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Abstract

Exercise is an evolutionary conserved survival function that nowadays has beneficial health 

effects. The increased metabolic activity of contracting skeletal muscle affects the biology of many 

organs involved in regulating muscle functions. The discovery of hormones and cytokines secreted 

by bone and skeletal muscle during exercise, has recently added experimental credence to the 

notion that a crosstalk exists between these organs. Bone through the hormone osteocalcin, 

promotes exercise capacity in the mouse. After binding to a G-coupled protein receptor, Gprc6a, 

osteocalcin increases nutrients uptake and catabolism in myofibers during exercise. The catabolic 

aspect of osteocalcin distinguishes it from insulin signaling. In addition, osteocalcin regulates the 

endocrine function of skeletal muscle because it enhances the expression of interleukin-6 (IL-6). 

IL-6 is produced and secreted by contracting skeletal muscle and exerts autocrine, paracrine and 

systemic effects. One of the systemic functions of IL-6 is to drive the generation of bioactive 

osteocalcin. Altogether, these studies have revealed a feed-forward loop between bone and skeletal 

muscle that are necessary and sufficient for optimum exercise capacity. This endocrine regulation 

of exercise biology, suggest novel and adapted strategies for the prevention or treatment of age 

related muscle loss.
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1. Introduction

The ability to exercise has been essential for the survival of most vertebrates and is in part 

responsible for the successful evolution of ancestral Homo sapiens [1]. Nowadays that 

sedentary habits have increased the risk of chronic and life-threatening diseases, exercise has 

been shown to have beneficial health consequences through mechanisms that are poorly 

understood [2-4]

Exercise requires that several organs become involved at the same time; hence, this 

represents a major challenge to whole-body homeostasis [5]. Indeed, the increased metabolic 

activity of contracting skeletal muscle requires changes in almost every tissue in order to 
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maintain whole-body homeostasis. Not surprisingly, orchestrating such a complex process 

relies heavily on inter-organ crosstalk. In that respect, identifying secreted molecules that 

could mediate these inter-organ communications during exercise is a task of fundamental 

importance to understand the regulation of exercise capacity. The majority of the already 

described circulating factors secreted during exercise originate from skeletal muscle [6]. 

These molecules have been named myokines, by analogy to the adipokines that are produced 

by adipose tissue [7].

Yet, it has been assumed for decades, that a close functional relationship between skeletal 

muscle and bone may exist [8]. The fact that bone is an endocrine organ that regulates 

energy metabolism [9] has fastened the demonstration that bone-derived hormones are 

important regulators of muscle function and adaptation to exercise. Addressing this question 

is now more easily addressable because of the advances in mouse genetics. The fact that 

bone is one of the latest organs to appear during evolution explain why genes regulating 

bone function or expressed in bone cells are so highly conserved in terms of function 

between mice and humans [9-19]. This alone explains why the bone field more than many 

other fields could take so much advantage of mouse genetics.

The purpose of this review is to describe the endocrine regulation of skeletal muscle during 

exercise by bone. To this end, we will focus primarily on the functions of the bone-derived 

hormone osteocalcin and the myokine interleukin-6 (IL-6) and the feed forward loop 

between bone and skeletal muscle that promotes adaptation to exercise [20]. This work 

should contribute in the long run to achieve a better understanding of exercise biology which 

could suggest adapted treatment of some degenerative human conditions.

1.1. Physiology of exercise: focus on skeletal muscle metabolism

The physiology of exercise can be defined as the study of the integrated physiological 

responses that take place during exercise and that are caused by or are a response to the 

increased energy demand of contracting skeletal muscle. The modality, frequency, intensity 

or duration of exercise are all factors that determine these physiological responses [5].

Exercise requires the generation of force by skeletal muscle, a process that needs energy in 

the form of adenosine triphosphate (ATP) [21]. A remarkable characteristic of skeletal 

muscle is that it has the capacity to quickly modulate the rate of energy production in 

response to locomotion. Indeed, myofibers store only a small amount of ATP that is 

immediately used at the onset of muscle contraction. Hence, if exercise lasts beyond a few 

seconds, myofibers need to generate ATP. This occurs through 3 different metabolic 

pathways [22]. First, the ATP-phosphagen system in which phosphocreatine donates a 

phosphate to ADP to generate ATP. This anaerobic pathway is the fastest way to synthetize 

ATP. Second, anaerobic glycolysis, in which glucose-6-phosphate derived from skeletal 

muscle glycogen or blood glucose is transformed into pyruvate that is next reduced to 

lactate. This is the second-fastest way to synthetize ATP. And third, aerobic respiration, 

where the acetyl-CoA produced by the degradation of glucose (glycolysis) and fatty acids 

(FAs) (β-oxidation) enters the tricarboxylic acid (TCA) in the mitochondria, which is 

coupled to oxidative phosphorylation in the electron transport chain. This later pathway 

requires O2 and is the slowest way to produce ATP. The perturbation in skeletal muscle 
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metabolism that represents the contraction of myofibers results in the activation of signaling 

networks that are needed in order to increase energy production.

Signaling molecules, including protein kinases (AMPK, 5′ AMP-activated protein kinase; 

CaMKII, Ca2+/calmodulin-dependent protein kinase II or JNK, c-Jun N-terminal kinases) 

and deacetylases (Sirtuins) are activated during exercise in a temporal manner and modulate 

downstream targets, including transcription factors [23-29]. These transcriptional regulators 

modulate the expression of genes involved in glucose and lipid catabolism. The list of the 

known transcription factors regulating energy metabolism in skeletal muscle during exercise 

includes, but is not limited to: cyclic AMP response element binding protein (CREB); 

myocyte enhancer factor 2 (MEF2); peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha (PGC1α); peroxisome proliferator-activated receptors (PPARs) or 

forkhead transcription factor, O box subfamily (FOXO1). The relative activation and 

contribution of each pathway is dependent on the intensity, duration and modality of 

exercise. That these pathways are regulated by redundant mechanisms indicates that the 

uptake and utilization of nutrients by contracting myofibers is absolutely essential for the 

ability to exercise. Yet a question of critical importance that is raised by these events is to 

identify the systemic cues responsible for the modulation of muscle energy metabolism 

during exercise.

2. Bone as an endocrine organ

The skeleton provides first and foremost the ability to stand, walk and run. In addition, the 

unexpected realization that bone is an endocrine organ and the growing number of 

physiological processes it regulates in this capacity have considerably broadened and 

enriched bone biology (Fig. 1) [30-32] This aspect of the skeleton biology raises two 

fundamental questions: Can we surmise which physiological functions should be influenced 

by bone? And beyond that a broader question is looming: why would the skeleton be an 

endocrine organ in the first place? A way to answer these related questions is to use as 

guides a cell biological unique characteristic of bone.

Bone is the only tissue in the body that contains a cell type, the osteoclast, which has the 

function to actively destroy (resorb) the host tissue [33]. This function is part of the 

homeostatic process named bone (re)modeling [34], which is essential for growth, 

ambulation, repair of micro and macro damages and therefore has been central for the 

survival of bony vertebrates. Bone (re)modeling that is characterized by alternating phases 

of bone resorption by the osteoclasts and bone formation by the osteoblasts [34], occurs 

daily in multiple locations in one of the organs that covers the largest surface in the body of 

bony vertebrates. This implies that this binary process has to be energetically expensive. If 

this hypothesis is correct, a close link between bone and energy metabolism must exist. This 

notion is fully supported by clinical evidences. Indeed, any situation that results in a reduced 

food, i.e. energy, intake causes an arrest of longitudinal growth in children and a decrease in 

bone mass in adults [35,36]. Experiments designed to explore the regulation of energy 

metabolism by the skeleton, resulted in 2007 in the identification of osteocalcin as a 

hormone mediating in part the regulation of energy metabolism by bone [9]. We should 

mention here that osteocalcin is not the only bone-derived hormone [30,32].
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2.1. The functions of osteocalcin

At the time Osteocalcin genes were inactivated in the mouse, osteocalcin was the only 

known osteoblast-specific secreted protein [37]. Surprisingly, Osteocalcin-deficient mice 

(Osteocalcin−/−) showed a striking but completely unexpected phenotype: without being 

obese, these mice had more visceral fat than control littermates. The systematic study of this 

curious phenotype allowed the genetic demonstration in mice and later in humans that 

osteocalcin regulates as a hormone several aspects of energy metabolism [9,38,39]. 

Accordingly, osteocalcin has structural features of a hormone: it is produced as a pro-

molecule that is cleaved in osteoblasts before being secreted, is present in the circulation at a 

concentration in the ng/ml range and the levels of this molecule in blood in humans follow a 

circadian rhythm [37,40].

The strength of the demonstration that osteocalcin is a hormone and the definition of its 

functions were greatly enhanced by the availability of a loss-of-function model (Osteocalcin
−/−) and a gain-of-function model (Esp−/−) of osteocalcin, each of them serving as an 

internal control and a mirror image of the other. This analysis revealed that osteocalcin 

favors the expression and secretion of insulin and β-cell proliferation and mass [41]. 

Moreover, Osteocalcin−/− mutant mice fed a normal diet are glucose intolerant and insulin 

resistant and show decreased energy expenditure, whereas the opposite is true in Esp−/− 

mice [9]. In addition, exogenous osteocalcin almost completely rescue the glucose 

intolerance developed in wild-type (WT) mice fed a high-fat diet thus indicating that 

osteocalcin is not only necessary but it is also sufficient to regulate at least one physiological 

process [42]. These studies, along with many subsequent ones, revealed that osteocalcin is 

biologically active when its gamma-carboxyglutamic acid residues are undercarboxylated. 

Later, molecular and genetic experiments established that bone resorption is the arm of bone 

(re)modeling responsible for osteocalcin decarboxylation and activation [43]. The receptor 

mediating osteocalcin signaling in pancreatic β-cells and other peripheral tissues is a GPCR 

called Gprc6a. Cell-specific gene deletion and genetic epistasis experiments have established 

that in vivo osteocalcin is the ligand of Gprc6a that is responsible for Gprc6a regulation of 

glucose homeostasis [14,41].

One question of fundamental importance, both in terms of evolutionary biology and of 

physiology, raised by the favorable influence of osteocalcin on glucose homeostasis is to 

know whether there is any difference between osteocalcin and Insulin functions. In that 

context and taking into account the fundamental role of skeletal muscle in the maintenance 

of normal whole-body glucose homeostasis, it became important to determine whether 

osteocalcin influences physiologically any aspect of muscle energy metabolism. One way to 

answer this question was the study of osteocalcin functions during exercise, a physiological 

situation characterized by an increase in muscle glucose uptake and a concomitant decrease 

in circulating insulin levels [20]. There was one more incentive to address this question: the 

circulating levels of bioactive osteocalcin after a single bout of endurance exercise double in 

mice and increase in humans. This increase in bioactive osteocalcin is due in part to an 

increase in bone resorption [20].
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2.2. A role for osteocalcin in adaptation to exercise

Another reason to ask whether osteocalcin regulates adaptation to exercise arises from a 

common feature to all the known functions of osteocalcin: those are physiological processes 

that are affected early and severely during aging. This observation supports the idea that 

osteocalcin might regulate preferentially functions that decline overtime, such as for instance 

skeletal muscle function and the ability to exercise. What made this hypothesis so attractive 

is that circulating levels of bioactive osteocalcin decrease early and steeply during aging in 

mice, monkeys and humans of both genders and do not increase after exercise to the same 

extent in old mice as in young ones. In mice at least, this decrease in circulating bioactive 

osteocalcin occurs at the same time than the ability to perform exercise declines [20]. These 

observations were an incentive to test if the administration of exogenous osteocalcin to wild-

type (WT) mice might increase their ability to run. A single injection of exogenous 

osteocalcin immediately before exercise or a chronic delivery of this hormone for one month 

not only increased the exercise capacity of young mice but also restored aerobic endurance 

in older mice to what is seen in young adult mice [20]. Of note, at the same time it increases 

muscle function in older mice, chronic delivery of osteocalcin also favors a gain in muscle 

mass [44]. The unexpected outcome of these experiments revealed that exogenous 

osteocalcin is not only necessary but is also sufficient to reverse the age-induced decline in 

exercise capacity and muscle mass observed in mice.

The fact that bone is a sensor of mechanical forces during exercise raised the question of 

whether osteocalcin might influence adaptation to exercise, at least in part, by signaling in 

skeletal muscle. The previous identification of a receptor for osteocalcin in peripheral organs 

(Gprc6a) provided the necessary tool to test rigorously and in vivo this hypothesis. 

Moreover, the fact that exogenous osteocalcin increases exercise capacity in aged WT but 

not Gprc6a-muscle specific deficient mice (Gprc6aMck−/−) supported the idea that 

osteocalcin signals in skeletal muscle to promote exercise.

The analysis of 3 month-old Osteocalcin−/− and Gprc6aMck−/− mice revealed that when 

forced to run on a treadmill at a constant speed and until exhausted, Osteocalcin−/− and 

Gprc6aMck−/− mice run 20% to 30% less than control littermates, a phenotype that worsens 

overtime [20]. How does osteocalcin regulate muscle functions in order to promote 

endurance? A first approach to answer this question relied on the use of indirect calorimetry 

to measure oxygen consumption during exercise in Gprc6aMck−/− mice. Consistent with the 

decrease in endurance, maximal oxygen consumption during exercise is significantly lower 

in Gprc6aMck−/− mice than in control littermates. Because mitochondria content in skeletal 

muscle is directly associated with aerobic capacity, the decrease in oxygen consumption 

during exercise observed in Gprc6aMck−/− mice raised the question of whether osteocalcin 

regulates mitochondria biogenesis and/or function. Multiple experimental evidences negative 

in nature and that will not be cited here because of space constraints, showed that the ability 

of osteocalcin signaling in myofibers to favor adaptation to exercise is not secondary to a 

measurable effect on skeletal muscle mitochondria number or function [20].

Instead, what was observed is that osteocalcin regulates the uptake and catabolism of 

nutrients in muscle during exercise. In that respect and this is a point of fundamental 

importance, osteocalcin is different from insulin that is an anabolic hormone. Glucose, 
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which is the main nutrient used by skeletal muscle to generate energy at the onset of 

exercise, is stored in myofibers in the form of glycogen. However, the breakdown of skeletal 

muscle glycogen during exercise is lower in Gprc6aMck−/− and Osteocalcin−/− mice than in 

control ones thus inferring that osteocalcin favors glycogenolysis. Moreover, the uptake of 

extracellular glucose is decreased in skeletal muscle of Gprc6aMck−/− mice after running, 

but increases in WT mice receiving exogenous osteocalcin prior to exercise. Subsequent 

studies revealed that the accumulation of TCA cycle intermediates in skeletal muscle 

normally seen in WT mice after exercise [45] is blunted in Gprc6aMck−/− mice. This reflects 

in part a decrease in the entry of carbon originating from glucose into the TCA cycle. 

Genetic experiments performed in cell culture showed that the transcription factor CREB, a 

mediator of osteocalcin signaling in other cell types [14,41], is required for the increase in 

glucose utilization caused by osteocalcin in myofibers [20].

During a prolonged exercise when animals exhaust their reserve of glycogen, the uptake and 

catabolism of FAs progressively increase in skeletal muscle [46,47]. This was an incentive to 

test whether osteocalcin signaling in myofibers also affects these processes. A first approach 

to address this question relied on the measurement of skeletal muscle and plasma 

accumulation of acylcarnitines, which are a reliable indication of FAs utilization in cells 

[48]. In WT mice, exercise induces a significant increase in the accumulation of long- and 

medium-chain acylcarnitines in skeletal muscle. However, this increase does not occur 

nearly to the same extent in skeletal muscle of Gprc6aMck−/− mice. What occurs instead, is 

a significant rise in the plasma levels of some acylcarnitines in Gprc6aMck−/− mice when 

compared to control ones. Consistent with these observations, cell-based experiments 

showed that osteocalcin favor FAs oxidation in myofibers in an AMPK-dependent manner 

[20].

Altogether, these observations revealed that osteocalcin signaling in myofibers promotes the 

uptake and catabolism of glucose and FAs during exercise, this certainly explains at least in 

part the decreased exercise performance observed in Osteocalcin−/− and Gprc6aMck−/− 

mice. Importantly from a translational point of view, these functions of osteocalcin decline 

as mice age, but can be restored by the administration of exogenous osteocalcin to WT mice.

To determine whether osteocalcin has additional means to regulate exercise capacity besides 

its regulation of glucose and FAs catabolism, a first approach was to perform a 

transcriptomic analysis in muscles of control and Gprc6aMck−/− mice after a single bout of 

endurance exercise. Unexpectedly, the post-exercise rise of muscle Il6 expression and 

circulating Interleukin-6 (IL-6) were markedly attenuated in Gprc6aMck−/− or Osteocalcin−/

− mice when compared to control mice [20]. IL-6 is the first myokine that was shown to be 

secreted into the circulation in response to muscle contraction and it acts in an autocrine, 

paracrine and endocrine fashion [49]. The functions of exercise-derived IL-6 are addressed 

with detail in the next section of this review. In addition, the regulation of IL-6 by 

osteocalcin raised the fundamental question of whether another function of this myokine 

could be to signal back to bone.
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3. Skeletal muscle as an endocrine organ

Again, exercise is synonymous of an increase in skeletal muscle function, and for that 

myofibers need to increase the uptake and catabolism of nutrients. In addition, during resting 

periods skeletal muscle stores in the form of triglycerides and glycogen a substantial amount 

of energy. For that reason, skeletal muscle is a gatekeeper of energy homeostasis. The 

importance of this later function is illustrated by the variety of disorders that are secondary 

to perturbations on muscle energy metabolism, such as metabolic syndrome or Type 2 

Diabetes [50]. Given the role of muscle on systemic energy homeostasis, one could expect 

that inter-organ communications signaling from muscle cells might be important for 

balancing metabolism across the body[51]. Still, an endocrine function of skeletal muscle 

was not obvious.

The first biologically active secreted muscle factor ever identified was myostatin (also 

known as growth and differentiation factor (GDF)-8), a muscle-specific member of the 

transforming growth factor β superfamily [52]. The main function of myostatin is to 

suppress skeletal muscle growth and Myostatin inactivation results in a massive muscle 

hyperthophy in sheep, cattle, mice and humans. In addition to the autocrine control of 

muscle growth, myostatin is secreted into the circulation and acts in distal tissues to 

modulate metabolism. Myostatin-deficient mice show reduced total and intramuscular body 

fat and improved insulin sensitivity, however and this an important aspect of its biology, 

myostatin does not improve muscle function [53]. More recently, myostatin was shown to 

directly modulate bone remodeling by stimulating the differentiation of osteoclasts [54].

However, many years before the discovery of myostatin and the endocrine functions of 

skeletal muscle, several laboratories already sought a circulating “exercise factor” that would 

be released in response to the increased energy demand of contracting skeletal muscle and 

would mediate some of the exercise-induced responses in distant organs. Ever since, it has 

been consistently demonstrated that skeletal muscle secretes a growing number of cytokines 

and other biologically active proteins (referred to as myokines) into the blood, mostly in 

response to contractile activity or sometimes pathological diets [55]. The list of identified 

myokines include myostatin, decorin, IL-15, IL-7, IL-8, BDNF, IGF-1, FGF21, FSTL-1, 

irisin, meteorin-like and IL-6 [49,56-64]. However, we still do not know all the exact 

mechanisms that trigger the synthesis and secretion of myokines during muscle contraction.

3.1. The unexpected functions of IL-6 during exercise

It has been known for decades that exercise induces changes in the immune system [65]. Yet, 

it was a study designed to understand the mechanisms undelaying exercise-induced changes 

in the distribution of lymphocyte subpopulations, that led to the discovery that exercise 

causes an increase in the circulating levels of many cytokines [7,66,67].

IL-6 was the first molecule found to be secreted into blood in response to muscle contraction 

[49,68]. Initially, it was observed that the circulating levels of this cytokine increase after 

exercise in humans and murine models in a manner that is proportional to the length of 

exercise and the amount of muscles involved, being running the kind of effort that induces a 

higher increase in blood IL-6 levels [57,66,69-71]. Additionally, it was demonstrated that 
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IL-6 is expressed in cultured myotubes, murine myofibes and muscle satellite cells [72-75]. 

The realization that contracting skeletal muscle releases significant amounts of IL-6 into the 

circulation, and that this function is independent of muscle injury and tumor necrosis factor, 

raised the question of whether this cytokine could have a role in metabolism rather than in 

inflammation. Testing this idea revealed that muscle-derived IL-6 release during exercise is 

enhanced when muscle glycogen levels are low and that IL-6 has autocrine, paracrine and 

endocrine functions during exercise [6,70,74]. IL-6 promotes glucose uptake and FAs 

oxidation in skeletal muscle, increases glucose production in the liver and lipolysis in the 

white adipose tissue [70,76]. In skeletal muscle IL-6 signals through gp130Rβ/IL-6Rα 
homodimer, which leads to the activation of AMPK and the subsequent increase in glucose 

uptake and FAs oxidation [77]. Accordingly, Il6-deficient mice (Il6−/−) show decreased 

adaptation to exercise when compared to control mice [78]. Taken together, these data 

identify IL-6 as a pleiotropic cytokine with a key role in exercise metabolism.

Yet, an important question that remained to be addressed was to determine the nature of the 

mechanisms regulating IL-6 production in muscle during exercise. Skeletal muscle 

contraction has been established as the trigger leading to the increase in circulating IL-6. 

However, it is still uncertain if and how systemic clues might contribute to the regulation of 

IL-6 secretion by skeletal muscle in response to exercise. The observation that osteocalcin 

signals in myofibers and is necessary for the increase in Il6 expression in myofibers 

prompted us to explore further the crosstalk between bone and skeletal muscle. Moreover, 

previous experimental observations showing that IL-6 signals in bone cells [79] raised 

another important question: could IL-6 act in bone in a feed forward loop to increase the 

production of bioactive osteocalcin during exercise?

4. The cross-talk between bone and skeletal muscle during exercise

Asking whether IL-6 could act in bone to increase the production of bioactive osteocalcin 

was a relevant question because at the time it was demonstrated that exercise induces bone 

resorption and therefore the production of bioactive osteocalcin, the mechanisms underlying 

this function were unknown. The analyses of Il6−/− mice before and after a single bout of 

endurance exercise revealed that the increase in blood markers of bone resorption and in 

bioactive osteocalcin that is observed in WT mice is blunted in Il6−/− mice [20]. 

Furthermore, bone resorption after exercise was also attenuated in Gprc6aMck−/− mice, a 

model in which exercise-induced IL-6 circulating levels are low. Altogether, these 

experiments revealed the existence of a feed forward loop between bone (via osteocalcin) 

and muscle (via Il-6) that promotes adaptation to exercise through at least 3 different 

synergistic mechanisms (Fig. 2): first, osteocalcin increases nutrient uptake and catabolism 

in myofibers; second, osteocalcin triggers the increase in the skeletal muscle expression and 

secretion of IL-6. This in turn, might allow the generation of extra-muscular glucose and 

FAs [70,76]. Third, IL-6 increases the production of bioactive osteocalcin. This model does 

not exclude in any way the possibility that osteocalcin and IL-6 might have additional 

functions to modulate adaptation to exercise. We should emphasize here that these findings 

do not exclude the possibility that other molecules made in bone cells or myofibers 

contribute to this crosstalk.
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Since both IL-6 and osteocalcin regulate similar aspects of skeletal muscle metabolism 

during exercise, e.g. the increase in glucose and FAs catabolism, an essential question was to 

determine whether osteocalcin was acting independently or not of IL-6 to promote glucose 

and FAs utilization in myofibers. A first approach was to study the effect of exogenous 

osteocalcin on glucose and FAs utilization in WT and Il6−/− cultured myofibers and 

myotubes. These experiments revealed that osteocalcin can induce these functions in a 

similar manner in control and Il6-defficient cells, which indicates that the presence of IL-6 is 

not required for the catabolic effects of exogenous osteocalcin on skeletal muscle cells [20]. 

While redundant regulation of skeletal muscle metabolism is probable, it becomes important 

to determine whether osteocalcin and IL-6 might have synergistic function in order to 

increase glucose and FAs uptake and utilization in skeletal muscle during exercise.

The regulation of bone resorption and bioactive osteocalcin production by IL-6 also raised 

the question of whether this myokine acts on bone cells to fulfill this function. Cell-based 

experiments revealed that adding exogenous IL-6 to cultured calvaria osteoblasts increases 

the expression of Rankl, a cytokine that favors osteoclasts differentiation, and decreases the 

one of Osteoprotegerin (Opg), a decoy receptor for Rankl and an inhibitor of bone resorption 

[80]. These evidences suggest that in vivo IL-6 might act during exercise on cells of the 

osteoblasts lineage to increase bone resorption and the production of bioactive osteocalcin. 

At this point, extensive genetic and molecular studies are required to fully understand the 

regulation of bioactive osteocalcin by IL-6 during exercise. While the fact that IL-6 regulates 

bone remodeling and physiology is clear, the role of this cytokine is still an enigma because 

it appears to be a double-edge sword [81]. This is another reason to pursue the investigation 

of how muscle-derived IL-6 regulates osteoblasts/osteoclast function during exercise and the 

physiological consequences of this regulation.

5. Conclusions

During the last decades, multiple metabolic pathways engaged in response to exercise have 

been characterized [5]. Yet, the identification of well-defined links between exercise-induced 

responses and specific health benefits remains elusive. In this regard, understanding the 

crosstalk between contracting skeletal muscle and the functions of other organs is essential. 

The realization that skeletal muscle and bone, the two organs responsible for locomotion, 

have endocrine functions might set up a whole new agenda of research in exercise 

physiology.

The identification of a feed-forward loop between bone, via osteocalcin, and skeletal 

muscle, via IL-6, that is necessary and sufficient to promote adaptation to exercise in young 

and older animals represents a significant advance in our understanding of how the 

musculoskeletal system controls a function that is essential for survival of all vertebrates. 

This crosstalk between bone and muscle that facilitates exercise performance in mice, 

appears blunted in older mice but can be restored by osteocalcin administration. We propose 

that one important consequence of this function of bone may be that osteocalcin could be a 

means to treat age-related decrease in muscle mass and function. Future studies are 

obviously needed to determine if exogenous osteocalcin could improve exercise capacity in 

individuals with exercise intolerance and what might be the potential therapeutic 
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applications of this function. As importantly going forward, the cellular and molecular 

mechanisms underlying the regulation of bioactive osteocalcin by IL-6 during exercise 

remain to be completely elucidated. Likewise, we now need to test whether muscle-derived 

IL-6 exerts a positive influence on bone (re)modeling in untrained or trained animals.

The recent physiological, genetic and molecular characterization of a crosstalk between 

bone and muscle during exercise raises additional questions that need to be addressed. One 

of them is the strong possibility that other tissues and organs might be influenced by skeletal 

muscle and bone signaling to promote adaptation to exercise. Another one is the notion that 

hormones secreted by bone and skeletal muscle might play a role in mediating some of the 

health benefits of exercise.
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Fig. 1. 
Schematic representation of the physiological functions affected by osteocalcin, lipocalin 2 

and FGF23, the three known osteoblast-derived hormones. Osteocalcin stimulates insulin 

secretion in the pancreas, insulin sensitivity in adipose tissue, nutrients uptake and 

catabolism inmuscle and testosterone production in the testis. In β-cells, the Leydig cells of 

the testis and in myofibers, osteocalcin signals through Gprc6a. In addition, osteocalcin 

promotes monoamine neurotransmitter synthesis and cognitive functions in the brain. 

FGF23 acts in the kidney to favor phosphate elimination. FGFR1 and Klotho mediate 

FGF23 signal in the tubular cells of the kidney. Lipocalin 2 binds to the melanocortin 4 

receptor in neurons of the hypothalamus to inhibit food intake.
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Fig. 2. 
Schematic representation of the molecularmechanism of action of osteocalcin in 

skeletalmuscle during exercise. Circulating levels of undercarboxylated and bioactive 

osteocalcin increases during exercise. Osteocalcin signals in myofibers through Gprc6a, 

where it promotes the uptake and catabolism of nutrients. In addition, osteocalcin signaling 

in myofibers induces the expression of IL-6 and the increase in circulating levels of this 

myokine. IL-6 signals back to skeletal muscle where it favors glucose and FAs utilization. 

IL-6 also stimulates FAs production in the white adipose tissue and glucose production in 

the liver. Furthermore, IL-6 signals to bone to increase the production of bioactive 

osteocalcin.
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