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Most physiological functions originate with the communication between organs. Mouse genetics
has revived this holistic view of physiology through the identification of inter-organ communica-
tions that are unanticipated, functionally important, and would have been difficult to uncover other-
wise. This Review highlights this point by showing how two tissues usually not seen as endocrine
ones, bone and striated muscles, influence several physiological processes in a significant manner.

Introduction

The molecular biology revolution we have experienced over the
last half-century has transformed our understanding of all bio-
logical processes, be they developmental or post-natal, that
occur in complex organisms and especially vertebrates. This
unprecedented impact of molecular biology had another
consequence: It reshaped the way we think about biology,
such that most biological disciplines redefined themselves in
molecular terms. Yet, all disciplines of biology were not
affected in the same manner by the molecular revolution. Phys-
iology and endocrinology, for instance, are two disciplines that
do not center solely on the molecular events occurring in one
cell type; rather, they are concerned with the communications
that exist between different organs. Such communications
occur through secreted molecules. An important contribution
of molecular biology has been to identify new systemic cues
that mediate these inter-organ communications. An equally
important contribution has been providing the toolkit necessary
to determine the functions and biological importance of these
circulating molecules hormones and cytokines in vivo. Specif-
ically, it is the ability to inactivate single genes in single cell
types and in a time-specific manner in the mouse that has
led to the identification of many novel endocrine organs and
hormones. In this way, mouse genetics has illustrated the value
of a whole-organism approach to the study of physiology, pro-
vided of course it is conducted one molecule at a time. This
revival in whole-organism approaches to physiology brings up
the question of the biological relevance of some of these new
findings. One could argue that, as a rule, when the functions
of these recently discovered inter-organ communications and
hormones are observed in unchallenged animals, they must
be considered biologically relevant and may in fact be as
important as the ones discovered in the early part of the 20"
century. As a result, one can anticipate that some of these
new endocrine regulatory loops have the potential to lead to
adapted therapies for some degenerative diseases. Looking
at the recent evolution of biology and at the importance of in-
ter-organ communication as an emerging theme, it is also likely
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that many more functionally important inter-organ communica-
tions and new physiologies remain to be discovered.

The wealth of knowledge regarding inter-organ communica-
tions that has emerged in the last 15 years makes writing a
review article on this topic a daunting task. Rather than superfi-
cially reviewing the many inter-organ communications revealed
by mouse genetics, we focus here on two tissues, bone and
muscle, for the following reasons. Neither tissue was suspected
to perform endocrine functions, let alone to affect in a significant
manner so many physiological processes. Moreover, the realiza-
tion that these organs have endocrine functions occurred
through rather different routes (Grueter et al., 2012; Lee et al.,
2007). By focusing on the endocrine functions of bone and stri-
ated muscles, we propose a rationale for why these tissues
would act in an endocrine manner on the physiological functions
they influence. This rationale could then be used to reveal addi-
tional physiological processes bone or muscle may regulate.

Expanding Bone Biology

The realization that bone is an endocrine organ came from two
contemporaneous and very different lines of investigation. As
illustrated later in this Review, in the case of fibroblast growth
factor 23 (FGF23), the endocrine nature of bone came from the
investigation of phosphate metabolism, which is critical for
proper bone mineralization (Murshed et al., 2005). In another
case, the realization imposed itself as the most plausible, if not
only, interpretation of an experiment that sought and failed to
answer a different question. The goal of this study was to provide
a molecular explanation for why extracellular matrix (ECM)
mineralization occurs in bones (and teeth) but in no other
collagen-rich ECMs. Hypothesizing, wrongly as it turned out,
that this process is driven by proteins secreted by osteoblasts
in the bone ECM that would then trigger the deposition of mineral
ions onto collagen fibers, our attention focused on one protein
osteocalcin. There were excellent reasons for this, even in retro-
spect. Osteocalcin is an osteoblast-specific protein that is
secreted in large amounts in the bone ECM, and the genes en-
coding osteocalcin start to be expressed during development,
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around the time bone mineralization begins. Even more sugges-
tive was the fact that, through the gamma carboxylation of three
glutamic acid residues (“Gla” residues), osteocalcin acquires a
high affinity for mineral ions (Lian et al., 1978). And yet, neither
the inactivation of Osteocalcin nor its overexpression in osteo-
blasts or other cell types had any effects on ECM mineralization
in bones or other tissues (Ducy et al., 1996; Murshed et al., 2004).
However, Osteocalcin-deficient (Osteocalcin™~) mice had two
obvious, albeit unexpected, phenotypes. The most overt pheno-
type was the dramatic increase in abdominal fat compared to
wild-type littermates. A second more subjective observation
was that Osteocalcin-deficient mice started to breed later and
became infertile sooner than wild-type littermates. Thus, the
inactivation of an osteoblast-specific protein secreted in the
bone ECM influenced two physiological processes that do not
directly involve bones: fat accumulation and reproduction. The
surprising nature of these observations brought to fore other fea-
tures of osteocalcin that had been previously overlooked. First,
like most peptide hormones, osteocalcin is produced as a pre-
pro-molecule that is sequentially cleaved in osteoblasts so that
only the mature protein is secreted. Second, like many hor-
mones, osteocalcin is present in the general circulation in the
ng/ml range in all species tested, and its circulating levels follow
a circadian rhythm in humans (Gundberg et al., 1985; Hauschka
et al., 1989).

Thus, phenotypes of Osteocalcin-deficient mice, and some
biochemical characteristics of osteocalcin, suggested that it
might be a peptide hormone secreted by osteoblasts. In fact, os-
teocalcin is not the only hormone synthesized by bone cells.
FGF23 is also synthesized by osteoblasts, reaches the general
circulation, and acts in the kidney to favor phosphate elimination
(Fukumoto and Shimizu, 2011). There is, however, an important
difference between FGF23 and osteocalcin: FGF23 regulates
phosphate metabolism, a process intimately linked to bone
health itself (Murshed et al., 2004). In contrast, at least one of
the functions of osteocalcin—the regulation of fat mass—had
no known link to bone health. This set of observations also raised
questions of greater significance: why would bone have any
other function besides making bone, and if it does, what might
these functions be?

Bone as an Endocrine Organ

The view of bones as an assembly of calcified tubes allowing an-
imals living on land to stand, walk, and run is deeply entrenched
in our biomedical culture. So much so that there is a need to
explain why, of all tissues, bone should be suspected a priori
to be an endocrine organ and, as such, what physiological func-
tions it would be expected to regulate. For that purpose, one
needs to describe a cell biological feature that is unique to
bone, its implications, and how clinical observations confirm
the suspicion this feature of bone biology generates.

Bone is the only tissue in our body that contains a cell type, the
osteoclast, whose main function is to destroy the tissue in which
it resides (Teitelbaum, 2000). This destruction, or resorption, of
bone must be energetically demanding since it occurs daily in
multiple locations in one of the largest organs in the body.
Bone resorption is only one aspect of a biphasic physiological
process called bone modeling during childhood and remodeling

during adulthood, in which bone formation invariably follows
bone resorption. Since bone formation requires that osteoblasts
synthesize and secrete daily, large amounts of proteins to form
the ECM, it is also likely to be energetically expensive. This con-
stant alternation of bone destruction and bone formation fulfills
biological functions of fundamental importance: bone modeling
allows the longitudinal growth of the skeleton during childhood
and therefore the ability to stand, walk, and run; as of bone re-
modeling it was originally intended to repair micro- and macro-
damages, i.e., fractures. The hypothesis that bone (re)modeling
is an energetically costly physiological process becomes a real-
ity when looking at clinical situations. Most clearly, when access
to food—i.e., energy—is limited, bone growth stops in children
and bone mass decreases in adults.

The powerful influence of food/energy intake on bone
(re)modeling revealed by clinical observations raises two ques-
tions. If energy intake is so important for bone, does bone in
turn regulate energy metabolism, or is bone an endocrine organ
regulating energy metabolism? The second and more ambitious
question is to rationalize why evolution came up with an invention
as energetically costly as bone precisely at a time when food/
energy was so scarce. A possible answer to this question could
be that the evolutionary advantage conferred by bone to animals
living on land by the ability to stand, walk, and run justified its
invention. Another possible answer to this question that is not
mutually exclusive is that bone fulfills important aspects of en-
ergy metabolism and maybe other physiological functions. One
other function possibly regulated by osteocalcin is suggested
by another clinical observation that resonates with the sus-
pected decrease in fertility of the Osteocalcin-deficient mice.
This clinical observation is that bone mass declines in both sexes
when gonadal functions end. One could then argue that, in a
feedback loop, bone may also regulate fertility in one or both
sexes.

When confronting the phenotypes of Osteocalcin-deficient
mice and the cell biological and clinical observations mentioned
above, we proposed that there may be a coordinated regulation,
endocrine in nature, of bone mass, energy metabolism, and
reproduction. Although we verified other tenets of it (Ducy
et al., 2000; Takeda et al., 2002; Yadav et al., 2009), the most
novel implication of this hypothesis is that bone should be an
endocrine organ.

The Anticipated Functions of Osteocalcin
The difficulty in testing whether osteoblasts affect energy meta-
bolism through osteocalcin is that energy metabolism includes a
loosely defined aggregate of processes ranging from food intake
to the utilization of nutrients in peripheral tissues. The approach
used to circumvent this difficulty was to co-culture osteoblasts
with other cell types or organ explants that secrete hormones
regulating key aspects of energy metabolism. The two structures
tested in this experimental scheme were pancreatic islets, given
the number of aspects of energy metabolism regulated by insu-
lin, and adipocytes since leptin indirectly regulates osteoblast
function (Ducy et al., 2000; Elefteriou et al., 2005; Takeda
et al., 2002; Yadav et al., 2009).

Supernatants of wild-type osteoblasts enhance the expres-
sion of Insulin in pancreatic islets and of Adiponectin in
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Figure 1. Endocrine Roles for Osteocalcin

Schematic representation of the main organs whose functions are affected by
osteocalcin (pancreas and testes) and FGF23 (kidney), the two osteoblast-
derived hormones. Gprc6a is the receptor for osteocalcin in pancreatic 3 cells
and Leydig cells of the testes; FGFR1 and Klotho mediate FGF23 signal in
tubular cells of the kidney.
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adipocytes. Several criteria of specificity strengthened these
findings. For instance, the supernatant of fibroblasts, the cell
type that is the most closely related to osteoblasts, fails to stim-
ulate Insulin or Adiponectin expression. A second criterion of
specificity is that, among all the hormones expressed by pancre-
atic islets and adipocytes, only Insulin and Adiponectin expres-
sion is affected by the supernatant of osteoblast cultures. That
none of these changes in gene expression are observed when
using the supernatants of Osteocalcin-deficient osteoblasts
identified osteocalcin as an osteoblast-derived hormone that af-
fects Insulin and Adiponectin expression. These studies also
identified the active form of osteocalcin since addition of uncar-
boxylated but not carboxylated osteocalcin increased Insulin
and Adiponectin expression in islets and adipocytes, respec-
tively (Lee et al., 2007).

The in vivo analysis of the endocrine functions of osteocalcin
has greatly benefited from the existence of mouse models of
global (Osteocalcin deficient) and osteoblast-specific loss
(Osteocalcin,sp-deficient mice) and gain of function of osteocal-
cin (Esp-deficient and Esp.gsp-deficient mice), each model
serving as a mirror image control for the other. Consistent with
the results of cell-based assays, insulin secretion and B-cell pro-
liferation/mass are both decreased in Osteocalcin-deficient
mice. These mutant mice are also glucose intolerant and insulin
resistant when fed normal chow, whereas the opposite is true in
Esposy '~ mice. It remains to be determined if what appears as
an insulin resistance is instead indicative of the fact that osteo-
calcin may favor glucose uptake, independently of insulin. Ex-
plaining in part their changes in fat mass, energy expenditure
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is significantly decreased in Osteocalcin-deficient and increased
in Espesy ’~ mice (Lee et al., 2007). These observations have
been recently extended to human pancreatic islets, in which
the addition of uncarboxylated osteocalcin increases the
expression of the Insulin and of Cyclind2 and Cdk4 genes, two
genes needed for B-cell proliferation (Sabek et al., 2015). More-
over, circulating osteocalcin levels are inversely correlated in
adults with fasting glucose circulating insulin levels, body mass
index, and body fat (Fernandez-Real et al., 2009).

These results demonstrate that osteocalcin is a bone-derived
hormone that regulates B-cell proliferation, Insulin expression,
and insulin secretion in mice and in humans (Figure 1). They
also suggest that the hormonally active form of osteocalcin is
the decarboxylated one. This has been subsequently confirmed
through genetic means (Ferron et al., 2015).

The same co-culture assay has been used to test whether os-
teoblasts and presumably osteocalcin favor reproductive func-
tions. Surprisingly, given that osteoporosis is primarily a disease
of post-menopausal women, neither the supernatant of osteo-
blasts nor uncarboxylated osteocalcin influence the secretion
of estrogen by ovary or follicular cells. In contrast, recombinant
osteocalcin and supernatants of wild-type, but not of Osteocal-
cin-deficient, osteoblast cultures induce the secretion of testos-
terone by Leydig cells of the testes. Here again, the experiment is
controlled in several ways; supernatants of no other mesen-
chymal cell types could increase testosterone secretion by Ley-
dig cells of the testes, and osteocalcin does not increase the
secretion of estradiol, a derivative of testosterone, by Leydig
cells. Extending these cell-based assays, the analysis of cell-
specific loss- and gain-of-function mouse models of osteocalcin
function, as well as the treatment of Leydig cells with osteocal-
cin, show that uncarboxylated osteocalcin signals directly to
Leydig cells to favor the expression of all genes encoding the en-
zymes necessary for testosterone synthesis but does not affect
the expression of Cyp19 that is needed for the aromatization of
testosterone into estradiol. As a result, male mice lacking osteo-
calcin show typical features of hypo-testosteronemia—e.g., low
sperm count and lower weight of the epididymis and testes
(Figure 1). In contrast, the circulating levels of luteinizing hor-
mone that favor testosterone secretion were increased in Osteo-
calcin-deficient mice (Oury et al., 2011).

The Other Side of Osteocalcin

Once the predicted endocrine functions of osteocalcin were
demonstrated, a systematic search for other target organs for
this hormone began. In this regard, Osteocalcin-deficient mice,
regardless of gender, are markedly more docile than their wild-
type littermates. Initially, this docility was ascribed to the low
circulating level of sex steroid hormones that was suspected to
exist in Osteocalcin-deficient mice of both sexes. However,
once it was shown that osteocalcin regulates sex steroid hor-
mones synthesis only in male mice, this phenotype took another
dimension and was analyzed rigorously. The docility of female
Osteocalcin-deficient mice could be traced to a decrease in
the synthesis of all monoamine neurotransmitters and to an in-
crease in GABA. In agreement with the extent of these abnormal-
ities and the biological importance of these neurotransmitters,
these mice displayed severe behavioral phenotypes such as
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Maternally derived osteocalcin crosses the placenta, reaches the developing
brain, and favors hippocampal development. In adult animals, osteocalcin
crosses the blood-brain barrier, regulates the synthesis of various neuro-
transmitters, prevents anxiety, and favors spatial learning and memory. The
receptor for osteocalcin in the brain has not been identified yet.

increased anxiety and a profound deficit in spatial learning and
memory. These abnormalities are due to a lack of signaling of os-
teocalcin in the brain, since delivery of the hormone in the brain
through intracerebroventicular infusion corrects them. Osteocal-
cin affects neurotransmitter synthesis because it crosses the
blood-brain barrier and binds specifically to serotonergic neu-
rons of the raphe nuclei in the brainstem and to neurons of the
CA3 region of the hippocampus and of the dopaminergic
nucleus of ventral tegmental area in the midbrain. Hence, these
experiments demonstrate a significant influence of bone on
neurotransmitter synthesis in the brain and on cognition (Oury
et al., 2013b).

As unexpected as these findings were, another observation
was even more surprising. A histological analysis showed that
the hippocampi of Osteocalcin-deficient mice are hypoplastic
compared to those of WT littermates. This developmental defect
is puzzling because Osteocalcin is not expressed during mouse
embryogenesis before the last two days of gestation (Oury et al.,
2013b). Studying this observation reveals that maternally derived
osteocalcin crosses the placenta and favors hippocampus
development by preventing neuronal apoptosis. As a result,
Osteocalcin-deficient mice exhibited a more severe cognitive
deficit when their mothers were also lacking Osteocalcin.
Conversely, providing osteocalcin once a day to pregnant
Osteocalcin-deficient mothers normalized the development of
the hippocampus and partly rescued the deficit in memory in
their Osteocalcin-deficient progeny. The observations that
maternal osteocalcin contributes to the development of the brain
in the embryo identifies osteocalcin as a molecule responsible
for the beneficial influence of the mother’s health on the develop-
ment of the brain and cognitive functions of the offspring
(Figure 2) (Oury et al., 2013b). The notion that maternal osteocal-
cin is present in the embryo before expression of Osteocalcin
also suggests that osteocalcin may have a broader than antici-
pated influence on the health of the offspring.

Questions Raised by the Functions of Osteocalcin

The nature, extent, and number of the endocrine functions of
osteocalcin raise interesting new questions. Key among them
is the identity of the receptor for osteocalcin and whether the bio-
logical relevance of these findings extends beyond genetically
modified mice. In other words, are the endocrine functions of
osteocalcin observed in mice conserved in humans? These
questions have been addressed through the study of the repro-
ductive functions of osteocalcin.

Osteocalcin’s stimulation of testosterone secretion by Leydig
cells follows a bell-shaped curve reminiscent of what is observed
when a ligand binds to a G-protein-coupled receptor (GPCR).
Further supporting this notion, treating Leydig cells with osteo-
calcin induces production of cAMP, while it fails to induce tyro-
sine phosphorylation, ERK activation, or intracellular calcium
accumulation. These data justified a search for a GPCR that
would be expressed in Leydig cells of the testes but not in follic-
ular cells of the ovary and would transduce the osteocalcin
signal. This screen identified a single candidate, Gprc6a (Oury
et al.,, 2011). Of note, mice lacking Gprc6a display metabolic
and male reproductive abnormalities similar to those seen in
Osteocalcin-deficient mice (Pi et al., 2008). Analysis of cell-spe-
cific gene deletion and compound mutant mice lacking one allele
of Osteocalcin and one allele of Gprc6a in Leydig cells or B cells
verifies that Gprc6a mediates the osteocalcin signal in these cell
types (Oury et al., 2011; Wei et al., 2014b).

Remarkably, Gprc6a is not expressed in any of the brain struc-
tures to which osteocalcin binds, and Gprc6a-deficient mice
have normal neurotransmitter accumulation in the brain, normal
hippocampal development, and normal cognitive functions.
These findings rule out that the cognitive defects seen in mice
lacking Osteocalcin are secondary to their metabolic or endo-
crine abnormalities since these abnormalities are equally severe
in Osteocalcin and Gprc6a-deficient mice; on the other hand,
they raise the question of the identity of the receptor(s) of osteo-
calcin in the brain.

Providing evidence that the endocrine functions of osteocalcin
also exist in humans is helped by the fact that the reproductive
phenotype of Osteocalcin-deficient mice, low testosterone
levels and high circulating levels of luteinizing hormone, bears
resemblance to peripheral testicular insufficiency in humans.
Sequencing all exons of Osteocalcin and Gprc6a in 59 of these
patients identified two unrelated individuals harboring the
same dominant-negative mutation in a conserved residue of
the GPRCG6A extracellular domain, a mutation that could not be
found in control individuals. Of note, glucose tolerance was
also abnormal in both patients (Oury et al., 2013a). Although
more studies are needed, these data suggest that signaling
through GPRCB6A, presumably by osteocalcin, is required for
testosterone synthesis by Leydig cells in humans.

This work also raises the question of the potential influence of
osteoblasts on insulin and adiponectin, the two hormones whose
expression is regulated by osteocalcin. Addressing the relation-
ship between bone and pancreas from the viewpoint of insulin
helps explain how osteocalcin, a constituent of the bone ECM,
becomes a hormone. Through its signaling in osteoblasts, insulin
inhibits the expression of Osteoprotegerin, an inhibitor of osteo-
clast differentiation; thus, insulin signaling in osteoblasts favors
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bone resorption. Since the only known means to decarboxylate a
protein once outside the cell is a low pH such as the one reigning
within the resorption lacunae, insulin signaling in osteoblasts al-
lows the carboxylated form of osteocalcin present in the bone
ECM to be decarboxylated on one particular Gla residue and
released in the general circulation (Ferron et al., 2010). These re-
sults identified bone as a more significant insulin target organ
than previously thought and led to the demonstration that bone
is a site of insulin resistance in diabetic mice (Wei et al.,
2014a). The demonstration that osteocalcin also regulates adi-
ponectin expression led to the realization that, in unchallenged
mice, adiponectin is a powerful regulator of bone formation (Ka-
jimura et al., 2013).

More topical questions remain to be addressed. For instance,
we do not know how osteocalcin favors energy expenditure or
glucose uptake in peripheral tissues. Likewise, the influence of
maternal osteocalcin on glucose homeostasis in the offspring
has not been accounted for. The fact that another hormone be-
sides luteinizing hormone, be it osteocalcin made in bone, favors
sex steroid synthesis in the male but not female gonads raises
the question of whether such a hormone exists in females and,
if so, which tissue synthesizes it. As for the cognitive functions
of osteocalcin, not only do we need to identify its receptor in
the brain but we also need to determine whether osteocalcin
can improve cognition in wild-type animals, young and old.
Given the progressive aging of the general population and the
paucity of drugs to treat or prevent the age-related decline in
cognition, this is a question of critical importance. There is an
important aspect of bone biology that is worth mentioning in
that context. Bone mass remains relatively constant for the first
three decades of life and begins to decrease thereafter. This
decrease is greatly accelerated at the time of menopause in
women, but in both sexes, there is a marked decrease in bone
mass with aging. This observation raises the question of whether
bone in its endocrine capacity may in fact delay the age-related
decrease in some physiological functions and may prevent the
appearance of some aging manifestations. We now have the
tools to address to test this hypothesis in vivo.

But again, the question of broader significance looming
behind the apparently disparate nature of the physiological func-
tions regulated by osteocalcin is to understand what were the
evolutionary advantages of the endocrine function of bone. Ad-
dressing this question in full will require identifying all functions
of osteocalcin and possibly the ones of other hormones made
by bone cells. Yet, one could use features shared by the known
functions of osteocalcin to try to get at the logic of bone as an
endocrine organ. It is obvious that male fertility is needed for
the survival of any species. To a certain extent, the same can
be said of the ability to utilize glucose in peripheral tissues and
to remember where food sources and predators are located,
for animals living in a hostile environment such as the ones in
which bony vertebrates lived early on. Under this light, the endo-
crine functions of osteocalcin and the classical functions of bone
suggest that this tissue may have conferred evolutionary advan-
tages of two types. By allowing walking and running, bone
enabled animals to escape danger and to find food. At the
same time, through its endocrine functions, bone may have pro-
vided a means of survival in hostile environments. This view of
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the endocrine functions of bone is mainly a tool to search for
additional physiological processes it may regulate. One would
expect that not all endocrine functions of bone will be fulfilled
by osteocalcin or FGF 23 and that other bone-derived hormones
will be characterized in the future.

The Regulation of Phosphate Metabolism by Bone

A key aspect of bone physiology is mineralization of the bone
ECM, a process in which phosphate plays a critical role
(Murshed et al., 2004). There is no better example of inter-organ
communication than the regulation of phosphate balance in the
body since it involves the kidneys, intestines, bones, and para-
thyroid glands.

The notion that phosphate metabolism is regulated by a
secreted factor came from the observation that transplanting a
healthy kidney in a patient with a phosphate wasting disease
could not correct the disease; this implied that the cause of
phosphate wasting was not in kidney itself but originated from
another organ (Morgan et al., 1974). The humoral factor with
phosphaturic activity whose existence was suggested by this
observation was later identified as FGF23, a protein synthesized
by osteoblasts and osteocytes (Fukumoto and Shimizu, 2011;
Razzaque and Lanske, 2007). FGF23 acts in the renal proximal
and distal tubules, where it inhibits phosphate reabsorption. In
addition, FGF23 suppresses the production of 1, 25(0OH), vitamin
D3 by inhibiting the 1a-hydroxylase. This latter function also
contributes to the phosphate wasting effect of FGF23 that, in
pathological circumstances, leads to poor mineralization of the
skeleton (rickets in children, osteomalacia in adults). To regulate
phosphate reabsorption, FGF23 binds to a complex made of
FGFR1 and the co-receptor Klotho (Figure 1) (Urakawa et al.,
2006). It is still an open question whether FGF23 has additional
physiological functions apart from its inhibition of phosphate re-
absorption and 1, 25(0OH), vitamin D3 biosynthesis.

Cardiac and Skeletal Muscle as Endocrine Tissues

Mouse genetics has identified several other organs besides
bone for which an endocrine signaling function was not intuitively
obvious. For instance, while cardiac and skeletal muscle partic-
ipates in some expected endocrine dialogs with other tissues,
other endocrine functions of these striated muscles, such as
the control of chondrogenesis, were unexpected (Baskin et al.,
2015; Doroudgar and Glembotski, 2011; Egan and Zierath,
2013; Pedersen and Febbraio, 2012; Shimano et al., 2012).
Inter-tissue signaling from muscle often occurs in response to
contractile activity and, in many cases, serves to modulate en-
ergy storage or consumption in distal tissues. Communication
between muscle, liver, and adipose tissues and the brain is espe-
cially important for balancing metabolism across the body. The
importance of muscle as a gatekeeper of energy metabolism is
best illustrated by the variety and severity of the disorders
such as metabolic syndrome, obesity, and type 2 diabetes that
are secondary to perturbations of inter-tissue metabolic commu-
nication to and from skeletal muscle. Aging, which is associated
with the loss of muscle mass and function, also perturbs
signaling from muscle to distal tissues. While the role of muscle
in modulation of metabolism of distal tissues is the best under-
stood aspect of muscle endocrine signaling at present, it seems
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Myostatin and IL-6 signal from skeletal muscle to
distal tissues and also exert autocrine functions to
suppress muscle growth and enhance glucose
uptake, respectively. Natriuretic peptides (NPs)
released from the heart regulate diverse pro-
cesses in distal tissues. The Mediator subunit
MED13 acts in the heart to enhance fatty acid
oxidation in liver and white adipose tissue. The
factor(s) that mediate(s) signaling from cardiac
MED13 to distal tissues have not been identified.
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2013; Whittle and Vidal-Puig, 2012). For
example, NPs are now known to act on
skeletal muscle to enhance expression
of genes involved in mitochondrial oxida-
tion (Engeli et al., 2012). In addition, they
act on white adipose tissues (WAT) to
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likely that additional endocrine influences of muscle will also be
uncovered, as suggested by recent studies demonstrating an in-
fluence of the heart and skeletal muscle on the skeleton (Dank-
bar et al., 2015; Kondo et al., 2015; Tagliaferri et al., 2015).

Systemic Metabolic Control by the Heart
Although representing a relatively minor contribution to body
mass, the heart consumes a disproportionate amount of energy,
estimated to account for ~10% of whole-body energy consump-
tion. In addition to its obvious role in maintaining blood flow, it
has become increasingly apparent that the heart participates in
endocrine signaling between tissues to regulate energy con-
sumption and metabolism (Figure 3). Indeed, given the impor-
tance of uninterrupted cardiac function for life, and the fact
that the heart stores only enough energy for the ensuing few
heart beats, it makes sense that the heart is intimately linked to
the body’s energy sources. Thus, under conditions of compro-
mised cardiac function, the heart may signal to distal organs to
enhance the release of energy substrates and/or to diminish en-
ergy consumption. In addition to these metabolic connections,
the heart has been shown to modulate other unexpected func-
tions in distal tissues, such as the control of sodium balance
and endochondral bone growth and remodeling. The heart is
comprised of numerous cell types, including atrial and ventricu-
lar cardiomyocytes, endocardial cells, and epicardial cells, each
of which may exert short- and long-range endocrine actions.
Several endocrine-like peptides originate from the heart. The
most extensively studied of these are the natriuretic peptides
(NPs), atrial NP (ANP) and B-type NP (BNP). These peptides
are normally expressed by atrial cardiomyocytes; are induced
in ventricular myocytes in response to mechanical, hemody-
namic, ischemic, and neurohumoral stress; signal to the kidneys
where they promote diuresis and natriuresis; and induce vasodi-
lation, protecting the heart from volume and pressure overload.
Recently, unexpected functions of NPs in metabolic control
have been uncovered (Collins, 2014; Collins and Bordicchia,

promote lipolysis and “browning” of adi-
pocytes by activating expression of
genes involved in energy expenditure
and thermogenesis (Bordicchia et al., 2012). ANP also stimulates
adipocytes to produce adiponectin, a peptide that controls
glucose and fatty acid metabolism and food intake (Birkenfeld
et al., 2012). NPs also inhibit leptin release by adipocytes and
appear to act on the arcuate nucleus in the hypothalamus to con-
trol food intake (Yamada-Goto et al., 2013). Insulin upregulates
the expression of NP receptor C (NPRC) in human adipocytes,
pointing to further endocrine interactions between the heart
and its endocrine target tissues (Pivovarova et al., 2012). Circu-
lating NP levels correlate inversely with visceral and liver
adiposity, and reduced NP levels have been linked to the devel-
opment of type 2 diabetes. Finally, and perhaps least expected,
is the finding that NPs act on chondrocytes to stimulate endo-
chondral bone growth (Kondo et al., 2015; Nakao et al., 2015).
Accordingly, a loss of function of the NP receptor B (NPRB) is
shown to cause acromesomelic dysplasia, Maroteaux type
(AMDM), and plasma levels of CNP are elevated in other forms
of chondrodysplasia (Olney et al., 2015).

A Transcriptional Basis of Cardiac Endocrine Signaling

The unraveling of the endocrinology of heart and skeletal muscle
is still in its infancy. Advances in this field are being made through
the identification of new hormones or novel functions for known
hormones, but they have also been made through a priori unre-
lated types of studies such as some transcriptional analyses. Ina
recent example, an unexpected endocrine influence of the heart
was uncovered on the basis of metabolic phenotypes in mice in
which MED13, a component of the mediator complex, is
genetically manipulated. The mediator complex coordinates
transcription by linking signal-dependent and cell-type-specific
transcription factors with the basal transcription machinery
(Baskin et al., 2015; Chen and Roeder, 2011). Analysis of the
functions of the Mediator subunit MED13 in the heart reveals
an unexpected signaling axis between the heart and the liver
and WAT depots (Grueter et al., 2012) (Figure 3). Cardiac over-
expression of MED13 in transgenic mice confers a lean
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phenotype and resistance to obesity in response to a high-fat
diet, whereas cardiac-specific deletion of MED13 sensitizes
mice to weight gain on a high-fat diet. Cardiac MED13 signaling
promotes the systemic clearance of lipid from the blood and en-
hances expression of many genes involved in fatty acid oxidation
and the Krebs cycle in WAT and liver (Baskin et al., 2014a). Para-
biosis experiments in which the circulation of a mouse overex-
pressing MED13 in the heart is coupled to that of a wild-type
mouse results in the acquisition of a lean phenotype by the
wild-type parabiot (Baskin et al., 2014b).

Overall, these findings point to the existence of a secreted fac-
tor emanating from the heart that acts on distal energy reserves
to promote energy consumption. The factor(s) responsible for
this effect have not yet been defined. In principle, such factors
could be peptides or metabolites.

Endocrine Signaling by Skeletal Muscle

As the largest tissue in the body, accounting for ~40% of body
mass of lean individuals, skeletal muscle plays a dominant role
in the control of systemic energy metabolism and insulin sensi-
tivity. The majority of diet-derived glucose is taken up by skeletal
muscle in response to insulin signaling with excess glucose
stored as muscle glycogen. In response to exercise, skeletal
muscle emits signals to distal tissues involved in energy storage
and production to fine tune energy utilization by the body (Egan
and Zierath, 2013) (Figure 3). Perturbation of inter-tissue meta-
bolic communication to and from skeletal muscle is associated
with a variety of disorders, including metabolic syndrome,
obesity, and type 2 diabetes. Signaling from muscle to distal tis-
sues to modulate systemic energy homeostasis appears to
represent an ancient system for inter-tissue communication, as
similar endocrine signaling mechanisms have been uncovered
in Drosophila (Lee et al., 2014).

While the importance of skeletal muscle in the regulation of
glucose homeostasis has long been appreciated, the realization
that this tissue also functions in an endocrine manner by secre-
tion of biologically active peptides that act at close and long
range was not recognized until much later. In recent years, pro-
teomics studies have identified hundreds of proteins secreted
from mouse and human muscle, referred to as myokines, that
act in autocrine, paracrine, and endocrine manners. In addition
to their roles in the governance of metabolism, many of these
proteins have been implicated in the modulation of inflammation,
angiogenesis, and myogenesis and are regulated by diverse
stimuli, including exercise/activity, insulin resistance, and aging.
A few of many examples are discussed below.

Myostatin

The first myokine discovered was Myostatin (also referred to as
growth and differentiation factor (GDF)-8), a muscle-specific
member of the transforming growth factor-p (TGF-f) superfamily
(McPherron et al., 1997). Myostatin acts in an autocrine manner
to suppress skeletal muscle growth. Loss-of-function mutations
in Myostatin in mice, as well as in sheep, cattle, dogs, and hu-
mans, result in extreme skeletal muscle hypertrophy, reflecting
the loss of the inhibitory influence of myostatin on muscle
growth. The dramatic enhancement of muscle growth upon
blockade of myostatin signaling reflects an increase in the num-
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ber of myofibers formed during embryogenesis and an increase
in size of myofibers post-natally. Myostatin suppresses muscle
growth by binding either of the type Il activin receptors (lla or
IIb), which couple to the type | receptors ALK4 and ALKS5, stim-
ulating the phosphorylation and activation of SMAD transcription
factors (Sartori et al., 2014). Various myostatin binding proteins,
such as follistatin, also serve to suppress myostatin action,
thereby promoting muscle growth. In addition to the autocrine
control of muscle size, myostatin acts distally to modulate meta-
bolism (Buehring and Binkley, 2013; Feldman et al., 2006; Singh
et al., 2014). Thus, mice lacking myostatin display reduced fat
mass and improved insulin sensitivity (McPherron and Lee,
2002). Conversely, myostatin levels are elevated in obese indi-
viduals, although the potential significance of this observation
remains to be established (Buehring and Binkley, 2013). Myosta-
tin appears to act as an hormone and, for instance, can directly
modulate bone remodeling by stimulating osteoclast differentia-
tion (Dankbar et al., 2015).

Involvement of Myokines in Energy Metabolism
Interleukin-6 (IL-6), one of the first myokines identified, displays a
marked increase in the circulation during exercise; however,
since /-6 is not muscle specific, it is not known which tissue is
responsible for this increase nor do we know what triggers it.
This is an important question to address in order to understand
the entire molecular cascade accounting for adaptation to exer-
cise. IL-6 fulfills several functions that together favor exercise.
On the one hand, IL-6 signals in the liver to promote glucose
by upregulating gluconeogenic genes and in white adipose tis-
sue to enhance lipolysis; in so doing, IL-6 favors the production
of the nutrients needed by muscle during exercise. On the other
hand, IL-6 acts in an autocrine manner in skeletal muscle to stim-
ulate glucose uptake during exercise (reviewed in Pedersen and
Febbraio [2012]). IL-6 also stimulates fatty acid oxidation in adi-
pocytes and enhances the production of anti-inflammatory cyto-
kines.

For a comprehensive discussion of other myokines, the reader
is directed to several excellent reviews (Shimano et al., 2012; Be-
natti and Pedersen, 2015; Rai and Demontis, 2016).

Conclusions
In the context of this issue focused on communication, this Re-
view uses two tissues traditionally not presented in this light,
the skeleton and striated muscle, to illustrate how a molecular
genetic approach has rediscovered that physiology is first a sci-
ence of inter-organ communication. This re-learning of physi-
ology through the prism of mouse genetics over the course of
the last 20 years has established physiology as a new frontier
in biology. That the osteoblast and the myoblast have become
full-fledged endocrine cells could not have been anticipated 20
years ago. The discovery of their endocrine roles marks a
dawn of a new era in physiology as it is likely that several other
cell types in other organs will be found to play such a function
and therefore that many novel inter-organ communications will
be discovered.

If we look at the unique physiological functions of the muscu-
loskeletal systems, several lessons can already be learned.
A first one is that, of course, the interplay between bone or



striated muscles and various aspects of energy metabolism is a
central feature of this novel physiology. This certainly can be
rationalized given the high metabolic demands of these organs.
A second lesson is that all physiological functions were and
remain important to assure the survival of all vertebrates and,
therefore, there is really no reason to think that the musculoskel-
etal system or any organ would regulate only energy metabolism.
The extent to which male fertility and cognition are regulated by
bone and the role of heart-derived natriuretic protein in the con-
trol of chondrogenesis are clear examples of that (Woods et al.,
2007). This is important to keep in mind, as the entire palette of
physiological functions regulated by the musculoskeletal system
is not even known. And again it should be emphasized that the
musculoskeletal system is only one example. What we have
learned through different means about its involvement in
whole-organism physiology should be viewed as a promise
that many other organs will be shown to regulate physiological
functions not classically associated with them.

Lastly, since physiology is so closely linked to the develop-
ment of acquired diseases, it is now possible to think of devel-
oping adapted therapies for degenerative diseases whose
prevalence is steadily growing along with the progressive aging
of the population, for which there is still little understanding at the
organismal level.
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