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Purpose of Review The purpose of this review is to describe the current state of our thinking regarding bone-muscle interactions

beyond the mechanical perspective.

Recent Findings Recent and prior evidence has begun to dissect many of the molecular mechanisms that bone and muscle use to
communicate with each other and to modify each other’s function. Several signaling factors produced by muscle and bone have
emerged as potential mediators of these biochemical/molecular interactions. These include muscle factors such as myostatin, Irisin,
BAIBA, IL-6, and the IGF family and the bone factors FGF-23, Wntl and Wnt3a, PGE2, FGF9, RANKL, osteocalcin, and sclerostin.
Summary The identification of these signaling molecules and their underlying mechanisms offers the very real and exciting
possibility that new pharmaceutical approaches can be developed that will permit the simultaneous treatments of diseases that

often occur in combination, such as osteoporosis and sarcopenia.
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Our understanding of the relationship between skeletal muscle
and bone has undergone a major renaissance in the past de-
cade or so with exponentially increasing numbers of published
papers on the subject (Fig. 1). Skeletal muscle and bone are no
longer viewed from the simple mechanical perspective; i.e.,
bone provides an attachment site for skeletal muscles and
skeletal muscles apply load to bone. The musculoskeletal sys-
tem is a complex organ system that involves multiple struc-
tural components (skeletal muscles, bones, ligaments, ten-
dons, nervous system, vasculature, joints, and connective tis-
sues). Both skeletal muscle and bone are also recognized as a
source of a number of signaling molecules that can act through
autocrine, paracrine, and endocrine mechanisms. Importantly,
the functional activities of skeletal muscle and bone recipro-
cally affect each other (and other tissues/organs) through
crosstalk mechanisms that play important roles during devel-
opment and the aging spectrum. This crosstalk involves bio-
chemical, molecular, and genetic coupling that we are only
now beginning to understand. Several excellent reviews have
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been written in the past few years describing the emerging
evidence of skeletal muscle and bone crosstalk [1-9]. In this
review article, we will present some of the most current liter-
ature, in the context of prior literature that has advanced our
understanding of these crosstalk mechanisms.

Evidence for Skeletal Muscle and Bone
Interactions/Crosstalk

Some of the earliest evidence for muscle-bone crosstalk
comes out of the orthopedic literature involving the treatment
of complex fractures in which muscle flaps used to cover
fracture sites showed accelerated healing and reduced infec-
tion compared with non-covered fractures [10] [11] [12] [13].
A study by Richards and colleagues [12] in canines demon-
strated that the biomechanical properties at the site of an
osteotomy were superior when a muscle flap covered the site
versus a local skin flap. The potential contributors to improved
healing include improved vascular supply, improved recruit-
ment of mesenchymal stem cells/osteoprogenitor cells, pro-
viding a supply of cytokines and growth factors such as
myokines and antimicrobial properties [14].

More recently, many studies in humans have shown an
association between osteoporosis and sarcopenia in at least a
subset of the population. Osteoporosis is defined by the World
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Fig. 1 Published peer-reviewed papers in scientific journals: The search

was conducted using PubMed with the search term “musculoskeletal

interaction.” Search was conducted on March, 2020. This graph has been
updated from Maurel et al., 2017 [142]

Health Organization as “... a bone mineral density (BMD) at
the hip or lumbar spine that is less than or equal to 2.5 standard
deviations below the mean BMD of a young-adult reference
population” [15]. Sarcopenia was redefined by the European
Working Group on Sarcopenia in Older People (2018 Group
2) in 2019 [16] with changes from its original 2010 definition
[17], as “...low levels of measures for three parameters: (1)
muscle strength, (2) muscle quantity/quality and (3) physical
performance as an indicator of severity,” The new definition
also recognizes that sarcopenia may be acute or chronic and
may be primary or secondary (associated with another dis-
ease). While a precise cause-and-effect relationship has not
been established, mounting evidence supports the hypothesis
that there is molecular coupling and crosstalk between muscle
and bone. Both conditions can occur coincidentally in the
same individuals and have resulted in the use of the term
sarco-osteopenia [18, 19] or osteosarcopenia [20-23].
Binkley and Buehring [19] have made the strong recommen-
dation that muscle weakness needs to be recognized as a con-
tributor to fracture risk, which subsequently has been support-
ed in a number of studies. The evidence suggesting a relation-
ship between osteoporosis and sarcopenia in a subset of the
human aged population has led to great interest in molecular
signaling between the two tissues, beyond the mechanical
perspective.

There are several clinical studies that have examined pa-
rameters of muscle mass (lean mass), fat mass, and bone den-
sity. While many of the results offer disparate findings, factors
such as age, gender, and ethnicity are possible confounders
when examining multiple studies. In this regard, a meta-
analysis performed by Ho-Pham and colleagues [24] found
that lean mass was a more important determinant of bone

mineral density in both sexes across all ages and ethnic groups
versus fat mass. However, fat mass was equivalent to lean
mass in postmenopausal women. They suggested that the im-
portance of lean mass is reflected in physical activity, which is
important during development and growth and maintenance
of bone mass in the skeleton. An analysis by Huh and col-
leagues [25] studied an elderly cohort of participants in the
Fourth Korea National Health and Nutrition Examination
Surveys (KHANES IV). They found an association of muscle
mass with bone density and femoral bone geometry in the
elderly that was more prominent in men than in women.
They also found a significant increase in the risk of osteopo-
rosis in men and women with sarcopenia. Interestingly, the
relationship between increased muscle mass and reduction in
the occurrence of osteoporosis was strongest at the total hip
and femoral neck in both sexes, but the reduction relationship
at the lateral spine was only observed in men. Muscle mass is
not the best indication of muscle function as it does not truly
reflect muscle strength. Recently, Luo et al. [26¢] published
their results of the relationship between muscle strength (mea-
sured by grip strength) and bone mineral density (BMD).
They used data from the National Health and Nutrition
Examination Survey (NHANES 2013-2014), with a total of
1850 subjects aged from 40 to 80 years of age. Grip strength
was measured using a handgrip dynamometer. BMD was
measured on the femoral neck and total lumber spine (overall
BMD from L1 to L4). After adjusting for several factors (i.e.,
age, ethnicity, social habits, genetics, nutrition, physical activ-
ity among others), they found that grip strength of the domi-
nant hand is associated with increased femoral neck and total
lumber spine BMD in men and premenopausal and postmen-
opausal women [26¢].

Recently a meta-analysis by Locquet et al. [27] examined
changes in bone mass and muscle parameters from childhood
to adult life. Fifteen papers were included in their analysis, and
despite heterogeneity between these studies, they did find a
significant correlation between bone mineral density and
markers of muscle function during aging. Some of these as-
sociations might be the consequence of muscle loading on
bone, but diet and gene expression were also contributing to
changes in muscle and bone during aging. In this regard, there
is clear evidence for pleiotropic genes that regulate both mus-
cle and bone [9] [28] (see below).

Genome-wide association studies (GWAS) have provided
another source of evidence for bone-muscle crosstalk. Several
pleiotropic genes that affect bone and muscle have been de-
tected [2¢]. One of these, METTL21C, has been shown in vitro
to alter both muscle function and osteocyte viability and re-
sistance to undergo apoptosis through modulation of the
NF-«kB signaling pathway [29]. The identity of the muscle/
bone factor(s) that might regulate the pleiotropic effects of
METTL21C gene expression is not known. In a study of four
pediatric cohorts using a bivariate GWAS approach, Medina-
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Gomez et al. [30] identified pleiotropic effects for total body
lean mass and total body BMD (less head) in eight loci, seven
of which had already been identified as BMD loci. These
included WNT4, GALNT3, MEPE, CPED/WNTI6,
TNFSF11, RIN3, PPP6R3/LRP5, and SREBF1/TOMIL22.
The SREBF1 gene is important for differentiation in both os-
teoblasts and myoblasts, but has opposite roles in those two
cell types. A mechanism by which the SREBFI gene could be
involved in the regulation of muscle and bone mass might be
through its active gene product, SREBP-1 [31]. Gorski et al.
[32] reported that mice with a targeted deletion of the
proprotein convertase Mbtpsl in osteocytes (using Dmpl-
Cre) had an age-related increase in Soleus muscle mass and
contractile force. Based on these observations, Gorski and
Price [33] have proposed a model for bone-muscle crosstalk
that involves a complex pathway centered on the regulation of
core circadian clock genes, Decl and Dec2, by SREBP-1 and
the subsequent downstream targets. Other clock genes have
also been implicated in the control of bone mineral density
and architectural properties. For example, deletion of the tran-
scription factor brain and muscle ARNT-like protein 1
(BMALTI) results in a rapid aging phenotype with decreased
BMD and reductions in trabecular and cortical bone parame-
ters [34]. This is in contrast to deletion of the clock genes Per
and Cry, which result in a high bone mass phenotype [35].
BMALL has also been shown to be important in maintenance
of skeletal muscle, as mice lacking BMALI have significantly
reduced normalized maximal force [36]. This has led to its
implication in bone-muscle crosstalk through control of sev-
eral myokines with known effects on bone [37]. Finally, in

Fig. 2 Muscle-bone possible way
of interaction: Possible routes that
myokines can reach bone and
how osteokines can reach muscle.
Both tissues are highly
vascularized. (1) In skeletal mus-
cle, secreted molecules can get
into circulation through the extra-
cellular fluid present in the
endomysium. (2) In bone, osteo-
cytes through the lacunar-
canalicular system are in close
proximity to blood vessels. It has
been observed that osteocytes can
extend their dendrites into blood
vessels. (3) Due to the close
proximity of bone and muscle,
molecules (smaller than 40 kDa)
can crossed the periosteum by
diffusion (figure was created
using BioRender.com)
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addition to these pleiotropic genes identified by multivariate
GWAS, there are a number of examples of animal models
with targeted deletion in muscle or bone that display changes
in the reciprocal tissue. Some of these will be discussed in the
subsequent sections.

The existence of pleiotropic genes, while perhaps not sur-
prising from a development perspective, suggests that share
genetics could lead to the coincident occurrence of osteopo-
rosis and sarcopenia in some individuals. This highlights the
need to consider the advantages of therapeutic approaches that
simultaneously target all elements of the musculoskeletal sys-
tem as has been suggested [28] [9] [2¢].

Mechanisms of Skeletal Muscle and Bone
Crosstalk

Figure 2 illustrates possible mechanisms of communication
between bone and muscle. The release of key proteins/small
molecules into the bloodstream would seem to be the most
obvious means of crosstalk communication between tissues.
Every cell in our body depends on obtaining their nutrients
from the bloodstream and removing metabolic waste into the
circulation. The fact that certain cytokines specifically pro-
duced in muscle can reach high concentration levels in the
bloodstream after exercise is strong evidence that myokines
are being released directly into circulation. Likewise, several
bone-derived factors are known to circulate.

Both muscle and bone are highly vascularized tissues. Each
group of myofibers is supplied by an artery and two veins and

Sclerostin
Osteocalcin
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innervated by a nerve. Muscle fibers are formed into bundles
called fascicles and are surrounded by a connective tissue
called the perimysium. Inside each perimysium are muscle
fibers individually surrounded by a thin connective tissue
composed mainly of type I and type III collagen known as
the endomysium. Inside the endomysium, the muscle fiber is
bathed in a nutrient-rich fluid. In human bone, at the center of
each osteon runs a nerve, an artery, and a vein. Each osteocyte
inside exists within a lacunae or “cave” in the bone.
Osteocytes are connected to each other through a large num-
ber of dendrites that extend through canaliculi (or “tunnels”).
This lacunar-canalicular system forms a network that facili-
tates transporting small proteins (< 70 kDa) and molecules to
and from the bloodstream (Fig. 3).

Another mechanism of cell-to-cell communication is the
shedding of cellular components in the form of microvesicles,
exosomes, or extracellular vesicles (EVs). This concept was
first embraced in the cancer field. Cancer cells are known for
uncontrolled proliferation and excessive release of EVs into
the environment to attract and develop new, but leaky, blood
vessels (angiogenesis) to support the cancerous cell growth
and metastasis. EVs are membrane vesicles that contain a
wide spectrum of molecules (proteins, mRNAs, and
microRNAs) that reflect the state of the cell. The shed EVs
can act locally (autocrine effect) or be delivered into the
bloodstream and act on distant organs (paracrine effect).
This uptake can happen through at least three known mecha-
nisms: (1) a ligand-receptor mechanism involving molecules
expressed on the EV membrane, (2) fusing with the membrane
of the targeted cells and releasing its content inside the cell, or
(3) EV uptake into the cell and subsequent processing that
releases its cargo intracellularly.

There is mounting evidence that supports the idea that near-
ly every cell is able to shed various types of microvesicles
(extracellular vesicles, EVs) including bone cells. Qin and
Dallas extensively reviewed the literature on EVs shed from
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Fig. 3 Osteocyte arrangement in murine bones. Scanning electron
microscopy images of resin-embedded, acid-etched murine cortical bone.
a Inset shows how osteocytes interact with blood vessels. b Osteocytes

different bone cells as well as from bone marrow stromal cells
and muscle cells (see [38¢] for more details). In 2015, Ge et al.
[39] reported more than 1000 proteins inside microvesicles
obtained from osteoblastic cells MC3T3. Besides proteins in-
volved in biogenesis, processing, and uptake of EVs, other
proteins involved in osteogenesis were also reported. Cui
et al. [40] reported the presence of 457 microRNAs
(miRNA), out of which 43 were highly expressed including
miR-1192, miR-680, and miR302a that are known to be
expressed in osteoblasts. Other miRNAs found in the
exosomes of this cell line are known to regulate the Wnt/[3-
catenin pathway, an important pathway in the bone develop-
ment, growth, and homeostasis [40]. Deng et al. [41] showed
that osteoblast microvesicles contain RANKL and that treat-
ment of RAW264.7 cells with these EVs promoted TRAP-
positive multinucleated cells, suggesting that osteoblasts can
support osteoclastogenesis. Osteoclast cells are also capable
of producing microvesicles. Huynh et al. [42] reported EVs
from osteoclast precursors enhanced osteoclastogenesis, but
EVs from mature osteoclasts inhibited further osteoclast for-
mation, suggesting an autocrine effect of the EVs produced by
osteoclasts. This is due to the presence of RANKL receptor,
RANK, in the EVs therefore working as a decoy for RANKL
in the microenvironment [42]. Li et al. [43] reported that os-
teoclastic miR-214-3p in human biopsies correlate with the
high levels of the same miRNA (in serum exosomes) in elder-
ly women with fracture compared with age-matched controls.
Osteoclast-derived exosomes containing miRNA-214 trans-
ferred to osteoblastic cells have been shown to inhibit bone
formation [44].

A less explored field is the production/role of EVs by os-
teocytes. Only a handful of papers had been reported on the
microvesicles released by osteocytes that can have an effect
on other cells [45] [46]. In 2013, Veno et al. tested
microvesicles isolated from late differentiated IDG-SW3 cells
(a cell line that can differentiate from osteoblast to osteocyte)
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are connected with each other via a dense lacunar-canalicular network.
Arrows point to a blood vessel running through the cortical bone. Note
the osteocytes closed to blood vessels extending their dendrites around it
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onto undifferentiated IDG-SW3 cells or the Dmp 1-mem-GFP
calvaria cells (from a transgenic mouse expressing a
membrane-targeted GFP in osteocytes). They observed a
strong induction of alkaline phosphatase, increased expression
of Dmp1-GFP within 48 h, and E11/gp38. They concluded
that microvesicles from osteocytes contain cargo that may
induce differentiation of osteoblasts [46]. Qin et al. [45] re-
ported that exosomes produced by osteocytes (using the
Ocy454 cell line) that had been pretreated with myostatin
can be taken up by osteoblasts (MC3T3 cell line); this uptake
caused reduced levels of Runx2 and reduced osteoblastic dif-
ferentiation by downregulating the Wnt signaling pathway
(see more details in the “Skeletal Muscle as an Endocrine
Organ—Myokines” section). Sato et al. [47] have studied
the expression of miRNAs present in MLO-Y4 cells (osteo-
cyte-like cell line). This group also analyzed the circulating
exosomes from an osteocyte-less (OL) mouse model. They
concluded that the observed decrease in the number of circu-
lating miRNAs in the serum of the OL mice may be caused
due to the lack of osteocytes [47].

Another potential form of bone-muscle crosstalk is by dif-
fusion. This is possible due to the close proximity of both
tissues. The periosteum is a cell layer (~ 60 microns thick) that
surrounds bone and muscle. Lai et al. [48] showed that mol-
ecules <40 kDa can easily diffuse through the semi-
permeable periosteum. This implies that small molecules like
PGE,, NO, BAIBA, and Irisin can easily reach the adjacent
tissue by passive diffusion, whereas osteokines or myokines
> 40 kDa most likely are being transported via the circulation
or as EV cargo.

Skeletal Muscle as an Endocrine
Organ—Myokines

It is now well recognized that muscle can produce cytokines
or “myokines” that have an effect on distant organs. The con-
cept of the myokine was first introduced by Pedersen and
colleagues (reviewed in [49] [50] [51]) based on their studies
of interleukin (IL)-6, which has shown to be released from
contracting skeletal muscle. In this section, we will highlight
the recent literature on the most prominent myokines.

Myostatin

In 1997, McPherron et al. first reported myostatin, also known
as growth differentiation factor-8 (GDF-8), is a muscle-
secreted cytokine [52]. Myostatin belongs to the TGF super-
family and shares homology with other members of this fam-
ily, e.g., GDF11, BMP9, BMP10, TGFf31. Unlike other mem-
bers of the TGF family, myostatin is expressed exclusively in
the myotome of the somite during embryogenesis and in skel-
etal muscle during growth. In mice, global deletion of
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myostatin results in a 2-3-fold increase in muscle mass com-
pared with controls. Concomitantly, there are changes in site-
specific trabecular and cortical bone mineral content and bone
volume [53]. Exercise has been shown to also increase bone
properties in these mice [54]. Myostatin deficiency has also
been reported in cattle where mutations in the MSTN gene
give rise to what is known as the double-muscled phenome-
non, which is characterized by a 20% increase in muscle mass
(mainly hyperplasia—increase in fiber number rather than fi-
ber size) [55-57]. In humans, mutations in the MSTN gene
produce myostatin-related muscle hypertrophy that can be
inherited [58].

In addition to its inhibitory effect on muscle, myostatin also
affects bone cells. Myostatin binds to the type IIB activin re-
ceptor (AcvrlIB), which is highly expressed in bone marrow—
derived stem cells (BMSC) [59]. Recombinant myostatin injec-
tion represses bone formation and increases osteoclastogenesis.
Qin et al. [45] reported that myostatin treatment of osteocytes
increased the expression of the bone inhibitors, sclerostin and
Dkkl1. EVs released from the myostatin-treated osteocyte
(Ocy454 cell line) can be taken up by osteoblasts (MC3T3 cell
line) resulting in the downregulation of Runx2, a key player in
osteoblast differentiation. This inhibition was completely re-
versed by the expression of exogenous miR-218 through inhi-
bition of Sost, a Wnt signaling inhibitor [45]. Other in vitro
studies have also shown that myostatin increased RANKL-
induced osteoclastogenesis [60, 61].

Inhibition of myostatin in order to improve muscle and
bone disorders such as Duchenne muscular dystrophy
(DMD) and rheumatoid arthritis (RA) has yielded intriguing
results, but there are potential concerns. A humanized neutral-
izing antibody to mysostatin, Domagrozumab, was developed
by Pfizer and went into clinical trials to treat juvenile patients
with DMD. However, the trial was stopped in phase II since
patients did not show improvement in the endpoint tested after
1 year of treatment. Interestingly, synovial tissues from pa-
tients with RA, as well as of a mouse model of RA, have
elevated levels of myostatin. In a mouse model of RA that
carries the human TNF-x transgenic mouse, treatment with
an anti-myostatin antibody ameliorated the joint erosion [60].
Myostatin inhibitors such as ACE-031 have also been devel-
oped and clinical trials to treat DMD patients had been de-
signed. However, the clinical trial on this drug was stopped
due to safety concerns (epistaxis (nasal bleeding) and telangi-
ectasias (spider veins)) [62]. As explained by Long et al. [63],
some of the concerns with inhibition of myostatin as have
been developed thus far is the high degree of homology be-
tween myostatin and other growth factors, such as GDF11
causing undesirable side effects. Myostatin, similar to other
members of the TGF family, is produced as a pro-form that
must be enzymatically processed into the mature active form.
Long and colleagues reported favorable results using muSRK-
015P, a monoclonal antibody that binds exclusively to pro-
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and latent myostatin. Using a mouse model of spinal muscular
atrophy, the authors reported that muSRK-015P was not only
effective in increasing muscle mass and function but also ef-
fective in increasing cortical thickness and trabecular bone
properties [63]. SRK-015, an optimized version of SRK-
015P, is currently in phase 2 of clinical trials to treat patients
with later-onset spinal muscular atrophy. The study is set to
end in April 2021.

Irisin

In 2012, Bostrdm et al. [64] elegantly reported the discovery
of a novel myokine, which they named Irisin, after the Greek
messenger goddess Iris. Irisin is the cleavage product of a type
I membrane protein encoded by the FNDCS5 gene which is
regulated by peroxisome proliferator—activated receptor y
(PPARY) coactivator 1o« (PGC1-x). Levels of Irisin in plasma
were elevated in mice subjected to 3 weeks of voluntary wheel
running and in humans after 10 weeks of supervised endur-
ance exercise training. Overexpression of FndcS (using an
adenoviral vector that expressed full-length of FNDCS5) result-
ed in increased levels of Irisin in plasma and significant in-
creases of brown fat and the thermogenesis genes Upc-1 and
Cidea mRNA in subcutaneous fat (inguinal) as well as chang-
es in mitochondria genes and oxygen consumption in adipo-
cytes, but not skeletal muscles or cultured myocytes. In this
original paper, Irisin also improved glucose tolerance in mice
fed with high-fat diet [64].

In 2014, Colaianni et al. [65] showed that Irisin was able to
induce the differentiation of bone marrow stromal cells into
osteoblasts. Although these were in vitro experiments using
primary cells, these findings implied a potential muscle-fat-
bone axis. The bone-fat relationship had been previously sug-
gested by studies on leptin acting at the level of the brain to
control bone formation (reviewed in [66—69]). Colaianni and
colleagues [70] subsequently showed that low doses of Irisin
(100 pg/kg body weight) were enough to increase cortical
bone mass and strength (trabecular bone changes were almost
significant). This low dose was not enough to turn white ad-
ipose to brown adipose tissue that was observed with higher
doses (3500 ug/kg of body weight). The increase in bone
mass was due to increase osteoblast number and decreased
osteoclast numbers. The authors also showed that in bone
marrow stromal cells, Irisin treatment increased ERK phos-
phorylation and increased expression of osteogenesis-related
genes [70]. These findings have been confirmed recently
using MC3T3 cells [71], and in mice subjected to a volunteer
wheel running regimen [72]. Irisin is also capable of blocking
the effects of hindlimb unloading, namely restoring bone mass
and blocking muscle atrophy [73].

Recently Kim et al. [74] identified the Irisin receptor as a
subset of integrin complexes. The o«V/35 integrin complex
receptor had the highest affinity for Irisin. They showed that

binding to its receptor causes the phosphorylation of focal ad-
hesion kinase (FAK) at tyrosine 397, which in turns phosphor-
ylated Akt at threonine 308 (but not at serine 473) and phos-
phorylation of the cyclic AMP response element-binding pro-
tein (CREB) after 5 min of Irisin treatment [74]. Similar to PTH
treatment, the dose and type of administration (continuously
versus intermittent) appear to be of critical importance in pro-
ducing Irisin effects on bone. For the anabolic effect on mouse
bones, intermittent treatment with 100 pg/kg once a week is
more effective in decreasing Sost and Dkkl mRNA expression
[70] [73] [75]. On the other hand, researchers have reported a
catabolic effect when using daily Irisin injections for 6 days.
This regime seems to increase bone remodeling by increasing
Sost mRNA expression in osteocyte-enriched bone [74].

B-Aminoisobutyric Acid

The effect of 3-aminoisobutyric acid (BAIBA) on fat was first
reported in 2004 in an attempt to elucidate the mechanism by
which certain antiretroviral nucleoside reverse-transcriptase
inhibitors (mainly stavudine (d4T) and zidovudine (AZT)
which are analogs of thymine) reduce body fat [76]. BAIBA
is one of the metabolites produced by the degradation of d4T
and AZT to thymine. They observed that BAIBA treatment
mimics the effects of d4T and AZT and is more potent in
reducing body fat content in RjOrl Swiss mice [76]. This is
achieved by increasing fatty acid oxidation (FAO) [77]. This
effect on FAO was also reported by Igoud;jil et al. [78].
BAIBA appears to prevent diet-induced obesity in mice with
partial leptin deficiency [79], through a leptin-dependent stim-
ulation of mitochondrial FAO [80].

In 2008, Calvo et al. described the creation of a muscle-
specific PGC-1« transgenic mouse [81]. This mutant mouse
model has enhanced ability to perform endurance exercise
with increased ability for oxygen uptake. In 2014, Roberts
used liquid chromatography mass spectrophotometry (LC-
MYS) to identify small molecules expressed by myocytes with
PGC-1a overexpression. They found 4 small molecules:
BAIBA, GABA, cytosine, and 2'-deoxycitosine. Out of the
four, only BAIBA increased the expression of brown
adipocyte-specific genes (UCP-1 and Cidea). BAIBA was
capable of inducing brown adipocyte-like phenotype in hu-
man induced pluripotent stem cells through a PPAR«-
dependent mechanism [82]. Interestingly, the authors also
demonstrated that forced overexpression of PGC-1« in prima-
ry myocytes altered the transcription of several genes identi-
fied in the Framingham Heart Study genome-wide association
analysis that are genetic determinants of BAIBA levels in
humans.

Kitase et al. [83] reported administration of L-BAIBA in
drinking water protects bone loss due to disuse by preventing
ROS-induced cell death and protecting mitochondrial integri-
ty. Zhu et al. [84] showed that BAIBA stimulates proliferation
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and differentiation of osteoprogenitor cells (MC3T3-E1 cells)
by activating the NAD(P)H/ROS signaling. Recent reports
have also demonstrated the effects of BAIBA on other tissues
such as liver [85] and kidney [86].

Most recently, Wang et al. [87] developed an easy method
to detect aminobutyric acid isomers and found correlations
between bone mineral density and osteoporotic fractures.
They reported lower expression of GABA in non-
osteoporotic as well as in osteoporotic women between 60
and 80 years of age. D-BAIBA levels in older non-
osteoporotic (control) females ranged from 0.71 to 2.24 uM
and osteoporotic women ranged from 0.38 to 1.97 uM. D-
BAIBA serum concentration was positively correlated with
T score (hip) in older women without any fracture, but not
correlated in older women with fractures. D-BAIBA and
GABA showed significant positive association with physical
activity in the different populations. L-AABA was strongly
associated with alcohol intake. D-BAIBA was not associated
with hip BMD in 85 young Caucasian women without osteo-
porosis/osteopenia, but there was a positive correlation in 38
lean women and a negative correlation in 47 obese individ-
uals. Interestingly it appears that humans and mice differ in
terms of which enantiomer of BAIBA is biologically
important.

Interleukin-6 Family

The interleukin-6 (IL-6) superfamily has several members, i.e.,
IL-6, LIF, and CNTF. A main characteristic of this family is the
use of the co-receptor glycoprotein-130 (gp130). Binding to
this co-receptor leads to downstream activation of the JAK/
STAT or the ERK signaling pathway. It is well known that
exercise releases several cytokines such as tumor necrosis fac-
tor (TNF-) and interleukins (IL-1, IL-6, IL-10). IL-6 plasma
concentration increases by 10-fold after 30 min of exercise and
up to 100-fold after 2 h of eccentric exercise. IL-6 increases are
directly related to the duration, intensity, and amount of mus-
cles involved in exercise [88]. Previously it was hypothesized
that IL-6 production was due to an inflammatory response after
exercise [89]. Steensberg et al. showed that the increased IL-6
plasma concentration after exercise was consequence of muscle
contraction [90] and more specifically by type 2 muscle fibers
[91]. We now understand that levels of IL-6 in monocytes
(immune cells responsible for IL-6 production during sepsis)
do not change during exercise [92] [93].

Besides its action on glucose uptake and fatty acid oxida-
tion, IL-6 increases both osteoclast formation [94] and osteo-
blast differentiation [91]. Bakker et al. [95] showed that IL-6
had no effect on the osteocyte response to mechanical loading
in an in vitro model. However, IL-6 treatment of osteocytes
results in decreased alkaline phosphatase activity and Runx2
expression in osteoblasts, and increased expression of the pro-
liferation marker Ki67 and osteocalcin [95].
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IL-6 has two basic mechanisms of action: cis and trans.
Classic (Cis) happens when the cells express the IL-6 receptor
(IL-6R) bound to the cell membrane. Upon binding, a homo-
dimer of the co-receptor gp-130 is recruited and a series of
downstream signaling mechanisms are activated. Trans-
signaling occurs when IL-6 binds to a soluble receptor (sIL-
6R) before binding to a homodimer of gp130 on the cell sur-
face. McGregor et al. [96] reported that it was the trans-sig-
naling, and not cis-signaling, that promoted bone formation
and osteoclastogenesis in a calvaria mouse model.

Bone as an Endocrine Organ—Osteokines

Bone is a dynamic tissue undergoing modeling during growth
and development to achieve proper shape and remodeling
throughout a person’s lifetime as a means of renewing bone’s
structure and integrity. Our current understanding suggests
that the activities of the bone forming osteoblasts and bone
resorbing osteoclasts are largely orchestrated by the osteocyte,
the most abundant cell in bone. Together these three cells
utilize highly conserved mechanisms throughout the verte-
brate animal kingdom to create a skeleton that is capable of
providing six major functions: structural support for the body,
facilitation of movement, protection for the internal organs, a
site for hematopoiesis, a reservoir of calcium and phosphate
and fat storage, and a more recently recognized endocrine
function.

The concept of bone as an endocrine organ took off in 2006
and since then several reviews in the past decade have
discussed the importance of bone as an endocrine tissue and
more specifically the important role of the osteocyte and os-
teoblast in this function (see reviews by [97-104]). There is
now a growing list of bone-produced molecules that have
effects on other organs. This list includes a wide range of
molecules from proteins like FGF23 and osteocalcin to small
molecules like PGE,.

Fibroblast Growth Factor 23

Fibroblast growth factor 23 (FGF23) was first identified in
2000 [105]. In 2006, it was reported that patients with
hypophosphatemia rickets have high levels of circulating
FGF23 [106]. It was later determined that bone-secreted
FGF23 targets kidney proximal tubules where it regulates
the expression of the type II sodium/phosphate co-
transporters Na-Pi 2a and Na-Pi 2c that are responsible for
absorption and reabsorption of phosphate [107]. This leads
to a decrease in phosphate absorption and hypophosphatemia.
FGF23 also regulates vitamin D metabolism by inhibiting
1-a-hydroxylase, which is responsible for the conversion of
1,25 (OH)2 D to its active form: 1,25 (OH),D5 [108]. These
studies clearly established a bone-kidney axis.
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FGF23 binds to the FGF receptor (FGFR) in the presence
of the co-receptor Klotho [31, 109]. FGF23 can also activate
FGFR4 independently of Klotho [110]. Expression of FGF23
is regulated by PHEX and Dmpl1, additional products of the
osteocyte, which inhibit the expression of FGF23. Mutations
in PHEX lead to increased levels of FGF23.

FGF23 has specific effects on cardiac muscle [111, 112]
and one study has raised the possibility that it may have direct
effects on skeletal muscle. Kido et al. [113] have implicated
FGF23 in muscle atrophy associated with chronic kidney dis-
ease by inhibition of insulin/IGF signaling in skeletal muscle.
However, another study by Avin et al. [114] found that despite
expressing FGFR (1-4) and «-Klotho, in vitro treatments with
FGF23 did not alter skeletal muscle C2C12 myotube function
and in vivo acute treatment with FGF23 did not alter Soleus
and EDL muscle contractility measured ex vivo. These au-
thors speculated that FGF23 might be working indirectly or
in concert with another co-factor. Thus, while FGF23 is a
putative factor involved in bone-muscle crosstalk, its exact
role is an open question.

Fibroblast Growth Factor 9

Fibroblast growth factor 9 (FGF9) belongs to the FGF super-
family. Using the newly developed calvaria-derived osteo-
cyte-like cell lines, OmGPF10 and OmGFP66, Wang et al.
reported that when osteoblasts differentiate into osteocytes,
the production of FGF23 is increased [115]. McCormick
et al. [116] reported that FGF9 was moderately expressed in
osteoblast and strongly expressed in the osteoid osteocyte
cells, and also showed moderate expression in osteocytes iso-
lated from 2- and 4-week-old mouse femurs Treatment of
OmGFP66 with FGF9 induced FGF23 mRNA expression
significantly (~1200-fold) within 24 h and FGF23 protein
secretion 90-fold. Recently Huang et al. reported the effect
of FGF9 on muscle cells. Using C2C12 cell line and human
cells, they observed an inhibition in myogenic differentiation,
decreasing expression of MyoG and Mhc, and increasing ex-
pression of myostatin.

Osteocalcin

Osteocalcin is a secreted protein produced by late osteoblast
and osteocytes and it is stored locally in the bone matrix due to
its high affinity for hydroxyapatite. It is also known as -
carboxyglutamic acid or BGLAP. It is a relatively small mol-
ecule with a molecular weight of 5.6 kDa. Upon decarboxyl-
ation (due to low pH), it is released into the circulation.
Osteocalcin binds to its receptor, Gpcr6a, located in the plas-
ma membrane of a wide variety of cells. It has been reported
that osteocalcin acts on pancreatic cells to increase 3-cell pro-
liferation and insulin secretion. It also acts on the testis

(Leydig cells) to promote testosterone production [117]. In
muscle, osteocalcin increases insulin sensitivity.

The health benefits of exercise are well known, which has
effects on the regulation of glucose metabolism, increases
lipolysis, and increases muscle and bone mass. The mecha-
nism of action of the effect of exercise on IL6 and osteocalcin
was recently published by [118]. The authors reported that
exercise-induced IL6 acts on osteoblasts (and most likely os-
teocytes), leading to an increase in the production of RANKL
that in turn activates osteoclasts to acidify and remodel bone
matrix. This leads to the release of osteocalcin from the matrix
into circulation where it can go to the muscle and bind to its
receptor Gper6 [118] and thereby regulate muscle function.

Transforming Growth Factor 8

Transforming growth factor 3 (TGFf3) is mainly produced by
osteoblasts and is also stored in the bone matrix in its latent
form. To become active, TGF 3 has to be released from the
extracellular matrix, which is achieved by low pH (osteoclast
acidification of local matrix). Bone destruction induced by can-
cer metastasis leads to increase levels of TGFf3 in the circula-
tion. Deletion of TGFf3 in osteocytes leads to decreases in
osteocyte RANKL production and perilacunar/canalicular re-
modeling, which results in decreased bone quality due to de-
creased canalicular length (hence osteocyte connectivity) [119].

Pathological release of TGFf3 from bone matrix induces
muscle weakness by decreasing Ca**-induced muscle force
production. This is achieved by increased NADPH oxidase
(Nox4), which leads to increased oxidation of skeletal muscle
proteins including the ryanodine receptor/calcium release
channel, leading to a leakage of Ca** needed for muscle con-
traction [120].

Regulators of the Wnt/B-Catenin Pathway

The Wnt/3-catenin pathway is an important signaling path-
way in regulating bone growth and bone mass accrual. It plays
roles in the differentiation of bone cells during growth and
development, bone homeostasis during adulthood including
bone regeneration during fracture healing, and bone accrual
in response to mechanical loading. This is a multifactorial
pathway with several key molecules involved in the regulation
of bone formation. Positive regulators produced by bone cells
include Wnt-1, Wnt3a, and Wnt10. Regulation of the pathway
is also achieved by several inhibitors including sclerostin and
Dkk-1. Although these secreted factors are produced in bone
and their concentration can be high locally, some can also be
detected in serum (e.g., sclerostin), which makes them candi-
dates for mediators of bone-muscle crosstalk. Serum
sclerostin levels have been shown to negatively correlate with
skeletal muscle mass in hemodialysis patients with diabetes
[121] and in a non-diabetic, Korean cohort [122].
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Interestingly, the use of an anti-sclerostin antibody in a breast
cancer mouse model system was protective against bone de-
struction and also improved muscle function [123]. These
studies imply a role for sclerostin in the regulation of muscle
function, but the exact mechanism is unclear at this time.

The canonical Wnt/3-catenin pathway and non-canonical
Wnt pathways also play important roles in skeletal muscle
development [124, 125]. Huang et al. [126] demonstrated
using the C2C12 myoblast/myotube cell line treated with con-
ditioned media from MLO-Y4 osteocyte-like cells that Wnt3a
produced by the MLO-Y4 cells could stimulate myogenesis
and enhance myotube contractile properties. They further
showed that Wnt3a was more potent than Wntl in inducing
myogenesis. However, in vivo evidence for a role of Wnt
proteins in muscle-bone crosstalk is lacking. One of the criti-
cal questions, especially for the Wnts, is can they act at a
distance, via an endocrine type mechanism in the circulation
or do they perhaps use an extracellular vesicle type of trans-
port to signal from bone to muscle?

Prostaglandin E,

Prostaglandin E, (PGE,) is released by many cells in response
to mechanical stimulation including osteocytes and skeletal
muscle cells. In response to fluid flow shear stress, MLO-Y4
osteocyte-like cells (and 2T3 osteoblast-like cells) rapidly re-
lease significant amounts of PGE, [127]. Brotto and col-
leagues have shown that PGE, modulates Ca*™* homeostasis
[128] and stimulates C2C12 myoblasts to differentiate into
myotubes [129]. How PGE, produced by osteocytes/
osteoblasts might signal to skeletal muscle is a key question,
especially given the short half-life and rapid metabolism of
PGE; in circulation [130]. Because skeletal muscle and bone
are intimately associated tissues, a diffusion type of mecha-
nism is entirely possible (see the “Mechanisms of Skeletal
Muscle and Bone Crosstalk™ section, above).

Receptor Activator of Nuclear Factor Kappa f Ligand

Receptor activator of nuclear factor kappa 3 ligand (RANKL)
is produced by immune cells as well as osteocytes; however,
osteocytes are the major source for RANKL [131-133]. Mice
with deletion of RANKL show severe osteopetrosis, are tooth-
less, and lack osteoclasts [134]. Osteoprotegerin (OPG) is a
decoy receptor for RANKL. Two studies using the Opg '~
mouse have implicated a role for RANKL in bone-muscle
crosstalk and suggest it may be a therapeutic target for treating
sarcopenia. Bonnet et al. [135] showed that in women taking
the anti-RANKL antibody denosumab, for 3 years, there were
improvements in lean muscle mass and strength. Using the
huRANKLTg" mouse model, they demonstrated that
denosumab and the RANKL inhibitor OPG-Fc produced im-
provements in muscle function. Hamoudi et al. [136] observed
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similar results using the Opg "~ mouse model, which displays
the expected weaker bones due to elevated RANKL levels and
atrophy of the fast twitch type IIb muscle fibers. Treatment of
these mice with an anti-RANKL antibody partially alleviated
these deficits. These studies suggest that RANKL plays a role
in bone-muscle crosstalk and, in addition to being a pharma-
ceutical target for treating osteoporosis, could well be a target
for treating sarcopenia.

Further evidence for a role of RANKL in bone-muscle
crosstalk comes from recent studies by Frenette and col-
leagues in their studies of Duchenne muscular dystrophy
(see review [137]). Their recent work has shown that treat-
ment of the mdx/utrn+/— mouse with anti-RANKL antibody
improved EDL muscle maximum specific force and increased
the stiffness of the tibia measured by 3-point mechanical test-
ing [138]. In a more recent study with the osteoprotegerin
(OPG)-deficient mouse model (OPG is a decoy receptor for
RANKL), they observed a similar improvement in EDL and
bone biomechanical properties after treatment with an anti-
RANKL antibody [136]. It is interesting that the effect of
anti-RANKL therapy appears to be targeted to fast twitch
muscle fibers. Given the use of anti-RANKL therapies to treat
osteoporosis, baseline and post-treatment assessment of mus-
cle function in those patients (perhaps grip strength testing)
should reveal whether this therapy can improve sarcopenia in
those patients.

Unanswered Questions and Future Directions

The last two decades have witnessed an exponential increase
in published literature (Fig. 1) describing potential bone-
muscle crosstalk or interactions. Still there remain many un-
answered questions. One of the most important of these is
what is the mechanism by which biochemical /molecular cou-
pling of these two tissues occurs? As described in the sections
above, there is evidence for the classical mechanisms of en-
docrine and paracrine signaling and newer, evolving under-
standings of mechanisms such as extracellular vesicles that
may play important roles. Understanding how or if osteokines
and myokines crosstalk to the other tissue, and crosstalk spec-
ificity, is critical if we are to use these molecules therapeuti-
cally. The list of myokines and osteokines continues to grow.
Critical to determining which of these are mediators of bone-
muscle crosstalk will be studies in animal model systems in
which targeted deletion of these molecules in one tissue is
coupled with determining the consequences on both bone
and muscle (and other tissues). Another important question
is does crosstalk signaling change across the aging spectrum?
It is entirely conceivable and likely that crosstalk mechanisms
in play during development might differ from those during
pubertal growth versus adulthood versus the aged musculo-
skeletal system. Understanding which molecules and
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mechanisms are active during these different periods of like
will be necessary if we are going to manipulate these mecha-
nisms to treat various diseases that occur at different ages. All
of these mechanisms occur on the landscape of varying genet-
ic backgrounds between individuals and understanding the
influence of modifying genetics that may control crosstalk
will also be essential. Investigators have long appreciated the
mechanical coupling of bone and muscle, and so teasing out
mechanisms that may underlie mechanical versus biochemical
interactions represents a challenge. Another important area for
future consideration is the role of the central nervous system
or other organ systems that may be involved such as adipose
tissue and the pancreas. Bone-muscle crosstalk need not nec-
essary be direct, and there is already evidence that supports
bone-derived factors that target other organ systems, which
could then have effects on muscle function [139, 140] [4].
Another important aspect of bone-muscle crosstalk that has
only been superficially explored relates to gender differences
and how changes in key hormones such as estrogen in females
during menopause might alter these mechanisms. Thus, de-
spite a literal explosion in our understanding and appreciation
of the importance of bone-muscle crosstalk, there are still
several important questions that need to be addressed. This
is especially critical when it comes to the design of new ther-
apeutic agents for the treatment of various human diseases that
involve the musculoskeletal system (see reviews [22, 137,
141-144]).
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