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Abstract

The nature of muscle-bone crosstalk has been historically considered to be only mechanical, 

where the muscle is the load applier while bone provides the attachment sites. However, this 

dogma has been challenged with the emerging notion that bone and muscle act as secretory 

endocrine organs affect the function of each other. Biochemical crosstalk occurs through myokines 

such as myostatin, irisin, interleukin (IL)-6, IL-7, IL-15, insulin-like growth factor-1, fibroblast 

growth factor (FGF)-2, and β-aminoisobutyric acid and through bone-derived factors including 

FGF23, prostaglandin E2, transforming growth factor β, osteocalcin, and sclerostin. Aside from 

the biochemical and mechanical interaction, additional factors including aging, circadian rhythm, 

nervous system network, nutrition intake, and exosomes also have effects on bone-muscle 

crosstalk. Here, we summarize the current research progress in the area, which may be conductive 

to identify potential novel therapies for the osteoporosis and sarcopenia, especially when they 

develop in parallel.
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1 | INTRODUCTION

Skeletal muscle and bone are the two major components of the musculoskeletal system. 

They have a close mechanical relationship, where bone acts as a lever and muscle acts as a 

pulley to move the organism.1 Bone can adjust their mass and structure according to changes 

in mechanical load applied by the muscle. This mechanical perspective implies that a decline 

in muscle function causes a decrease in the loading of bone, which ultimately results in bone 

loss. However, the reduction in bone mass does not fully explain the occurrence of 

sarcopenia, nor does muscle atrophy account for the totality of osteoporosis,2 although 

sarcopenia and osteoporosis often develop in parallel in many patients. In the past decade, 

several lines of studies have shown that the interaction of bone and muscle goes beyond 

mechanical. For example, in a mouse open tibial fracture model, the bone repair is 

significantly enhanced in the fracture area surrounded with muscle flaps. Conversely, the 

fracture healing will be delayed if the muscle is severely damaged.3 Moreover, some 

defective muscle phenotypes in mice with osteoblast/osteocyte-deficient connexin43 (Cx43) 

were partially rescued by subcutaneous injection of the bone-specific factor 

undercarboxylated osteocalcin (glu-OC).4 These findings support the notion that muscle and 

bone communication occurs through the secretion of biochemical factors. In addition to the 

mechanical and biochemical coupling, however, other factors that affect crosstalk between 

bone and muscle, including aging, circadian rhythm, nervous system network, nutrition 

intake, and exosomes should not be overlooked. In this review, we summarize the roles of 

various factors (Figure 1) affecting muscle-bone crosstalk and highlight potential therapeutic 

targets based on the bone-muscle crosstalk.

2 | MUSCLE-BONE BIOMECHANICAL CROSSTALK

Historically, the mechanical interaction between bone and muscle has been well described. 

Bone provides attachment sites for muscle, and skeletal muscle imparts a force on the bone 

to facilitate locomotion of the organism. The muscle attaches to the bone near the axes of 

motion, which will result in smaller lever arms. Therefore, large muscle forces must be 

generated for the motion-required torque. Notably, muscle-derived force is also the main 

source of mechanical loads that generate the strain in the bone. The mechanical action of 

muscle on bone begins during embryogenesis. For example, intrauterine muscle contraction 

determines the specific round outline of each bone and joint development. By contrast, the 

circumferential shape and mechanical integrity of bone are lost without mechanical loading.
5 Another piece of evidence that muscle-derived force affects bone is seen in spaceflight, 

where astronauts lose both bone and muscle due to lack of gravity. Importantly, when they 

return to the ground, their muscle mass recovery happens much earlier than that of bone, 

suggesting that the recovery of bone loss may require support from muscle contraction. 

Except for the load transfer, muscle and bone also exhibit codependent hypertrophic and 

hypotrophic adaptations.1 To help understand the mechanical interaction behind these 

adaptations, some animal models have been developed. In these animal models, the changes 

in bone are assessed after disrupting the muscle-derived forces. A spinal cord injury model 

using surgical intervention to induce muscle paralysis is used to simulate the 

musculoskeletal consequences of neural damage. Although rapid bone loss caused by 

muscle paralysis is observed, it is hard to isolate the mechanical link between the two tissues 
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since bone also affected by its own neural changes. Other alternative approaches, such as tail 

suspension and intramuscular injection of botulinum toxin (Botox), appear to hold the 

potential to isolate the effects of mechanical stimuli on the two tissues despite each of them 

has some disadvantages. For example, the animal model using rodent tail suspension to 

mimic space-induced weightlessness have been developed to explore the negative effects of 

the unloading of bone and muscle that occurs during spaceflight.6 However, muscles can 

still contract and changes in other systems (such as renal and cardiovascular) can also be 

induced with tail suspension. Botox blocks the neuromuscular signaling through inhibiting 

the release of acetylcholine, thereby impairs muscle function.7 At the same time, the 

neuromuscular proprioceptive signals are also impaired. Further, tail suspension has been 

combined with Botox injection in the study by Warden et al8 to explore the direct 

mechanical relationship between the two tissues. In their study, they tried to reduce the 

resistance required for muscle contraction and inhibit the ability of muscle activation, which 

would result in the loads near zero level. Indeed, the combined treatment has greater 

detrimental effects on bone than that presented by tail suspension and Botox alone, 

suggesting muscle exerts a direct impact on bone. From the aspects of pathology, however, 

sarcopenia alone is hard to fully explain the totality of osteoporosis and vice versa despite 

they often develop in parallel. Several lines of evidence have demonstrated that mechanical 

loading promotes the production of various factors linking muscle to bone, including 

fibroblast growth factor-2 (FGF-2), IL-6, IL-15, insulin-like growth factor-1 (IGF-I), and 

irisin,9,10 which will be described in details below. Thus, it is assumed that biochemical 

communication may exist between muscle and bone in addition to mechanical interaction.

3 | MUSCLE-BONE BIOCHEMICAL CROSSTALK AND SOLUTE FACTORS

It has been proposed that muscle and bone biochemical crosstalk occurs via solute factors 

(Tables 1 and 2), thereby affecting the function of each other. In addition, the pleiotropic 

genes of bone and muscle imply that overlapping genetic determinants and common 

signaling pathways play an important role in the muscle-bone crosstalk.

3.1 | Myokines and their impacts on bone metabolism

It is well accepted that skeletal muscle is able to secret factors to regulate bone metabolism. 

Nowadays, these muscle secreted factors are called “myokines”, a term first coined by 

Pedersen and colleagues in 2010.32 The currently well-defined list of myokines includes 

myostatin, interleukin (IL)-6, IL-7, IL-15, IGF-1, FGF-2, irisin, and BAIBA (Table 1).

3.1.1 | Myostatin—Myostatin, the first identified myokine, belongs to tumor growth 

factor-β (TGF-β) superfamily.33 It is also termed growth and differentiation factor (GDF)-8, 

which acts as the most potent negative regulator of muscle cell proliferation and 

differentiation.33 Myostatin null mice display massive muscle hypertrophy and surprisingly 

a significant increase in bone mineral density (BMD), which provides direct evidence of 

muscle to bone biochemical communication.19,34 ActRIIB, a soluble myostatin decoy 

receptor, has been found on the cell membrane of osteoblasts, and its inhibition increases 

bone formation in mice,11 which suggests that myostatin exerts a negative effect on 

osteoblasts differentiation. In contrast, myostatin acts as a positive regulator of osteoclast 
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formation induced by receptor activator of-nuclear factor-κB ligand (RANKL) through 

activation of the nuclear factor of activated T cells (NFATc1) signaling pathway.12 

Therefore, myostatin regulates negatively bone mass by reducing bone formation and 

increasing bone resorption.

3.1.2 | Interleukins—IL-6, a pro-inflammatory cytokine, is expressed in many cells, 

such as fibroblasts, macrophages, and vascular endothelial cells.35 It was originally detected 

in the circulation after physical activity.36 Except for the effects on glucose uptake and fatty 

acid oxidation, IL-6 can also stimulate bone resorption after binding to its soluble receptor, 

gp130. Mechanically loaded myotubes promote osteoclasts formation through the secretion 

of IL-6 in vitro.14 In addition, IL-6 increases early osteoblastic differentiation and its 

deletion leads to a decrease in bone mass in mice,13 which implies that IL-6 may negatively 

regulate bone formation. Thus, IL-6 may have stimulatory effects both on bone formation 

and resorption. IL-7, abundantly secreted by muscle, is widely considered to be an 

osteoclastogenic cytokine. Indeed, ovariectomy (OVX)-induced overexpression of IL-7 not 

only increases bone resorption but also reduces bone formation,15 suggesting IL-7 may play 

an important role in regulating bone metabolism. IL-15, another anabolic factor in skeletal 

muscle, also directly acts as bone remolding through stimulating preosteoclast 

differentiation.16 Elevation of IL-15 levels in circulation following resistance exercise leads 

to raised bone mass and reduced fat mass,37 which indicates that IL-15 may affect both bone 

metabolism and fat mass.

3.1.3 | Growth factors—IGF-1 is an important growth factor for skeletal development 

and muscle growth. Hamrick et al18 found that IGF-1 is localized on the skeletal muscle 

close to the periosteum, and its receptor IGF-1R is richly expressed in the periosteum. 

Paracrine crosstalk in the surface of muscle and periosteum may be another direct support 

for the muscle-bone biochemical communication. In the period of bone repair, muscle-

derived IGF-1 may signal to the osteoprogenitor cells in the periosteum expressing IGF-1R 

to increase bone formation. In addition, IGF binding proteins (IGFBRs) has been shown to 

regulate the action of IGF-1. Most of IGFBRs, such as IGFBR2 and IGFBR5, are expressed 

in the skeletal muscle. However, there are some controversies about the effects of IGFBR1 

and IGFBR5 on bone metabolism. For example, IGFBR2 has a negative effect on the IGF-1-

mediated bone anabolic action while the circulating IGFR-1 level in human is one of the 

potent negative predictors of muscle mass, which is related positively with trabecular BMD.
38 IGFBR5 are related to the bone anabolic action mediated by IGF-1 although the 

mechanism is still unclear.19

Like IGF-1, FGF-2 is actively secreted in the muscle-bone interface and has a central role in 

the regulation of cell proliferation. Notably, due to its specific sequence of structure, FGF-2 

is less likely to export out of cells via the classic exocytotic pathway. Thus, mechanically-

induced plasma membrane disruption is one possible mechanism by which FGF-2 is 

released from myocytes both in vivo39 and in vitro.40 FGF-2 is involved with fracture repair, 

bone formation, and cartilage regeneration after injury or strong exercise.19 Additionally, 

FGF-2 also has an osteogenic effect in the estrogen-deficient mouse model.
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3.1.4 | Irisin—Irisin, a cleaved product of fibronectin type III domain containing 5 

(FNDC5), is actively produced from the skeletal muscle after exercise. It can stimulate the 

“browning response” in white adipose tissues aside from its effect on muscle.41 Some 

studies have shown that high dose of irisin up-regulated thermogenesis gene expression, 

such as uncoupling protein-1. However, a low dose of irisin raised cortical bone mineral 

density.42 On one hand, irisin upregulates the expression of osteogenic genes such as 

osteopontin (OPN) and sclerostin (sost) in bone; on the other hand, irisin acts on osteoblasts 

by increasing the differentiation and activities of bone-forming cells in vitro.43 In human, 

there exists a negative correlation between irisin level and bone fracture risk for 

postmenopausal women. Recently, the FNDC5 knock-out mice have been shown to exhibit 

significant resistance to OVX-induced bone loss compared to the sham group.22 These 

findings indicate that irisin may exert anabolic effects on bone as well as an interaction 

between irisin and estrogen signaling. However, the exact mechanism for the effects of irisin 

on bone metabolism remains to be clarified.

3.1.5 | BAIBA—BAIBA, a non-protein amino acid, was initially discovered in human 

urine.44 The secretion of BAIBA is increased with muscle contraction and it has two forms 

of enantiomers: D-BAIBA and L-BAIBA. Recently, Kitase et al45 showed that L-BAIBA but 

not its D-isoform can preserve osteocytes viability under oxidative stress through binding to 

its receptor, Mas-related G-protein receptor Type D (MRGPRD). Interestingly, MRGPRD is 

highly expressed in young osteocytes while significantly decreased with age. As such, this 

protective capacity seems to be impaired due to the lower level of MRGPRD expression in 

old osteocytes, which directly results in bone loss with age. To date, it is unclear whether 

this regulation is only specific to L-BAIBA. Similarly, some unidentified muscle-derived 

factors also have osteocyte-protective effects. For instance, a study by Jähn et al46 showed 

that the unknown factors from C2C12 myotubes that could protect MLO-Y4 osteocytes 

against cell death induced by dexamethasone. However, the role of BAIBA in bone 

metabolism remains poorly understood.

3.2 | Bone-derived factors and their actions on muscle

Emerging data support the relatively new concept that bone functions as an endocrine organ. 

The list of bone-derived factors continues to grow, and include osteocalcin, FGF23, 

sclerostin, prostaglandin E2 (PGE2), dentin matrix protein-1 (Dmp1), RANKL, 

endopeptidases on the X chromosome (PHEX), Wnt-3a, and TGF-β. Herein, we will 

describe the effects of these factors on muscle (Table 2).

Osteocalcin (OC) is an osteoblast-specific non-collagenous protein.47,48 In general, there are 

two forms of OC found in the circulation: γ-carboxylated osteocalcin (gla-OC) and 

uncarboxylated (glu-OC). However, only the latter acts as an endocrine hormone.49 Glu-OC 

plays an important role in the regulation of male fertility, insulin sensibility,24 energy 

metabolism,50 and recently it has been shown to signal to the muscle via the Gprc6a 

receptor. Studies from the Karsenty group showed a significant decline in muscle mass in the 

Gprc6a-deficient mice. In contrast, mice with deletion of tyrosine phosphatase (Esp−/−), 

which inhibits osteocalcin function, have been shown to increase muscle mass. In addition, 

osteocalcin supplementation raised the exercise capacity in young mice and reversed the 
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age-related decline in aerobic endurance. Osteocalcin signaling in myofibers is also the main 

reason for the aerobic exercise-induced release of myokine IL-6.25,26,51 Interestingly, 

chronic delivery of osteocalcin not only increases muscle function but also improves muscle 

mass in older mice.25,26 Another evidence for the effects of osteocalcin on muscle is that 

muscle phenotypes (i.e., muscle mass, grip strength, fiber numbers, myosin heavy chain iso-

forms, and maximum contraction force) were altered in mice with osteoblast/osteocyte 

specific deletion of Cx43 gene (Gja1).4 Importantly, these cKO mice were shown to a 

significant reduction in circulating OC but no change for the insulin and glucose levels. 

Treatment of these mice with synthetic osteocalcin rescued some of the abnormalities in the 

muscle, such as the reduced muscle cross-sectional area and grip strength. It at least implies 

that the bone-derived osteocalcin is necessary to maintain muscle mass and function. 

Evidence from the results in vitro showed that ucOC promotes myoblast proliferation 

through PI3K/Akt/p38 MAPK pathways and myogenic differentiation via Gprc6a-Erk1/2 

signaling.52 Taken together, these findings strongly suggest that osteocalcin, especially for 

its active form (ucOC), plays an important role in bone-to-muscle biochemical signaling.

FGF-23, secreted both by osteoblast and osteocytes, is the first hormone found in bone tissue 

and has important roles in regulating the systemic phosphate and Vitamin D levels.53 Some 

human phosphate metabolism diseases can cause an altered level of FGF23. For instance, X-

linked hypophosphatemia is caused by PHEX gene mutation,54 however, the mutation in 

Dmp1 has been shown to be responsible for autosomal recessive hypophosphatemic rickets. 

Unexpectedly, in addition to phosphate metabolism, FGF23-deficient mice are characterized 

with hypoglycemia and increased insulin sensitivity.55 Besides, in the mouse model of 

hypophosphatemic rickets, DMP1−/− mice, the force production of extensor digitorum 

longus and soleus muscles was significantly reduced but that of in cardiac muscle was not 

altered.30,56 Faul et al57 reported that FGF23 appears to induce left ventricular hypertrophy 

through the calcineurin/NFAT signaling pathway, which suggests that FGF23 can target the 

cardiomyocyte in a paracrine manner. These studies indicate that bone-derived FGF23 could 

affect the muscle function apart from phosphate metabolism.

Transforming growth factor (TGF-β) is mainly derived from the bone and stored within the 

mineralized bone matrix. TGF-β superfamily consists of many members including activin, 

myostatin, GDF-8, GDF-11, and TGF-β. Of note, both activin and TGF-β can signal to 

muscle but their mechanism differs. Activin causes strongly muscle wasting with a reduction 

in muscle mass and force production using an adenovirus vector in mice. However, mice 

treated with TGF-β showed a reduction in raw and specific muscle force production but the 

muscle mass remained unchanged.58 Waning et al31 demonstrated that bone-derived TGF-β 
results in muscle weakness in the setting of osteolytic cancer through an increase in muscle 

oxidative stress and calcium mishandling.

Sclerostin, mainly secreted by mature osteocytes, serves as a suppressor of bone formation 

via the canonical Wnt/β-catenin pathway. Wnt-3a was found to promote differentiation of 

C2C12 myoblast through up-regulating the expression of MyoD and Myogenin. Further, 

Huang et al29 showed that sclerostin inhibits the effect of Wnt-3a on the C2C12 myoblast 

differentiation. Thus, these findings imply that sclerostin may also affect myoblast 

proliferation and differentiation. Sclerostin is coded by SOST gene and its mutations will 
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increase bone mass and thus cause sclerosteosis with low sclerostin levels,59 suggesting that 

sclerostin antibody holds the potential for osteoporosis treatment. Osteocytes are 

mechanosensitive cells that coordinate the adaptive response of the bone to mechanical 

stimulis.60 It has been proposed that the secretion of sclerostin increases in response to 

bedrest or unloading. Instead, level of sclerostin is reduced after muscle or bone loading.
61,62 Interestingly, the sclerostin–deficient mice has larger trabecular bone volume and lower 

muscle mass than WT mice,63 suggesting sclerostin deficiency has an adverse effect on 

muscle. However, the role of sclerostin in the bone-muscle crosstalk remains to be further 

studies.

PGE2, a signaling molecule synthesized by arachidonic acid through the cyclooxygenase, is 

related to multiple physiological processes such as inflammation, muscle regeneration, and 

cancer development.28 Large amounts of PGE2 in osteocytes can be released from 

osteocytes through Cx43 hemichannels in response to fluid shear stress. As such, PGE2 can 

directly activate the β-catenin pathway via increasing PI3K level in osteocytes.64 In addition, 

the Runx2 and Osterix mRNA expression, as well as mineralization, are increased when 

PI3K is inhibited in skeletal muscle even though alkaline phosphatase (ALP) activity is 

reduced.65 PGE2 also can promote osteocyte survival66 and bone formation.67 Besides, 

Brotto’s lab previously demonstrated that PGE2 accelerates C2C12 myoblast proliferation27 

and differentiation,28 suggesting the PGE2 signaling from bone may be important for muscle 

myogenesis. However, more in vivo studies are needed to explain the profound role of PGE2 

in bone-muscle communication.

3.3 | Pleiotropic genes in the bone-muscle crosstalk

Heritability studies have demonstrated that genetic determinants are responsible for 60%

−70% of bone and muscle phenotypes.68 Shared genes factors that affect muscle and bone 

also called “pleiotropic” genes. Bivariate genome-wide association studies (GWAS) has 

been used to identify pleiotropic candidate genes related to traits in both bone and muscle.69 

These findings have produced a series of potential pleiotropic genes for bone and muscle 

although further verified experiments are needed. Some well-known genes, such as 

myostatin, proliferator-activated receptor gamma coactivator 1-α (PGC-1α), myocyte 

enhancer factor-2 C (Mef-2C) and methyltransferase-like 21C (METTL21C), are included in 

GWAS and they are associated to muscle loss and osteoporosis concurrently.70 PGC-1α is 

induced by physical activity and plays an important role in regulating the mitochondrial 

biogenesis and oxidative metabolism in the muscle.71The Mef-2C gene is involved in the 

development of cardiac and skeletal muscle and interacts with myogenic regulatory factors 

(MRFs), such as MyoD and Myf5. Mice lacking Mef-2C in osteocytes showed an increase 

in bone mineral density. These findings seem to indicate the important role of the Mef-2C in 

muscle and bone. METTL21C belongs to the methyltransferase superfamily and it is 

abundantly expressed in muscle. In vitro studies showed that METTL21C has important 

roles both in osteocyte survival and myoblastic differentiation, which may be linked with the 

nuclear factor-κB signaling pathway.72 Therefore, identification of significant pleiotropic 

genes in both bone and muscle will deepen the understanding of the mechanisms of bone-

muscle crosstalk.
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4 | OTHER FACTORS AFFECTING BONE-MUSCLE CROSSTALK

4.1 | Aging

Aging profoundly affects the mass of both bone and skeletal muscle. The term sarcopenia 

was originally coined by Rosenberg73 to describe the progressive loss of muscle mass and 

function with aging. Concomitant with the lower muscle mass, aging also results in a loss of 

bone density and strength, which refers to osteoporosis. It is estimated that by 2050, the 

population over the age of 60 will double in the world.74 As the size of the older population 

increases, so does the occurrence of age-related osteoporosis and sarcopenia, which often 

develop equally in the same patients.75 Importantly, both sarcopenia and sarcopenia in aging 

adults are linked to the high risk of bone fracture. According to a study on Europeans living 

in the middle-aged and elderly community, men with sarcopenia had lower BMD and they 

were more likely to suffer from osteoporosis than those without sarcopenia.76 Another study, 

including 1308 men and 1171 women over the age of 65, showed a significant association 

between lower muscle mass and a higher propensity for osteoporosis.77 The molecular 

mechanisms that cause both muscle and bone loss are still unclear, but the clinic data 

suggest that therapeutic approaches targeting either sarcopenia or osteoporosis alone may 

not be sufficient to effectively prevent fracture. Novel approaches for treatments are advised 

to target both tissues simultaneously in the future.

4.2 | Circadian rhythm

Circadian rhythm exists in every cell in the body, bone and muscle are included. The 

mechanism of circadian rhythms in mammals is called the molecular clock. It mainly 

consists of a series of interconnected transcriptional-translational feedback loops.78 To date, 

only one study reported that circadian rhythms in muscle have an essential role in 

maintaining its own cellular physiology and bone health.79 Bmal1 is a core molecular clock 

protein and its deletion in skeletal muscle altered significantly expression of several 

myokines, including myostatin, IGFBP5, TGFβ1, FNDC5/Irisin, and GDF11.80 However, it 

makes the mechanism for bone-muscle crosstalk difficult at this level due to very limited 

investigation of the role of the molecular clock in bone tissue. Recently, a study showed that 

the deletion of Mbtps1 protease in osteocytes leads to an increase in mass and contractile 

force of soleus muscles.81 Further, many myogenic factors (ie Myh3 and Myh8) in these 

larger and functionally improved muscles are regulated DEC1 and DEC2, two circadian core 

transcriptional repressors. These exciting findings suggest that the molecular clock may play 

an important role for in bone-muscle crosstalk.

4.3 | Nervous system network

The nervous system network has been shown to affect bone-muscle crosstalk. Studies 

support the notion that the sympathetic nervous system may involve in the regulation of 

bone by leptin signaling. Deletion of β2-adrenergic receptors (β2AR) in osteoblasts/

osteoclasts results in increased bone volume in mice.82 Consistent with this, the 

neuropeptide Y receptors-deficient mice show an increase in bone anabolism.83 Other 

important pathways regulating bone include cannabinoid system, neuromedin U and 

melanocortins.84 Similarly, β2AR signaling also affects skeletal muscle growth in healthy 

individuals. β2AR agonists have been shown to improve muscle function and reduce muscle 
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atrophy in mice.85 Thus, β2AR plays an important role in the regulation of muscle and bone. 

Emerging studies have focused on biochemical communication of bone and muscle, which 

may be also coregulated by the nervous system network.

4.4 | Nutrition intake

Nutrition intake is often considered as an important factor affecting both bone and muscle 

since nutritional disorders are prevalent among elderly people. In general, long-term 

unbalance between the rate of protein synthesis and protein degradation sustains the age-

related loss of muscle and bone. Lower protein intake leads to greater bone loss in the 

elderly, which suggests the protein intake is necessary to maintain bone mass. Meanwhile, 

decreased protein synthesis is related to muscle weakness in patients with inadequate protein 

intake. Several lines of studies have indicated that nutritional deficiencies and anorexia of 

aging result in pathogenesis of osteoporosis86 and sarcopenia. The primary nutrients that are 

linked to sarcopenia and osteoporosis in the old adults include vitamin D and antioxidants.87 

A high percentage of old population is vitamin D deficient due to low dietary intake, 

reduced sunshine exposure, and impaired hydroxylation in the kidneys and liver.88 Vitamin 

D deficiency leads to bone loss although the exact mechanism currently less well 

understood. A meta-analysis confirmed that vitamin D dietary supplementation (700–

1000IU/day) may raise muscle performance and reduce the bone fracture by 19% in 

community-living elderly with low vitamin D level.89 It is well-established that antioxidant 

intake is corrected with sarcopenia, bone remolding, physical function. For example, 

supplementation with antioxidant lycopene appears to reduce bone resorption and oxidative 

stress.90 However, foods may be a favored source of antioxidant since their content of 

multiple antioxidant substances, vitamins and fibers.91 So, the old persons should be advised 

to take antioxidant supplementation to prevent the sarcopenia and osteoporosis. Thus, 

insufficient nutrition may affect the interaction between muscle and bone.

4.5 | Exosomes

Exosomes, a subset of extracellular vesicles with a size range of 30–100 nm, are enriched in 

proteins, mRNA, and microRNA (miRNA). Exosomes play an important role in cell-to-cell 

communication.92 miRNA, a single-stranded non-coding RNA, binds to the target mRNA 

and mainly function as a gene repressor. It has been proposed that miRNA may regulate the 

function of osteoblasts and osteoclasts.93 During osteoblast differentiation, the miRNA-218 

promotes the differentiation of bone marrow cells through the down-regulation of Wnt 

signaling inhibitors sclerostin, dickkopf2, and the secretion of frizzled-related protein 2.94 

Additionally, osteoclast-derived miR-214–3p can be transferred to osteoblasts to inhibit bone 

formation.95 Recent findings have shown that myostatin directly affects osteocyte function 

and inhibits osteoblastic differentiation through the suppression of osteocyte-derived 

miR-218.96 These studies suggest that exosomes may play an important role in the muscle-

bone communication.
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5 | TARGETING THE MUSCLE-BONE CROSSTALK AS A POTENTIAL 

THERAPEUTIC STRATEGY FOR SARCO-OSTEOPOROSIS

Age-related and pathological sarco-osteoporosis (combined sarcopenia and osteoporosis) is 

of a great threat to human health, which results in raised fracture risk in patients. So far, the 

therapeutic approaches to prevent such fractures only have focused on the bone, however, 

our increasing insight into muscle-bone crosstalk may represent another new treatment 

paradigm of these conditions. It implies the novel therapeutic approaches should target both 

bone and muscle. To our knowledge, the activin signaling pathway is considered to be a 

feasible therapeutic target for sarco-osteoporosis since it is a potent negative regulator of 

bone and muscle mass. Administration of myostatin inhibitors raises both muscle and bone 

mass in young adult mice.97 Mice treated with ActRIIB-Fc, a soluble myostatin receptor, 

also promotes bone formation except for the expected positive effects on muscle, suggesting 

it has a direct action on osteoblast activity. In a double-blind trial, a single injection of 

ActRIIB decoy receptor resulted in a significant increase in lean mass of 48 postmenopausal 

women after one month. At the same time, single-dose treatment of ActRIIB also raised the 

level of serum biomarkers for bone turnover, such as ALP and C-terminal telopeptides 

(CTX).98 The dual beneficial effects of these anabolic agents on muscle and bone represent 

a potential approach to prevent age-related sarcopenia and osteoporosis. However, more 

clinical studies of various inhibitors in activin pathway are needed to establish their long-

term safety and efficacy.

Overall, the development of drugs targeting both muscle and bone is on the way. More 

clinical trials for the mentioned molecules are currently conducted. Among these molecules, 

irisin and osteocalcin may be promising therapeutic targets for sarcopenia and osteoporosis 

in future trials. May be the next 10 years will tell.

6 | CONCLUSION

Bone and muscle are intimately coupled in both form and function from embryogenesis, 

growth, and development, and into aging. That is to say that bone and muscle 

communication is necessarily bi-directional. Numerous factors impact the relationship, 

including genetic determinants, mechanical factors, endocrine/paracrine factors, and other 

factors (eg, aging, circadian rhythm, nervous system network, nutrition intake, and 

exosomes). Therapeutic approaches to treat sarcopenia and osteoporosis based on the 

“muscle-bone crosstalk” concept are an area of extremely active research, with currently 

many focused on targeting the myostatin/activin signaling pathway. In this review, we 

summarize the roles of various factors affecting muscle-bone crosstalk and potential 

therapeutic approaches. Understanding the muscle-crosstalk is conductive to identify novel 

targets to treat age-related bone and muscle diseases, especially for sarcopenia and 

osteoporosis.
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FIGURE 1. 
Factors affecting crosstalk between bone and muscle. The synergistic mechanical and 

biochemical communication between bone and muscle are important for their functional 

optimization. In addition, some other factors including genetic basis, aging, circadian 

rhythms, nervous system network, nutrition intake, and exosomes can also affect the bone-

muscle crosstalk
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