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Abstract

The complexity of cell interactions with their microenvironment and their ability to communicate
at the autocrine, paracrine, and endocrine levels has gradually but significantly evolved in the last
three decades. The musculoskeletal system has been historically recognized to be governed by a
relationship of proximity and function, chiefly dictated by mechanical forces and the work of
gravity itself. In this review article, we first provide a historical overview of the biomechanical
theory of bone— muscle interactions. Next, we expand to detail the significant evolution in our
understanding of the function of bones and muscles as secretory organs. Then, we review and
discuss new evidence in support of a biochemical interaction between these two tissues. We then
propose that these two models of interaction are complementary and intertwined providing for a
new frontier for the investigation of how bone—-muscle cross talk could be fully explored for the
targeting of new therapies for musculoskeletal diseases, particularly the twin conditions of aging,
osteoporosis and sarcopenia. In the last section, we explore the bone—muscle cross talk in the
context of their interactions with other tissues and the global impact of these multi-tissue
interactions on chronic diseases.
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Introduction

The complexity of cell interactions with their microenvironment and their ability to
communicate at the autocrine, paracrine, and endocrine levels has gradually but significantly
evolved in the last three decades. Until recently, adipose cells were considered to function
primarily as storage compartments but are now beginning to be understood for their
tremendous secretory capacity [1-4]. Another intriguing example comes from the
gastrointestinal system. Our understanding of this system has advanced from viewing it
merely as a site of digestion to one that secretes specific substances, cytokines, that
modulate satiety, metabolism, and overall body weight [5]. These new discoveries of
cytokines and signaling pathways placed in the context of systems biology provide new
frontiers for investigating treatments for disorders that have proven intractable to current
therapeutic approaches. The scientific community has enthusiastically embraced the ideas
that the gastrointestinal, endocrine, and immune systems communicate at all of these levels.
In light of the progress that is being made regarding systems interactions at the cellular
level, it seems somewhat incongruent that the application of this same principle to other
body systems has come much more slowly.

One such example of this slow progress is the musculoskeletal system, which has been
historically recognized to be a relationship of proximity and function, chiefly dictated by
mechanical forces and the work of gravity itself. The musculoskeletal system actually
represents two-body systems that are closely related, not only anatomically and
physiologically, but also pathophysiologically and with regard to the decline in function
associated with aging. Increasing age is often accompanied by the progressive loss of
muscle mass and strength, sarcopenia, and a decline in bone mass, osteoporosis. According
to the 2010 Global Burden of Disease Study (GBD), musculoskeletal diseases are the second
greatest cause of disability affecting nearly 2 billion people worldwide [6]. To a great extent,
the way we see and have defined the musculoskeletal unit has created an axiom where the
mechanical and physical interactions alone determine the fate of these tissues. When such a
reasonable relationship between tissues is established and a solid flow of data continually
supports that relationship, it all too easy for theories to become dogmas, thereby steering
research toward one specific direction. Indeed, the celebrated acquisition of data supporting
a particular physiologic or pathophysiologic perspective can obscure alternative views.
Those associated with research and care of patients suffering gastrointestinal
pathophysiology can certainly testify to the downside of such biomedical dogma as we all
recall the 12-year struggle to accept H. pylori as the true cause of duodenal and gastric
ulcers. Thankfully, such experiences teach us all to keep our minds open in an attempt to see
as much of the physiologic picture as possible.

In this review paper, our goal is to discuss the emerging research that has recently been
termed “bone—muscle cross talk,” which represents a departure from the traditional view of
predominately mechanical interactions and proposes that bones and muscles also
communicate biochemically. Particularly, we will focus our review on the paracrine and
endocrine communication. To achieve this goal, we have structured our review article to
address the following aspects of bone—-muscle communication: (1) bones as biochemical
communicators that secrete signaling factors, (2) muscles as biochemical communicators

Clin Rev Bone Miner Metab. Author manuscript; available in PMC 2015 March 31.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Isaacson and Brotto

Page 3

that secrete signaling factors, and (3) evidence of bone-muscle cross talk at the paracrine
and endocrine levels. We will also explore the application of systems biology as well as the
translational potential of this new knowledge, particularly for the treatment of the twin
diseases of aging, osteoporosis and sarcopenia.

Bones as Biochemical Communicators

In the early 1900s, the prevailing view related to bone physiology was that osteoblasts
promoted bone formation and osteoclasts promoted bone resorption. At the time, it was
widely believed that hormones, dietary calcium, and other non-mechanical agents, all in an
attempt to maintain bone homeostasis, primarily influenced the function of these two bone
effector cells. Then, in the 1960s, that view was challenged as experts in bone physiology
began differentiating between bone mineral density and bone strength. Interdisciplinary
work from annual workshops hosted by the University of Utah initiated the development of
an impressive body of evidence in support of the bio-mechanical relationship between bones
and muscles. This new paradigm included the mechanostat model, a refinement of the
nineteenth century Wolff's law, which purports that bone strength and density are largely a
function of imposed mechanical forces [7]. That model, along with the Utah paradigm,
continues to greatly influence investigations into bone physiology. A small part of that
model, however, has seemingly been lost. Even Frost, the promoter of the biomechanical
model, acknowledged the possible role of local and systemic non-mechanical agents
effecting skeletal architecture. But, the biochemical aspect of the relationship between bones
and muscles has not until more recently been explored to any great extent. Perhaps, this is
due, in large part, to the need for a number of basic research advancements to first be
developed, such as innovative techniques, cell lines, and equipment, as well as new
knockout and transgenic animal models.

To our knowledge, one of the first lines of evidence that bones could function in an
endocrine fashion was the suggestion in 1992 by Marotti et al. [8] that osteocytes might play
a role in osteoblast modulation by way of gap junction signaling. Additional evidence of this
suggestion was soon provided by elegant studies conducted by Tanaka et al. [9]
demonstrating the production of soluble factors by osteocytes augmented osteoclastic
development. At that same time, Klein-Nulend et al. [10] performed experiments that
revealed the sustained release of prostaglandins from osteocytes following mechanical
stimulation. And, in an attempt to explain how bone mass and structure is altered in response
to mechanical load, Burger and Klein-Nulend [11] postulated the presence of cell signaling
molecules as a key portion of the cellular mechanisms.

In 2003, Winkler et al. [12] provided evidence that osteocytes function as more than just a
sensory cell, but also as a regulator of bone density through the secretion of sclerostin. Their
postulations of dysregulation in bone formation resulted from the phenotypes observed in
osteosclerosis patients and were further supported through genetic testing and the
development of transgenic mice with increased sclerostin production and low bone mass.
Since these early observations, work by a number of researchers including Bonewald,
Johnson, Dallas, Karsenty, and Yamashita have continued to provide evidence in support of
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osteoblast/osteocyte-secreted factors that impact not only bone homeostasis but also distant
tissues such as kidney, prostate, and brain as detailed below.

Yamashita and Shimata provided evidence of the physiological role of FGF23 in phosphate
and vitamin D homeostasis as well as the pathophysiological role of FGF23 in osteomalacia
[13]. In their 2012 review, Bonewald and Wacker [14] discussed FGF23 expression in
osteocytes and its role in cardiovascular health. Although the exact pathways through which
this occurs is not known at this time, evidence gained from transgenic mice phenotypes
demonstrates that osteocyte expression of FGF23 is under the influence of molecules such as
DMP1, PHEX, and MEPE [15].

Osteocalcin is a non-collagenous protein found in bone and dentin. In addition to providing
structure, osteocalcin has been shown to have many functions, including energy metabolism,
calcium ion homeostasis, and male fertility [16]. More than 20 years ago, bone cells were
postulated to be the primary source of osteocalcin [17]; however, recent advances in genetic
engineering have allowed deeper insight in support of this idea [16, 18-20]. In fact,
osteocalcin along with other hormone-like substances secreted by bone cells is now thought
to interact with substances from the liver and adipose tissue in a way that may predispose
individuals to obesity, diabetes, non-alcoholic fatty liver disease, and osteoporosis.
Prostaglandins are a class of naturally occurring lipid autacoids that derive from arachidonic
acid and are produced by most cells, including bone cells. They have a wide range of
functions, taking part in inflammation, pain mediation, smooth muscle contraction, and
platelet aggregation. Prostaglandins also have been demonstrated to play a significant role in
bone homeostasis, particularly the E and F series of prostaglandins [21, 22].

The growing list of bone cell-secreted factors is truly impressive and includes ATP, calcium,
DKK1, DMP1, FGF23, Mepe, Nitric Oxide, OPG, osteocalcin, prostaglandins (particularly
PGE,), RANKI, sclerostin, and Sost. These factors represent a myriad of biochemical
structures ranging from simple organic molecules to complex proteins, which illustrates the
plasticity of bone secretory capacity. Furthermore, the diversity of factors implies the role of
bones in the modulation of the physiology of tissues throughout the body [23]. As our
understanding of this new knowledge continues to develop and begins to be translated into
meaningful and innovative therapeutic approaches, unprecedented advances will be
achieved in the fight to constrain the epidemics of chronic diseases such as obesity, diabetes,
osteoporosis, and sarcopenia.

Muscles as Biochemical Communicators

Skeletal muscle, so named for its functional connection and vicinity to the skeletal system,
represents the largest organ in the body. The mechanical relationship between bones and
muscles has been extensively studied, and it can be observed and understood in the context
of the three major ontogenetic periods in the bone—-muscle relationship—embryonic
patterning, postnatal allometric growth, and the homeostatic relationship of adult life [24].
Bones and muscle cells not only share a common mesenchymal precursor, but also
experience organogenesis through a tightly orchestrated network of genes during
intrauterine development. It is understandable that the commonalities between these two
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tissues are reinforced through the mechanostat theory that postulates loads that create strains
below a certain threshold stimulate bone loss through the inhibition of growth, while strains
above a certain threshold stimulate growth and inhibit haversian remodeling [25]. Some
researchers refer to the “bone—muscle unit” in deference to these observations that bones
respond to varying levels of mechanical strain imposed by muscle mass and strength. The
varying levels of mechanical strain appear to be modulated primarily by hormonal effects
systemically, citing gender differences over time as evidence [26]. There is undeniably
much evidence in support of the strong correlation between bone and muscle strength [27,
28].

Much has also been learned about the important relationship that exists between skeletal
muscles and nerves, since motor neurons and the muscle fibers they innervate first came to
be viewed as a single functional unit in the 1920s. After Henry Dale and Otto Loewi were
awarded the 1936 Nobel Prize for their discoveries relating to the chemical transmission of
nerve impulses, the body of knowledge in this area continued to grow leading to an
enhanced understanding of differing muscle fiber types. The idea of the motor unit continues
to be strengthened as instruments enabling molecular and genetic exploration to be
undertaken. Investigations into muscle-to-nerve trophism led to the discovery of factors such
as brain-derived neurotrophic factor (BDNF), NT-3 and NT-4/5 [29, 30]. Discoveries in
these areas continue to provide hope of potential therapeutic targets for patients suffering
from neuromuscular disorders such as the muscular dystrophies.

In the late 1970s, evidence emerged that skeletal muscle, as well as most tissues in the body,
secret prostaglandins in response to injury, as Goldspink testified to the importance of
skeletal musculature in terms of its metabolic effect on the body [31]. But it was only during
the last decade that skeletal muscles became recognized more fully for their secretory
capacity [32]. Pedersen et al. were the first to coin the term, “myokines,” after their
discovery that contracting muscles not only secrete IL-6, but that it leads to a significant
increase in IL-6 plasma levels. Building on earlier evidence from murine models that IL-6 is
produced by myoblasts and myofibers in response to inflammation and injury, the Pedersen
group showed that working muscles led to a 19-fold increase in arterial plasma IL-6
concentrations compared to resting muscle [33, 34]. This provided valuable evidence of
skeletal muscle producing factors that impact not only tissues in close proximity, but also
those at distant sites in the body. To support this, it was important to rule out that the 1L-6
productions and secretion are not coming from immune cells. A notable observation has
been made that with sepsis, there is an increase in TNFa, followed by an increase in IL-6. In
sepsis, it appears that monocytes are the primary source of the increased TNFa. This is in
contrast to the increase in IL-6 that accompanies exercise, as it is not preceded by TNFa
[35]. Keller et al. demonstrated that the nuclear transcription rate of IL-6 increased markedly
and rapidly with the onset of exercise [36]. Further evidence indicated that the IL-6
produced by exercising muscles impacted the output of hepatic glucose, thus adding strength
to the premise that skeletal muscles do, indeed, function as endocrine organs.

The list of factors secreted from skeletal muscles continues to grow and includes IL-8,
which has been shown to increase angiogenesis [37]; IL-5, which is an anabolic factor being
investigated for its role in muscle—fat cross talk; IL-7, which is being studied for its impact
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on satellite cells during myogenesis [38] and brain-derived neutrophic factor (BDNF) [39].
Exercise has been found to induce a increase in mMRNA of chemokine CXC motif ligand-1
(CXCL-1) aka KC (keratinocyte-derived chemokine) and a 2.4-fold increase in serum
CXCL-1 [40]. Murine CXCL-1 is a functional homolog for IL-8 and belongs to a group that
has gained attention for its role in inflammation, chemotaxis, angiogenesis, neuroprotective
activity, and tumor growth regulation and is also associated with a decrease in visceral fat.

Most research associated with skeletal muscle secreted factors is in relation to factors
produced in response to injury. IL-6 and LIF are produced and have been shown to enhance
the myocyte differentiation after injury. Muscle regeneration is an ongoing phenomenon
throughout the life span and provides an excellent opportunity for investigation into the
endocrine function of this organ, as well as hope for targeted interventions to slow the
process of muscle wasting. Two additional factors secreted by injured skeletal muscle are
TGFa and TGFB1 [32, 41]. These factors have an inhibitory effect on muscle cell
proliferation and differentiation. It is believed that TGFB1 triggers connective tissue
proliferation and tissue fibrosis. The worldwide epidemics of obesity and type 2 diabetes
continues to propel the concept that lack of exercise might favor an unbalance or reduced
secretion of myokines, thereby contributing to these chronic diseases [40]. Last year, a hew
myokine brought hope for the development of molecules to target fat tissue accumulation,
since irisin was shown to regulate the conversion of “bad” (white) fat into “good” (brown)
fat that is essential for thermogenesis in mice [42]. Since the original publication, 49 papers
have been published on the effects of irisin and a recent study by Park et al. [43] concluded
that irisin might be directly associated with a higher risk of cardiovascular diseases and
metabolic syndrome in humans, suggesting that augmented secretion of irisin by either
adipocytes or muscle cells might occur to overcome an underlying irisin resistance.

Bone—-Muscle Cross talk

How can endocrine properties of bone and muscle be physiologically relevant? The answer
to this key question may lead to a bridge between the mechanical and biochemical theories.
A feasible way of interpreting the role of these interactions is that they may serve to sense
and transduce biomechanical signals such as unloading, loading, inactivity, or exercise, and
even perhaps the translation of systemic hormonal stimulation into effective biochemical
signals. Another way of interpreting and connecting these two theories is that one specific
form of interaction could work as a priming for the other; in that, the physical effects of
contraction on bone cells may prime these cells for the simultaneous, consecutive or ulterior
effects of a secreted molecule (Fig. 1).

The close anatomical proximity of skeletal muscle and bone lends itself to hypothesize a
relationship of paracrine nature, especially at the muscle fiber insertion sites along the
periosteal interface. For evidence of such a relationship, we turn our attention to pathology
and reflect upon conditions such as some of the bone stress syndromes where inflammation
localized to the muscle area underneath the periosteal region spreads into the bone itself.
These situations are consistent with the paracrine relationship hypothesis, suggesting
inflammatory molecules from adjacent muscle fibers may penetrate into this region of the
bone. Another powerful clinical example of this paracrine relationship is the application of
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muscle flaps around compounded bone fractures and their effects in promoting significantly
faster healing for these fractured bones. Although the specific molecular mechanism of
action is not completely understood, the introduction of muscle flaps has been used as a
successful therapeutic approach to treat chronic osteomyelitis and to accelerate the healing
of bone fractures [44]. It is possible that this same mechanism may be part of the process
that occurs during bone and muscle healing after musculoskeletal injury. Studies performed
by our group in osteocyte and muscle cell lines have determined that PGE, secretion from
osteocytes is more than 1,000 times larger than PGE, secretion from muscle cells. This
excess amount of PGE, from osteocytes could interplay with injured muscles, which would
aid in muscle regeneration and repair. Intriguingly, recent in vitro studies from our
laboratory have provided support for a role of osteocyte-secreted PGE> in aiding with the
process of myogenesis [22].

To gain further insight into bone—muscle cross talk, we look to the phenotypic presentations
of recently developed transgenic animal models. Myostatin was discovered in the late 1990s
to be a potent inhibitor of muscle growth. It is expressed during development and in adult
skeletal muscle, serving as an important negative regulator of skeletal muscle growth [45,
46]. Myostatin appears to decrease myoblast proliferation. The myostatin-deficient mouse
model has increased muscle size and strength, with individual muscles weighing
significantly more than wild-type mice [47]. Hamrick et al. used this myostatin-deficient
mouse model to investigate the effects of increased muscle mass on bone mineral content
and density. They found that although a consistent correlation was not found in all regions
of the skeletal system, there was increased cortical bone mineral density in the distal femur
and an increased periosteal circumference along the humerus [48-50]. Another group used
the same myostatin-deficient mouse model to look at the impact of the chronic loss of
myostatin on multiple organ systems and found that it appeared to preserve bone density
[51]. From a contrasting perspective, Zimmers [47] investigated the effects of myostatin
over-expression in an animal model and observed a profound loss of muscle and fat,
mimicking the presentation seen in chronically ill patients and commonly referred to
clinically as cachexia. The authors encourage further research into the disruption of
myostatin in an effort to preserve muscle mass in patients with chronic diseases.

As mentioned above, osteocalcin serves as a splendid example of the endocrine function of
bone cells [23]. The circulating level of this osteoblast-derived factor increases with
exercise, binds to the Gprcéa receptor, and affects distant adipocytes and § cells of the
pancreas. Perhaps to balance the physiologic scales, osteoblasts also naturally express the
osteotesicular phosphatase gene (Esp), which inhibits the function of osteocalcin [52]. With
this information in mind, it is of specific interest to the discussion of bone-muscle cross talk
that Gprc6a knockout mice display the phenotype of decreased muscle mass, while Esp
knockout mice have increased muscle mass. Through these observations, it can be proposed
that osteocalcin, a known bone cell factor, may play a role in the regulation of muscle mass.
Certainly, this new knowledge could contribute to a deeper understanding of sarcopenia, and
this osteoblast-derived factor could be a target for the development of therapies to prevent,
delay, or slow the progression of this highly prevalent disorder associated with aging. If this
is useful for sarcopenia, it is possible that it may also be useful for its associated disorder,
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osteoporosis. The endocrine communication that continues to be revealed through the effects
of myokines and osteokines is not limited merely to a bone—-muscle connection. As
illustrated in Fig. 2, there is increased awareness that the factors secreted from tissues
throughout the body impact the overall health of the individual. Support of this dynamic
interrelationship continues to build, especially with regard to the development of chronic
diseases such as obesity, diabetes, and metabolic syndrome. Just as with sarcopenia and
osteoporosis, all of these diseases are on the rise in the elderly population. According to the
Centers for Disease Control and Prevention, the prevalence of obesity among American
adults 65 years of age and older is nearly 35 %, translating into more than 8 million older
adults [53]. The American Diabetes Association Web site reports that nearly 25 % of adults
aged 60 and over have diabetes, and it is also becoming clear that metabolic syndrome
prevalence increases with age [54]. Recognizing the magnitude of the public health
problems posed by sarcopenia, and knowing skeletal muscles to be much more than
contractile motors, a review authored by a distinguished team of researchers [55] called for
increased research into the factors involved in the pathogenesis of sarcopenia more than a
decade ago, in 2001. Data from many studies published around that same time began to
suggest that sarcopenia impacted the development of other chronic conditions such as
cardiovascular and metabolic diseases. These researchers were observing that sarcopenia
apparently leads to dyslipidemia, insulin resistance, and hypertension as well as a decline in
immunologic function [56, 57], which one would predict or expect since muscles are
quintessential for overall body metabolism. A consistent clinical observation is that cachexia
is a direct cause of death as recently reviewed and even suggested by the title of the article
by Kalantar-Zadeh et al. [58].

More than a decade ago, Baumgartner [59] observed that many older adults with sarcopenia
were also obese, with the prevalence increasing with age. The sarcopenicobese older adult
drew the attention of his research team during the New Mexico Aging Process Study,
because they found this subsector of the elderly population to be at especially high risk of
physical disability, balance and gait problems, and falls. In that study, Baumgartner defined
sarcopenia as muscle mass more than two standard deviations (SD) below the mean relative
skeletal muscle mass in a healthy, younger person. That was the first time muscle mass was
used as the published criterion for sarcopenia. Obesity was defined as percent body fat>27
% in men and 38 % in women. One of the remarkable observations this group made caused
them to propose that many obese individuals convert to sarcopenic-obesity with increasing
age due to the loss of lean muscle mass. Jensen and Friedmann [60] reported similar
findings of an increased risk among obese older adults. Intriguingly, we still do not know the
exact role or functions of lean muscle mass over fatty muscle mass, but the link between
better health and lean muscle mass is undisputable.

Additional health risks observed in sarcopenic older adults include insulin resistance and the
development of type 2 diabetes mellitus. Srikanthan et al. [61] conducted a study to
investigate the relationship between sarcopenia, obesity, and age-related insulin resistance.
In their cross-sectional analysis of the National Health and Nutrition Examination Survey Il
(NANES I11), they concluded that sarcopenia, independent of obesity, is associated with
compromised glucose metabolism. Another study conducted around the same time
concurred that type 2 diabetes was associated with an increased risk of sarcopenia [62].
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Certainly, a relationship between diabetes and sarcopenia makes physiologic sense from the
perspective that skeletal muscle represents the largest single sinker for blood glucose. A
decline in muscle mass with aging is, therefore, associated with a decrease in sites for
glucose uptake, which will be further exacerbated by the decline in physical activity. At the
same time, there is a decrease in glycogen synthesis, which might be a factor limiting longer
bouts of physical activity, contributing to the increased fatigability reported in older adults.
Along with this, data support an increase in triglycerides with aging, which have been
indicted both in age-related mitochondrial damage and with blocking of ability of insulin to
facilitate glucose entry into the cell. All of these phenomena contribute to an increase in
blood glucose. Insulin may play a significant role in all of this, as it is a potent anabolic
hormone that impacts glucose, protein, and lipid metabolism. It facilitates glucose uptake,
inhibits hepatic glucose uptake and triglyceride production, inhibits skeletal muscle protein
synthesis, and inhibits adipose tissue lipolysis [63]. Recognizing this relationship, a recent
study provides data supporting a direct relationship between insulin resistance, the loss of
lean muscle mass, and the gain of fat mass in men aged 65 and older [64]. The chronic
complications of diabetes mellitus impact systems throughout the body, including bones.
Individuals with type 1 diabetes mellitus have lower bone mass density, with impaired bone
formation believed to be the primary cause [65]. Patients with either type 1 or type 2
diabetes experience hypercalciuria during times of glycosuria. This increased loss of
calcium has been hypothesized to contribute to impaired bone quality observed with
diabetes, although the direct effects of this loss of calcium on skeletal muscle function
remain elusive. Interestingly, patients with type-2 DM have an increased BMD, but also
have an increased risk of bone fragility [66, 67]. Although through different mechanisms,
both type 1- and type 2-DM predispose patients to osteo-porotic fractures [68]. It is likely
that the increased BMD in type-2 DM reflects a compensatory mechanism that is not present
or lost in type-1 DM.

Clinicians now agree that metabolic syndrome is a valid diagnosis in individuals with at
least three for the following signs: waist circumference =40 in. (men) or =35 in. (women);
triglycerides 2150 mg/dl; HDL <40 mg/dl (men) or <50 mg/dl (women); blood pressure
>130/85; and blood glucose >110 mg/dl. The presence of metabolic syndrome identifies a
group of overweight or obese patients at significant risk for insulin resistance, ectopic fat
accumulation, and cardiovascular and other diseases. With the rapid increase in the number
of older adults, along with the rise in obesity, diabetes, sarcopenia, and osteoporaosis,
research into the connection between all of these conditions is warranted, and tissue cross
talk from both a physical and a biochemical point view should be a leading force toward
new advancements (Fig. 2).

Future Directions

To build on the growing body of knowledge related to bone-muscle interactions, we
recommend continued research into both the mechanical relationship and biochemical cross
talk that exists. The challenge is to accomplish this while avoiding the trap of false
dichotomies. The time is here for integrated research that utilizes the new tools of systems
biology to answer the fundamental questions of how mechanical and biochemical
communication are part of the overall bone-muscle cross talk. Missing at this point are
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highly specific bone-muscle models, to allow manipulation of selected genes and factors,
both biochemical and mechanical, and observe their impact on the bone-muscle unit. The
third challenge will be the expansion of this work to include three additional participants in
the bone—muscle unit: cartilage, ligaments, and tendons. Additionally, and in concert with
these recommended investigations, we recommend continued research into the relationships
that exist between sarcopenia, osteoporosis, and other chronic diseases such as obesity,
diabetes, and other disorders of energy metabolism. While advances are being made in these
areas, it will be ever more important to bridge the gap between bench research and clinical
practice to assure that contributions to the body of knowledge truly translate into meaningful
therapeutic approaches and interventions for patients with musculoskeletal diseases and also
for humankind, at the level of prevention.
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Fig. 1.
Proposed model of bone-muscle cross talk. This original drawing depicts both the

mechanical and biochemical aspects of the bone-muscle cross talk. The largest circle in the
figure represents the organismal level with the overarching influences of genetics, nutrition,
and lifestyle. The two smaller circles represent the theories discussed in the article
explaining bone—muscle communication. The area of overlap signifies that neither theory
operates independent of the other. The “mechanical circle” presents the established principle
that increased muscle load directly contributes to increased bone mass. The dotted line
suggests a similar relationship in the reverse direction. The “biochemical circle” presents the
growing body of evidence related to factors that are secreted from both bones and muscles.
The central area of overlap labeled increased receptor sensitivity portrays the concept that
both mechanical forces and secreted factors could prime or sensitize receptors in both tissues
for reciprocal activity. This central area is also influenced by the global influences of
genetics, nutrition, and lifestyle. On both sides of the figure, the interconnecting levels of
organization reflect the influence of systems biology on the interpretation and understanding
of bone-muscle cross talk
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Fig. 2.
Bone-muscle cross talk, interactions with other tissues, and the impact on chronic diseases.

This original drawing illustrates the concept that interactions among different tissues
throughout the organism are abundant and much more complex than previously realized. In
this larger context, bone—muscle cross talk remains both physiologically and pathologically
relevant but is also seen as being affected by other tissues of the body. At the center of this
figure is the outline of an individual, the patient. The smaller circle, closest to the patient,
lists cells discussed in the text, along with factors they are known to secrete. The dashed line
connecting these cells indicates that they are connected biochemically through the impact
that their secreted factors have on one another. The larger circle surrounding the patient lists
a number of conditions and diseases impacted by the biochemical interactions between cells
listed and others. Special significance for multi-tissue/organ cross talk is revealed by
pathological conditions such as obesity, diabetes, and metabolic syndrome. The dotted line
of this larger circle indicates the developing understanding that these conditions and
diseases impact one another. These conditions seem to directly influence sarcopenia and
osteoporosis as detailed in the text

Clin Rev Bone Miner Metab. Author manuscript; available in PMC 2015 March 31.



