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Abstract

Until recently, it was assumed that the only interaction between muscle and bone is mechanical, 

that the muscle acts as a pulley and the bone as a lever to move the organism. A relatively new 

concept is that muscle, especially contracted muscle, acts as a secretory organ, regulating 

metabolism. An even newer concept is that bone, especially the osteocytes in bone, act as 

endocrine cells targeting other organs such as kidney and more recently, muscle. These two new 

concepts logically led to the third concept: that muscle and bone communicate via soluble factors. 

Crosstalk occurs through muscle factors such as myostatin, irisin, and a muscle metabolite, β-

aminoisobutyric acid, BAIBA, and through bone factors such as osteocalcin, transforming growth 

factor beta, TGFβ, Prostaglandin E2, PGE2 and Wnts. Some of these factors have positive and 

some negative effects on the opposing tissue. One feature both bone and muscle have in common 

is that their tissues are mechanically loaded and many of their secreted factors are regulated by 

load. This mechanical loading, also known as exercise, has beneficial effects on many systems 

leading to the hypothesis that muscle and bone factors can be responsible for the beneficial effects 

of exercise. Many of the characteristics of aging and diseases associated with aging such as 

sarcopenia and osteoporosis and neurological conditions such as Alzheimer’s disease and 

dementia, are delayed by exercise. This beneficial effect has been ascribed to increased blood flow 

increasing oxygen and nutrients, but could also be due to the secretome of the musculoskeletal 

system as outlined in this review.

Effects of aging on the Musculoskeletal system

Aging has overwhelming effects on bone and skeletal muscle mass. Reduced movement due 

to increased periods of rest and reduced physical activity most likely explains much of the 

reduced bone and muscle phenotype in older individuals. About the same time of age-related 

bone loss, osteoporosis occurs, so does age-related muscle loss, referred to as ‘sarcopenia’. 

Muscle loss, like bone loss, actually starts soon after age 30, but becomes a rapid, 

progressive, debilitating condition after age 60. It is projected that in 2050, 20% of the 

world’s population over 60 will suffer from sarcopenia and by 2150, this percentage will 

increase to 33% of the population[1]. Sarcopenia is associated with metabolic abnormalities, 

including changes in insulin sensitivity, increased fat and connective tissue infiltration in the 
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skeletal muscle known as myosteatosis, reduced hormone levels and impaired oxidative 

defenses due to decreased mitochondrial activity. With aging, the number of muscle satellite 

cells decreases, resulting in lower capacity for muscle regeneration and neurodegeneration 

contributes to impaired contractile function and reduced muscle strength[1–3].

Aging-associated osteoporosis and sarcopenia

Sarcopenia and osteoporosis are often present in the same patients[4]. It is unclear whether 

one condition precedes the other or if the conditions are linked. The mechanical perspective 

implies that as muscle function declines, as with sarcopenia or cachexia, this would result in 

decreased loading of the skeleton leading to a decrease in bone mass. The mechanical 

perspective postulates that muscle weakness comes first before bone loss. However, patients 

exist with low bone mass before a diagnosis and sometimes low bone mass patients never 

receive a diagnosis of sarcopenia. Taken together, reduced regenerative capacity could be a 

shared mechanism for sarcopenia and osteoporosis. However, muscle atrophy alone cannot 

fully explain the totality of osteoporosis and, reciprocally, aging associated decreases in 

bone mass do not fully explain sarcopenia.

Aging-associated osteoporosis frequently coexists with sarcopenia or cachexia, creating a 

downward spiral between abnormal muscle and bone that contributes to the significant 

worsening of the quality of life and to shorter survival[5]. Sarcopenia is normally defined as 

age-associated decrease in muscle mass and function, whereas cachexia is defined as 

inflammatory mediated loss of muscle and fat. Both are wasting disorders. Despite 

significant mechanistic differences, sarcopenia is also frequently related to cachexia, a 

condition that severely impacts quality of life in patients affected with chronic diseases. 

Cachexia is weight loss generally due to disease. Frequently diseases associated with aging 

can result is muscle loss that may be cachexia or a combination with sarcopenia[6].

Sarcopenia becomes clinically evident when the ratio between appendicular skeletal muscle 

mass and height reaches two or more standard deviations below the value in young 

individuals of the same sex and ethnic background. It appears that about 50% of men and 

40% of women over 80 years of age are affected by sarcopenia, with Hispanic men and 

women showing relatively higher rates. Lower birth weight is associated with reduced 

muscle mass and strength in adults[7]. Sarcopenia appears more evident in men than women 

which may be due to hormonal factors and genetic components.

The diagnosis and treatment of this sarcopenia can be complicated by disease-associated 

changes in body composition and by obesity. Fat mass may obscure body weight loss, which 

is normally a reflection of changes in muscle mass. This condition, known as ‘sarcopenic 

obesity’, has been described in conditions such as malignancy, rheumatoid arthritis, and 

aging. Sarcopenic obesity is primarily characterized by loss of lean body mass concurrent 

with preservation or even increase of fat mass[8].

Sarcopenia can follow a sedentary lifestyle, neuromuscular deficits, abnormal endocrine and 

hormonal function, disease, or trauma. Loss of muscle mass is due to an imbalance between 

protein synthesis and protein degradation, with degradation the predominant component. 

Bonewald Page 2

Bone. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Insulin or IGF-1 deficits, malnutrition, reduced physical activity, bed rest, reduced sex 

hormones, and chronic disease have been linked to enhanced protein degradation leading to 

decreased muscle mass. The sex hormones estrogen and testosterone may directly affect 

muscle function and may indirectly affect muscle mass through their inhibitory effects on 

pro-inflammatory and pro-catabolic cytokines, such as IL-1 and IL-6.

Experiments using satellite cell transplantation or parabioses between young and old mice 

animals shows a rejuvenation of the satellite cell pools in aged mice demonstrating the 

positive effects of factors from young animals suggesting that aged animals no longer make 

these factors in sufficient quantities to protect muscle mass[9]. Though normally an essential 

process involved in the turnover of cellular components, enhanced or exagerated autophagy 

may also lead to increased muscle protein turnover responsible for sarcopenia.

Several approaches are being taken to date to reduce sarcopenia including resistance 

exercise, targeting hormonal changes, and nutritional supplementation[7]. As androgen 

signaling restores testosterone levels with improvement in muscle mass, strength and 

functional status, nonsteroidal selective androgen receptor modulators (SARMs), are being 

tested[10]. Nutritional supplementation has been controversial as some studies have reported 

beneficial effects of high protein intake, but others have reported unchanged synthesis rates. 

Creatine supplementation, especially in combination with exercise, has been shown to 

positively affect muscle size and function and supplementation with branched-chain amino 

acids (BCAAs) has been reported to increase the overall nitrogen balance, despite 

unchanged protein synthesis rates. Clearly more studies are needed to determine the 

consequences of nutritional supplementation on muscle mass in sarcopenia[11]. It would be 

important to conduct studies to determine if maintaining bone mass can also positively affect 

muscle mass.

Dogma: Only mechanical interactions occur between muscle and bone.

Until recently, it was assumed that the only interaction between muscle and bone was 

mechanical. Skeletal muscles attach to bone and contraction is responsible for movement of 

the bone and therefore locomotion by the organism. Muscle is attached to bone close to the 

axes of motion, generating small lever arms requiring large muscle forces to produce the 

motion-required torque (Figure 1). Forces generated by muscle are the source of mechanical 

loading that generates the strain in bone. Other support for the concept of a mechanical 

interaction between bone and muscle is that depletion of skeletal muscle mass also seems to 

trigger bone loss due to the unloading of bone. Mice paralyzed due to muscular dysgenesis 

in utero have bones but their shapes are abnormal. Individuals affected with muscular 

dystrophy also show reduced bone mass and enhanced bone frailty. It is well documented 

that muscle paralysis exacerbates bone loss and osteoporosis. Similarly, muscle atrophy due 

to spinal cord injury, motorneuron loss, immobilization, or absence of gravity as in space 

flight is also associated with precipitous bone loss.

However, there are several lines of evidence that support the concept that muscle and bone 

interact beyond the mechanical. For example, muscle flaps appear to accelerate bone healing 

after injury[12], muscle and bone development are tightly linked, genes have been identified 

that affect both bone and muscle mass, and the twin diseases of osteoporosis and sarcopenia 
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appear linked. New data suggests that bone and muscle are also linked through biochemical 

communication through the musculoskeletal secretome (Figure 1).

Bone and Muscle are linked through development and transdifferentiation.

During intrauterine development, bone and muscle cells share a common mesenchymal 

precursor and bone and muscle experience organogenesis through tightly orchestrated gene 

activation and inactivation so that bone and muscle develop synchronously[13]. In the adult 

animal, myoblasts maintain the capacity to transdifferentiate into osteogenic cells. For 

example, in fracture healing, satellite cells from muscle can transdifferentiate into 

chondrocytes and osteoblasts. In vitro, the cell line C2C12 retains the capacity to 

differentiate into either muscle or bone cells depending on culture conditions. Whether 

osteoblasts or osteocytes, thought of as terminally differentiated cells, can differentiate into 

muscle has not been shown[14]. Both tissues reach their peak tissue mass at the same time 

and both tissues start to lose mass at about the same age.

Pleiotropic genes for bone and muscle.

Evidence exists for genes that regulate both muscle and bone called ‘pleiotropic’genes[15]. 

Bivariate genome wide association studies (GWAS) have been used to identify pleiotropic 

candidate genes/SNPs/regions associated with traits in both bone and muscle, ie.; total-body 

lean mass and total-body less head bone mineral density[16]. Studies using over 10,000 

children identified variants with pleiotropic effects in eight loci, seven of which are well 

known bone mineral density loci: WNT4, GALNT3, MEPE, CPED1/WNT16, TNFSF11, 

RIN3, and PPP6R3/LRP5. These variants gave a positive correlation between lean mass and 

bone mineral density, however, one did not. Variants in the TOM1L2/SREBF1 locus exert 

opposing effects on total body lean mass and bone mineral density suggesting a role in 

increasing muscle while decreasing bone.

Another potentially pleiotropic gene has been identified, METTL21C, a member of the 

methyltransferase superfamily. In vitro studies using cell lines, showed that Mettl21c 

signaling was linked to the NF-kB signaling pathway[17]. Down-regulation of this gene in 

C2C12 muscle cells reduced myogenic differentiation and myotube cell area in addition to 

reducing calcium release from the sarcoplasmic reticulum. Down regulation in MLO-Y4 

osteocyte cells made the cells more susceptible to dexamethasone induced cell death. 

Another gene identified in these studies was MEF2C, a gene that encodes a transcription 

factor (myocyte enhancer factor 2C) shown to be involved in cardiac and skeletal muscle 

development[18]. Deletion of Mef2C in osteocytes results in mice with an increased bone 

density[19]. Therefore Mef2c plays critical functions in both bone and muscle. These studies 

show that shared genetic determinants and commonly shared signaling pathways are 

operational in both muscle and bone.

Several mutations not thought of as pleiotropic genes are now known to have effects on both 

tissues. Well known bone diseases caused by mutations in bone have such as Osteogenesis 

imperfecta (OI) also been shown to have muscle defects [20]. This bone disorder is caused 

by mutations in collagen and its processing enzymes leading to either a deficiency or 

mutated form of collagen. In a number of OI mouse models, therapeutics known to target 
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bone such as anti-sclerostin antibody, anti-TGFβ antibody, ACVR2BFc, a soluble ACVR2B 

fusion protein and inhibitor of the receptor downstream signaling activin receptor type 2B 

(ACVR2B), and bisphosphonates in addition to showing an improvement in bone, also show 

an improvement in muscle[21]. The effects on muscle may be indirect through the bone, but 

direct effects of these therapeutics on muscle cannot be ruled out.

New Concept: Muscle as a secretory endocrine organ.

Pederson and colleagues in 2010 first described muscle as a secretory organ and called the 

muscle secreted factors ‘myokines’[22]. Muscle factors include myostatin, leukemia 

inhibitory factor (LIF), Insulin-like growth factor I (IGF-1), fibroblast growth factor 2 

(FGF2), follistatin-like protein 1, brain-derived neutrophic factor (BDNF), irisin, a potent 

regulator of the conversion of white fat into brown fat, IL-8 that stimulates angiogenesis, and 

IL-15, a muscle factor that reduces adiposity[23]. In addition to secreted proteins, a 

metabolite, beta-aminoisobutyric acid, BAIBA, has been shown to be an osteocyte protective 

factor preventing bone loss due to immobilization[24]. Many of these factors have an effect, 

positive or negative, on bone (See Table 1) as described below.

Myostatin is a negative regulator of bone as well as a negative regulator of muscle. It was the 

first myokine to be identified[25]. It is also known as growth and differentiation factor 

(GDF)-8, a member of the TGF-β superfamily and is highly expressed in pathologic 

conditions associated with muscle atrophy. As a negative regulator of bone, it was shown 

that myostatin directly regulates bone remodeling by stimulating the recruitment and 

differentiation of osteoclasts. Global deletion of myostatin resulted in the “Mighty Mouse” 

showing impressive muscle hypertrophy. Both animals and humans with deletion or low 

myostatin show dramatically enhanced muscle mass, reduced adiposity and increased insulin 

sensitivity, but surprisingly no improvement in muscle function or strength. A significant 

increase in bone mineral density in myostatin null mice supports the concept of direct 

biochemical communication[26]. Myostatin inhibitors such as ACVR2B/Fc, a soluble 

myostatin decoy receptor, has been shown to prevent both muscle and bone loss in models of 

muscular dystrophy[27], osteogenesis imperfecta[28], as well as cancer- and chemotherapy-

induced cachexia[29]. Unfortunately, off target effects have been observed in humans which 

limits use in its current form[30].

Irisin is both a positive and negative regulator of bone mass depending on amount and 

hormonal milieu[31]. When the muscle transmembrane protein called Fibronectin type III 

domain-containing protein 5, FNDC5, is cleaved, the extracellular domain, called irisin, is 

released into the circulation[32]. It is mainly produced in response to exercise and appears to 

have autocrine effects on muscle and also has effects on fat metabolism[32]. Findings 

generated by using mass spectrometry demonstrate that human irisin is regulated by 

exercise[33]. Irisin appears to play a role as a pro-myogenic factor enhancing skeletal 

muscle size in experimental models of immobilization using denervation-induced atrophy. 

Irisin was also shown to modestly increase bone cortical mass in concentrations that have no 

effects on fat [34]. In humans, irisin was inversely correlated with the incidence of bone 

fractures in postmenopausal osteoporotic women, and with type 2 diabetes, cardiovascular 

disease and liver disease[35]. However, recently it has been shown that mice with global 
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deletion of FNDC5 have little detectable phenotype but that with ovariectomy, no bone is 

lost[36]. This suggests an interaction of irisin with estrogen signaling and a potential 

negative effect of irisin on bone. The mechanisms behind the complex effects of irisin on 

bone remain to be identified.

Recently it has been shown that a muscle metabolite can preserve bone mass under 

conditions of unloading [24]. Beta-aminoisobutyric acid, BAIBA, (103.6Da) is secreted by 

contracting muscle though the actions of PGC1α. The metabolite has been shown to 

influence a number of metabolic processes such as activation of the β-oxidation pathway of 

hepatic fatty acid, the browning of white adipose tissue, improvement of insulin resistance 

and inflammation in skeletal muscle, reduction of hepatic ER stress and glucose/lipid 

metabolic disturbance in type 2 diabetes, and also reduction of renal fibrosis in mouse 

models of obstructed kidney. This muscle metabolite is also inversely correlated with 

cardiometabolic risks factors.[37, 38] Now to this list of activities has been added the 

function of an osteocyte protective factor against reactive oxygen species to prevent the loss 

of bone with hindlimb unloading. BAIBA was shown to be secreted by isolated young and 

old muscle, but the receptor, Mas-related G-protein receptor Type D, MRGPRD, though 

highly elevated in young osteocytes was significantly decreased with age, suggesting the 

aging defect with muscle-bone crosstalk in this model is in the osteocyte and not the 

muscle[24].

Newer Concept: Bone, specifically through osteocytes, functions as a secretory endocrine 
organ.

Osteoblasts are factories for the production of collagen and growth factors generating 

osteoid that mineralizes creating a ‘storehouse’ for factors in the body. The largest source of 

TGFβ in the body is in the bone along with other growth factors such as insulin-like growth 

factor (IGF-1) and the bone morphogenetic proteins (BMPs). These growth factors can be 

released from the bone matrix during repair by osteoclasts especially in response to bone 

injury[39]. However, it was the disregarded, overlooked osteocyte that became recognized as 

a true secretory bone cell. In 2006 it was first proposed osteocytes are endocrine cells with 

the first example of a secreted factor being fibroblast growth factor 23, (FGF23), highly 

elevated in osteocytes in patients with hypophosphatemic rickets[40]. Through the secretion 

of this factor, bone targets the kidney to regulate phosphate homeostasis. Since that time 

osteocytes have been described to produce other circulating factors such as receptor activator 

of nuclear factor-kappa B ligand (RANKL), sclerostin and small molecules such as 

PGE2[41]. Considering that the total cellular mass of osteocytes within the skeleton is 

approximately the same or greater mass as the brain, this is a relatively large source of 

factors[42]. The list of osteocyte factors continues to grow, and includes: Dickkopf-1 

(DKK1), matrix extracellular phosphoglycoprotein (MEPE), osteoprotegerin (OPG), and 

small molecules adenosine triphosphate (ATP), and Nitric Oxide, in addition to PGE2. So 

similar to muscle, both proteins and small molecular weight molecules are secreted to 

regulate local and distant cells. Originally these factors were thought to mainly have effects 

on bone, but as discussed below, these ‘osteokines’ can also have effects on muscle (see 

Table 2).
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Only bone produces osteocalcin, mainly by mature osteoblasts, but also by osteocytes. 

Osteocalcin has a very high affinity for hydroxyapatite, responsible for its storage in bone, 

but with decarboxylation due to low pH, can be released into the circulation. Osteocalcin 

binds to the Gprc6a receptor, affecting distant adipocytes and pancreatic β cells. Osteocalcin 

appears to have many functions in mice such as regulating glucose metabolism, energy 

metabolism, fertility, and ectopic calcification, and recently been shown to also have effects 

in muscle thereby affecting whole organism physiology[43]. The Gprc6a knockout mouse 

displays the phenotype of decreased muscle mass, while the Esp knockout mouse, a 

phosphatase that inhibits the function of osteocalcin, has increased muscle mass. Further 

evidence that osteocalcin is important for muscle mass and function is that supplementation 

with osteocalcin restores reduced exercise capacity in mice and increases muscle strength. 

Aerobic exercise increases circulating bioactive osteocalcin levels and induces osteocalcin 

signaling in muscle leading to myokine IL-6 production[44].

The largest source of TGFβ is in bone. This factor mainly appears to be produced by bone-

forming osteoblasts, targeting the latent TGFβ to the matrix along with collagen. This 

inactive form must be activated to have biological effects. This is accomplished through low 

pH such as during osteoclast resorption, and through mechanical stretching.[45] Though 

long known for its interactions and effects on osteoblasts and osteoclasts, recently it has 

been shown that TGFβ has profound effects on osteocytes, specifically their capacity to 

remodel their perilacunar matrix. Lack of TGFβ signaling in osteocytes leads to bone 

fragility[46]. TGFβ plays a role in bone to muscle communication, as it is the active TGFβ 
released by breast cancer cells in bone that is responsible for muscle wasting[47].

The first factor to be described as acting as an endocrine factor produced by osteocytes was 

FGF23. In addition to FGF23, osteocytes regulate phosphate through several non-secreted 

molecules such as Phosphate Regulating Neutral Endopeptidase on Chromosome X, (Phex) 

and Dentin Matrix Protein 1, (Dmp1). Both Dmp1 and Phex down regulate FGF23 in 

osteocytes allowing reabsorption of phosphate by the kidney to maintain sufficient 

circulating phosphate to maintain normal bone mineral content. In the absence of either 

Dmp1 or Phex, FGF23 is systemically elevated in the osteocyte, leading to phosphate 

excretion by the kidney resulting in osteomalacia and rickets. Elevated FGF23 has negative 

effects on cardiac muscle[48], but appears to have no negative effects on skeletal 

muscle[49].

The Wnt/β-catenin pathway and mechanosensation/mechanotransduction are intimately 

connected in osteocytes[50, 51]. Components of this pathway are important regulators of 

bone mass and important in osteocyte transmission of mechanical loading signals to cells on 

the bone surface. The Wnt/β-catenin pathway is triggered by crosstalk with the 

prostaglandin pathway in response to loading. This leads to a decrease in negative regulators 

of bone formation such as sclerostin and Dkk1 and an increase in positive regulators of bone 

formation such as the Wnts. Wnt 1, highly expressed in osteocytes and Wnt3a, produced by 

osteocytes in response to shear stress, will support myogenesis and muscle function[52]. 

While the Wnts, (there are about nineteen described to date), are thought to mainly act 

locally, Wnt3a and others can be quantitated in serum. Wnt signaling seems to be involved 

in the control of the myogenic program and the differentiation of satellite cells by activating 
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the expression of muscle regulatory factors during the early phases of embryogenesis. Wnts 

play a similar role in the specification of mesenchymal progenitors towards bone precursors 

during development or in response to loading[53, 54]

There are two major negative regulators of the Wnt/β-catenin signaling pathway, sclerostin 

and Dkk1 that are the targets of therapeutics[55]. Sclerostin is highly expressed in osteocytes 

and is a potent inhibitor of osteoblastic bone formation. Recently it has been shown that 

Dkk1 in bone is mainly secreted by osteoblasts but not osteocytes[56]. Deletion of Dkk1 in 

osteoblasts and osteocytes results in high bone mass in spite of high levels of circulating 

sclerostin. This suggests that circulating levels of sclerostin cannot override the effects of 

local Dkk1. It is not known if these inhibitors of β-catenin signaling have an effect on 

muscle, but as Wnts affect muscle by supporting myogenesis and muscle function, inhibitors 

of this pathway most likely will have effects.

Receptor activator of nuclear factor kappa-B ligand (RANKL), also known as tumor 

necrosis factor ligand superfamily member 11 (TNFSF11), was first identified as a product 

of immune cells, but has since been shown to be produced by osteocytes to activate 

osteoclasts [57, 58]. The receptor for RANKL, known as RANK is not only expressed by 

osteoclasts but also expressed in skeletal muscle [59]. In muscle, RANKL appears to 

regulate Ca2+ storage and SERCA, sarco(endo)plasmic reticulum Ca2+-ATPase, activity. 

RANK expression may play a role in weakness in dystrophies as selective genetic deletion 

in dystrophin deficient mdx mice led to improvement in muscle force as did treating mdx 

mice with anti-RANKL antibody and truncated osteoprotegerin, soluble RANKL receptor, 

(OPG)-Fc [60]. These observations raise a number of questions such as what is the source of 

RANKL that affects muscle, is it the immune cells or osteocytes?

ProstaglandinE2, PGE2 is a potent stimulator of myogenic differentiation in primary 

myoblasts/myotubes. PGE2 production by osteocytes is more than 100 times greater than 

PGE2 secretion by muscle cells. PGE2, elevated in response to fluid flow shear stress and 

released from osteocytes through Connexin 43 hemichannels, was found to enhance 

myogenesis and ex vivo primary muscle function[61]. Targeted knockdown of connexin 43 

in osteoblast/osteocytes not only decreases cortical bone thickness, but also causes a 

defective muscle phenotype in fast twitch extensor digitorum longus (EDL) muscle [62]. 

This suggests that a structural protein such as Connexin 43 can regulate both bone and 

muscle through the same mechanism, the release of prostaglandin and potentially through 

other small molecules through hemichannels.

Exercise has beneficial effects on many systems.

A healthy musculoskeletal system is essential for the health of the individual and 

maintaining a certain degree of activity and mobility over time has been shown to delay the 

effects of aging [63]. For example aerobic, endurance exercises (such as walking and 

jogging) are able to reduce coronary heart disease risk factors, while heavy resistance 

training is known to reduce muscle loss, reduce femoral neck fracture while maintaining 

balance necessary for proper gait and joint stability. Could the beneficial effects of exercise 

be mediated through secretion of factors by muscle and bone? Could muscle-bone crosstalk 

be playing a major role?[64, 65] Many of the characteristics and diseases associated with 
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aging, such as dementia, Alzheimer’s disease, sarcopenia, and osteoporosis, are delayed by 

exercise. These beneficial effects of exercise may be through the secretion of muscle and 

bone factors. It is most likely not just one or a few factors, but factors working together to 

delay aging (Figure 2). Eventually though, even exercise, no longer has a beneficial effect. 

Aging and disease eventually overcome exercise. But, if we understood this cross-talk, we 

would be closer to preventing and treating the negative effects of aging.

Circadian Rhythm in Aging Muscle/Bone Communication

The circadian cycle is approximately 24 hrs based on light/dark to prepare the organism for 

sleeping and for waking activity such as feeding. This rhythm can be disrupted by jetlag, 

fasting, feeding, stress, and activity. Some hormones such as cortisol are influenced by the 

circadian clock, but can also depend on other factors such as stress and activity[66]. 

Scheduled exercise can entrain the circadian clocks in skeletal muscle.

Every cell in the body has a circadian rhythm and muscle and bone are no exception. The 

circadian rhythm in muscle has been shown to be important not only for muscle function but 

also for liver metabolism and regulation of glucose[67] as demonstrated when the clock gene 

Bmal1 was specifically deleted in muscle. Muscle specific rescue of Bmal1 null mice 

protected mice from decreased activity, body weight, and reduced longevity[68]. As muscle 

secretes a number of factors, including those that target bone, it is likely that bone tissue is 

also affected. Bmal1 deletion in osteoblasts resulted in a skeleton with low bone mass due to 

increased osteoclast numbers, whereas no effects were observed with Bmal1 deletion in 

osteocytes[69]. Deletion of Bmal1in osteoclasts resulted in mice with increased bone [70]. 

Neither study looked at effects on metabolism or muscle.

Bone formation and bone resorption demonstrate circadian rhythmicity. CTX, C-terminal 

cross-linked telopeptide of type 1 collagen, has been shown to have a circadian rhythm 

similar to osteocalcin with a low point in the afternoon and high point at night. No distinct 

rhythms were observed for PINP, sclerostin or Dkk1[71]. The circadian clock becomes less 

synchronous with age. Aged humans become more sensitive to sleep and circadian rhythm 

creating a condition call SCR frailty. This appears due to a lack of day/night contrast, 

reduced sensitivity to light, napping and a sedentary lifestyle[72]. As resistance exercise can 

enhance muscle chronicity in mice, it would be important to determine if this would also 

work in humans (Figure 2).

Summary

A close relationship exists between bone and muscle from embryogenesis, through growth 

and development, and into aging. Throughout life, bone and muscle integrate with each 

other and work physically and biochemically as one unit. Diseases associated with muscle 

usually have manifestations in the bone and vice versa. Likewise, aging results in the 

progressive and parallel loss of bone known as osteopenia and in skeletal muscle known as 

sarcopenia. The mechanical and biochemical interactions between muscle and bone may 

work together synergistically. Mechanical force might prime bone and muscle for regulation 

and release of specific factors to exert their effects on the opposing tissue. Understanding the 
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mechanical and the cellular and molecular mechanisms responsible for biochemical 

communication between bone and muscle is important as a means to identify potential new 

therapies that may affect both bone and muscle concurrently in positive ways. Treatments 

targeting not only one but both tissues simultaneously could revolutionize the treatment of 

related bone and muscle diseases such as osteoporosis and sarcopenia and other 

consequences of aging.
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Highlights:

1. The aging of the musculoskeletal system is strongly associated with health or 

morbidity.

2. Muscle and bone not only interact mechanically but through secreted 

biochemical signaling molecules.

3. The musculoskeletal system secretome most likely has effects on metabolism 

and function of other organs.

4. The musculoskeletal system is the mediator of the positive effects of exercise.
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Figure 1. 
Not only mechanical, but also biochemical signaling is important for optimal functioning of 

the musculoskeletal system. Though the mechanical interaction between bone and muscle 

(the muscle acting as a pulley and the bone as a lever) has long been recognized, a new area 

of research focuses on molecular signaling between these two tissues. The combination of 

mechanical loading and positive biochemical signals are synergistic, providing more potent 

effects than either stimuli alone.
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Figure 2. 
There are both positive and negative factors secreted by muscle and bone. Contraction of 

muscle and loading of bone appear to induce the release of positive factors. The muscle 

factor myostatin not only has negative effects on muscle mass but also on bone. The factors 

RANKL and TGFβ, released during bone resorption, have negative effects on muscle. At 

this time, the effects of exercise, age, stress, and circadian rhythm on this crosstalk is 

unknown providing a fertile area for future investigations.
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Table 1.

Muscle to Bone Crosstalk

Myostatin Deletion results in animals with enlarged muscles and larger bones. 
Inhibitor of osteoblast differentiation and promoter of osteoclast 
activation.

Buerhing, 2013[73]

Irisin May support or inhibit bone formation Kim 2018 [36]

β-aminoisobutyric acid, BAIBA Prevents osteocyte cell death, preserves bone and muscle Kitase, 2018[24]

Brain-Derived Neurotrophic Factor, BDNF Regulates VEGF secretion by osteoblasts Zhang, 2017 [74]

Interleukin 6, Il-6 Increases osteoclasts Kurihara 1990[75]

IL-15 Supports osteoblastic matrix formation Loro, 2017[76]

Il-7 promotes osteoclastogenesis Weitzmann 2000[77]
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Table 2.

Bone to Muscle Crosstalk

Factor Description Reference

unknown Primary osteocytes and MLO-Y4 cells induce C2C12 myoblasts to differentiate into 
myotubes

(Mo 2012[78])

PGE2 PGE2 mimics some of the effects of osteocyte secreted factors on myogenesis and 
muscle function.

(Mo 2012[61])

Wnt3a, Wnt1 Wnt3a accelerates C2C12 differentitation Huang, 2017[52]

Osteocalcin Osteocalcin has positive effects on muscle mass and function and is necessary for 
adaptation to exercise

Shen, 2015[79], Mera, 2016[80]

TGFβ Excess TGFβ released from bone due to breast cancer metastasis is responsible for 
muscle weakness

Waning 2015[47]

TGFβ? Pamidronate attenuates muscle loss after pediatric burn injury Borsheim, 2017[81]

unknown Osteocytes produce factors that decrease muscle mass and function with age Gorski, 2016 [82]

RANKL RANKL inhibits muscle mass and function Boulanger, 2018; Dufresne, 
2018[60, 83]
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