD) and spinal muscular atrophy (SMA) show
reduced bone density and higher incidence of bone fractures
[38, 39, 40•, 41]. In the case of ALS, the severe muscle atro-
phy could lead to rapidly reduced mechanical load to the skel-
eton and may potentially lead to impairment of bone morphol-
ogy and function as the disease progresses. As ALS patients
experience rapid muscle paralysis and death, the neuromuscu-
lar system becomes so overwhelmed. Therefore, little atten-
tion has been paid to the bone defects in ALS patients and the
potential role of the defective bone in ALS disease progres-
sion. There are only a few studies covering this area. In an
early clinical study, Sato Y et al. found reduced bone density
with hypovitaminosis D and compensatory hyperparathyroid-
ism in these patients, indicating the development of
osteopenia and impaired bone integrity in ALS patients [42].
Not surprising, the incidence of fractures was also found to be
high in ALS patients [43].

As bone is an important organ that produces muscle
trophic factors, impaired bone homeostasis could exacerbate
muscle degeneration and accelerate disease progression.
Bone marrow mesenchymal stem cells (MSCs) have the
capacity to differentiate into various cell types, including
myoblasts and neuron-like cells. Bone produces various tro-
phic factors including VEGF, FGF-2, BMPs, and IGF-1 that
are critical for maintaining the homeostasis of neurons and
muscles. It has been shown that the paracrine release of
VEGF by MSCs in bone marrow improves muscle regen-
eration [44, 45•]. Interestingly, MSCs from the bone mar-
row of ALS patients have diminished stem cell capacity and
produce fewer trophic factors, and those defects correlate
with disease progression [46•, 47]. In addition, intraspinal
infusion of autologous bone marrow mononuclear cells
(BMNCs) prevents spinal motor neuron degeneration in
ALS patients [48]. Results from those studies suggest a
possible interaction between muscle and bone during ALS
disease progression. However, the molecular mechanism
underlying the potential muscle-bone crosstalk remains
largely unknown.

Bone Defects Have Been Demonstrated in an ALS
Mouse Model

There are three types of bone cells critical for bone remod-
eling: [1] the bone-forming cells (osteoblasts) found at the
surface of the bone. They are responsible for forming new
bone by producing collagen and other components of bone
matrix; [2] the bone-resorbing cells (osteoclasts) are also
found at the surface of the bone. When activated, they ini-
tiate bone resorption by releasing hydrogen ions and lyso-
somal enzymes that degrade all components of bone matrix;
[3] osteocytes, the bone cells embedded in the bone matrix

[19]. Osteocytes are thought to coordinate the function of
osteoblasts and osteoclasts by translating mechanical stimuli
into biochemical signals that ultimately regulate bone re-
modeling [20, 49–54, 55•]. It was not known how those
three types of bone cells respond to ALS pathology and
what the possible molecular basis is for the bone defects
observed in ALS patients.

In a recent study, Zhu et al., for the first time, systemat-
ically explored whether and how bone homeostasis is im-
paired during ALS disease progression [56••]. Using the
classic ALS mouse model with overexpression of ALS mu-
tation SOD1G93A (G93A), they analyzed the activity of os-
teoblasts, osteoclasts, and osteocytes during ALS disease
progression at stages with or without muscle atrophy. They
have found that the G93A mice with muscle atrophy have
dramatically reduced trabecular and cortical bone mass,
while the young G93A mice before disease onset without
muscle atrophy show normal bone density. These observa-
tions indicate that reduced muscle loading is the key cause
of osteopenia in the ALS mouse model. The reduced bone
density in G93A mice is associated with impaired function
of osteoblasts and osteocytes, along with striking accelera-
tion of osteoclast formation in bone.

Molecular Mechanisms Underlying the Bone Defects
in ALS

Zhu et al. also evaluated the potential cellular and molecu-
lar pathways responsible for the bone defects during ALS
progression [56••]. As demonstrated in their study, primary
culture of osteoblasts derived from G93A mice with muscle
atrophy showed dramatically reduced expression of the os-
teoblast differentiation markers Runx2 and osterix at both
mRNA and protein levels. The formation and expansion of
bone marrow mesenchymal stem cells (BMSCs) and
osteoprogenitors were also significantly reduced in bone
marrow cultures. Both abnormalities could be responsible
for reduced numbers of osteoblasts resulting in less bone
formation. The Wnt/β-catenin signaling pathway has been
found to play a critical role in mediating the mechanical
regulation of bone homeostasis [20, 49-54, 55•, 57] and is
also required for the differentiation of bone marrow mes-
enchymal stem cells towards the osteoblastic lineage and
bone formation [37, 58–61]. Indeed, the level of β-
catenin was found to be drastically reduced in BMSCs
and osteoblasts from G93A mice at the disease stage char-
acterized by muscle atrophy. As it is known that AKT/
ERK/MAPK pathway is involved in osteoblast survival,
proliferation, and differentiation [62], defective activation
of the AKT pathway was also found in these mice that
may explain the impaired osteoblast function through neg-
ative impact on Runx2 activity [63–65].
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In the same study, Zhu et al. also found that osteoclast
formation was strikingly enhanced in primary bone marrow
monocyte cultures and bone resorption was elevated in
G93A mice with severe muscle atrophy. They discovered
increases in osteoclast differentiation marker genes including
those encoding TRAP (Trap), cathepsin K (CatK), matrix
metallopeptidase 9 (Mmp-9), and receptor activator of nucle-
ar factor kappa-B (Rank). These results suggest that muscle
atrophy induced an intrinsic activation of the osteoclast dif-
ferentiation program in G93A mice. In addition, there was
an increased expression of Rankl in osteocytes derived from
G93A mice with muscle atrophy. Rankl is a key molecule
that promotes bone resorption by binding and activating the
RANK receptor on osteoclast precursors [66, 67] and may
contribute to the enhanced osteoclast formation and bone
resorption in G93A mice. Together, the results suggest that
muscle-generated mechanical force is required to inhibit os-
teoclast formation and bone resorption, which is lost with
ALS progression.

Because the function of osteocytes reflects the functional
coordination between osteoblasts and osteoclasts by translat-
ing mechanical stimuli into biochemical signals that ulti-
mately regulate bone remodeling [20, 49–54, 55•], Zhu
et al. also analyzed the function of osteocytes in G93A mice
[56••]. It is known that osteocyte-derived sclerostin can be
induced by mechanical unloading and inhibits Wnt/β-
catenin signaling [68]. The study did reveal an increase in
sclerostin protein in osteocytes embedded in the bone matrix
of G93A mice. In addition, Rankl mRNA and protein were
increased in bone and osteocytes, suggesting an overall en-
hancement of bone resorption and inhibition of bone forma-
tion by osteocytes in G93A mice.

ReducedMechanical LoadDue toMuscle Atrophy Is
Likely the Key Player for Bone Defects in ALS
Mouse Model

It has been suggested that muscle can affect bone independent
of loading through the production of factors that support bone
formation and maintenance [20, 69]. However, in the study of
Zhu et al. [56••], even though there was significant reduction
in bonemass in long bones, there were no detectable defects in
the calvarial bone of G93A mice even at an age with severe
muscle atrophy. As the calvaria is not a loaded bone, it was
assumed that the effects of ALS disease was due to lack of
muscle loading of bone and not due to a lack of osteogenic
factors produced by muscle. The young G93A mice without
muscle atrophy have normal bone mass with no detectable
abnormality in the function of osteoblasts and osteoclasts.
These data suggest that reduced mechanical load due to mus-
cle atrophy should be the key player for the bone defects
observed in ALS mouse model.

However, as with the skeletal muscle, the bone from
G93A mice also carries ALS mutation SOD1G93A, it is not
known if this ALS mutation can have a direct effect on bone
as the mutation is globally expressed. Interestingly, the pri-
mary cultures derived from G93A bone show abnormal
function of osteoblast and osteoclasts in the absence of the
muscle influence. This result suggests that the reduced mus-
cle mechanical load on bone may reprogram the gene ex-
pression network in bone during ALS progression. How the
primary cultured bone cells derived from ALS mice keep the
memory of the impact from the muscle unloading is a mys-
tery. Or the mutation in bone cells makes cells more suscep-
tible to the effect of lack of loading and/or reprogramming.
A third possible explanation is that the timing for muscle
atrophy due to the mutation in muscle is similar to the
timing for bone defects due to the expression of the mutation
in bone. Further mechanistic study is required to understand
this phenomenon.

Conclusion

Since the first ALS mutation was identified and the first
ALS animal model was generated in 1993 [5], the under-
standing of ALS pathogenesis has advanced significantly,
especially with respect to motor neuron degeneration. How-
ever, despite extensive research efforts focusing on the de-
generation of motor neurons, there has been no significant
improvement in the treatment of ALS. It is possible that
ALS is not only a motor neuron disease but also a systemic
disorder, in which the dysfunction of multiple organs may
exacerbate neuronal degeneration. The important role of
muscle-bone crosstalk is beginning to be recognized in both
health and diseases. It has been hoped that this review article
will draw attention from the ALS research field, encouraging
investigators to think Bout of the box^ by evaluating the
possible roles of other organ systems, especially the role of
muscle and bone, which may significantly contribute to ALS
pathogenesis and progression. Understanding the functional
crosstalk between muscle and bone during the progression
of ALS will help to identify potential new therapeutic targets
for treating and/or improving the quality and length of life
for ALS patients.
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