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Abstract

Classical studies of vertebrate physiology have usually been confined to a given organ or cell 

type. The use of mouse genetics has changed this approach and has rejuvenated the concept of a 

whole-body study of physiology. One physiological system that has been profoundly influenced 

by mouse genetics is skeletal physiology. Indeed, genetic approaches have identified several 

unexpected organs that affect bone physiology. These new links have begun to provide a plausible 

explanation for the evolutionary involvement of hormones such as leptin with bone physiology. 

These genetic approaches have also revealed bone as a true endocrine organ capable of regulating 

energy metabolism and reproduction. Collectively, the body of work discussed below illustrates a 

new and unconventional role for bone in mammalian physiology.
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INTRODUCTION: THE OBVIOUS AND BEYOND

Physiology has been approached by two different methodologies. Molecular physiology 

is the most recent approach and deals with the function of one particular cell type 

or one protein (or group of proteins), usually with a focus on transcription factors, 

membrane surface receptors, or ion channels. This focused approach has provided a better 

understanding of molecular or cellular events and has contributed to novel rationales for 

effective treatments of human disease. However, the physiological approach that predates 

molecular methods is whole-organism physiology. Claude Bernard initially defined this 

aspect of physiology when he described the milieu interiéur. In the next century, W.C. 

Cannon forged the fundamental concept of homeostasis, and L.J. Henderson proposed that 

there is functional dependency between organs (1–4). Now, many decades later, the ability 

to spatially and temporally inactivate one gene in a particular cell type has provided critical 

experimental tools for studying and understanding whole-organism physiology. Below, we 

discuss how a whole-organism approach to physiology has influenced and transformed our 

understanding of bone physiology. This transformation was made possible by leveraging 
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fully the concept of functional dependency and in all cases by providing a molecular basis 

for the novel functions that are described in detail in this review.

SPECIFIC FEATURES OF BONE AND THEIR IMPACT ON WHOLE-

ORGANISM PHYSIOLOGY

To surmise which organs the skeleton and more precisely bones interact with, one needs to 

look at two characteristics of bone tissue. Bone is the only tissue in the body that contains 

a cell type whose function is to destroy (resorb) the host tissue, the osteoclast. Destruction 

of bone can be viewed as an autoimmune reaction and is required during bone modeling, 

which is responsible for linear growth in childhood, and during bone remodeling, which is 

responsible for maintenance of bone mass in adulthood (5–8).

Bone is also one of the largest tissues in the human body. This second important feature of 

bone implies that bone remodeling consumes a large amount of energy. For this reason, we 

hypothesized that bone remodeling must be coordinately regulated with energy metabolism 

(5, 9). Clinical evidence supports this hypothesis. For instance, anorexia nervosa in children 

leads to a complete arrest of skeletal growth. Likewise, adult anorectic patients develop 

osteoporosis, whereas adult obese patients display a higher bone mass that protects them 

from osteoporosis (10–14). Although these studies are subject to interpretation, they suggest 

a correlation between bone mass accrual and food intake.

Clinical experiences tell us one more thing. One of the most-established features of bone 

pathology is that osteoporosis, a low-bone-mass disease, appears after menopause (11, 15, 

16). In other words, sex steroid hormones regulate bone mass. It is also possible that bone or 

bone-derived hormones reciprocate to regulate fertility. At a more global level, one wonders 

if bone mass accrual, energy metabolism, and reproduction are all coordinated by endocrine 

regulation (9). The possible cross talk between these three distinct physiological systems has 

several implications. First, such a coordinated regulation would begin with bony vertebrates 

because the energetic needs of bone modeling and remodeling justify its existence. Second, 

given the role of the brain in energy homeostasis, bone (re)modeling may be subject to 

central regulation. Finally, there are likely to be feedback loops that originate from bone 

and that affect energy metabolism. Current data supporting the hypothesis that bone mass, 

metabolism, and reproduction are linked are presented below.

BONE AS IT IS KNOWN TO BE: A TAKER

Coordinated Control of Bone Mass and Energy Metabolism: The Viewpoint of the 
Adipocyte (Part I)

Of all hormones known to regulate energy metabolism, leptin is the best candidate to 

test the hypothesis that bone mass, metabolism, and reproduction are linked. Leptin, an 

adipocyte-derived hormone, regulates appetite, energy expenditure, and fertility by signaling 

in the brain (9, 17–22). Thus, it fulfills many requirements of our hypothesis. A less obvious 

but equally important reason is that leptin appears during evolution with bone cells, not with 

appetite, reproduction, or adipocytes (23, 24). It is reasonable to assume that the appearance 

of a given gene during evolution coincides with the functional needs of a given organism. 
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If we apply this general assumption to leptin, its appearance in bony vertebrates might 

suggest an endocrine link between the control of bone (re)modeling and the control of 

energy metabolism. This hypothesis has been addressed and was validated largely by using 

cell-specific loss-of-function leptin mouse models.

In addition to its role in energy metabolism, leptin is a powerful inhibitor of bone mass 

accrual. Hence, and in full agreement with the notion that there may be coregulation of bone 

(re)modeling and energy metabolism, leptin decreases both food intake and bone mass (5, 9, 

22, 25, 26). Leptin is exceptionally powerful in inhibiting bone mass accrual. Indeed, mice 

or humans lacking leptin or its receptor develop a high-bone-mass phenotype even though 

they are hypogonadic, a condition that tends to greatly increase bone resorption. Only leptin 

signaling deficiency can achieve such a true biological tour de force. If this feature is taken 

at face value, it suggests that the inhibition of bone mass accrual may be a major function of 

leptin. This has been verified genetically through the use of a partial gain-of-function leptin 

signaling model that showed that leptin’s regulation of bone mass requires a lower threshold 

of leptin signaling than that needed for regulation of energy metabolism and reproduction 

(9). This latter observation resonates with the above-mentioned fact that leptin and bone 

appear simultaneously during evolution.

Leptin regulation of bone mass accrual revealed for the first time the existence of central 

control of bone mass. There are two known mediators linking leptin signaling in the brain 

to the osteoblasts, the ultimate target cell of leptin. The first one is the sympathetic nervous 

system, signaling through the β2-adrenergic receptor (Adrβ2) present in osteoblasts (Figure 

1) (20, 22). In the osteoblast, sympathetic tone recruits several transcriptional components 

of the molecular clock, cMyc and cAMP response element binding (CREB) protein, to 

inhibit cell proliferation (Figure 1) (27–34). Sympathetic tone also increases expression in 

osteoblasts of RankL, the most powerful osteoclast differentiation factor (Figure 1) (20, 

28, 33). Thus, the sympathetic tone inhibits bone formation and favors bone resorption, 

which in turn reduces bone mass accrual (Figure 1) (5, 35–38). As a result, β-blockers 

antagonizing Adrβ2 can cure osteoporosis in mice, rats, and humans (22, 39). The second 

mediator of leptin regulation of bone mass accrual is the cocaine amphetamine regulated 

transcript (CART), a peptide that is found in the brain and the general circulation and whose 

expression is regulated by leptin (20, 40–42). CART also acts on osteoblasts but inhibits 

RankL expression and bone resorption (Figure 1). This function of CART, the only one 

identified in CART-less or carpt−/− mice maintained on a normal diet, is important because 

the absence of CART increases bone resorption, as seen in leptin signaling–deficient mice 

(Figure 1) (20, 43). That the sympathetic tone through Adrβ2 and CART signaling is not 

involved in the control of appetite or energy expenditure in mice fed a normal diet or in 

fertility implies that if bone metabolism and energy metabolism are coregulated by the 

same molecules, such molecules must reside in the brain. The broader implication of these 

collective results is that the brain controls bone mass accrual (44, 45).

Coordinated Regulation of Bone Mass and Energy Metabolism: The Viewpoint of the Brain

The mechanism whereby leptin signaling in the brain affects bone physiology provides a 

rare but frightening example of how a genetics-only approach to a biological problem could 
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have misled scientists. Indeed, as explained below, a genetics-only approach would have 

misled scientists about the role of hypothalamic neurons by suggesting that such neurons are 

not involved in leptin signaling.

Chemical lesion experiments of rat hypothalamic neurons performed in the 1940s resulted 

in hyperphagia and obesity similar to those observed in leptin signaling–deficient mice 

(22, 46–51). The signaling form of the leptin receptor is highly expressed in neurons of 

the ventromedial hypothalamus (VMH) nuclei and arcuate hypothalamus nuclei, a part of 

the brain involved in the regulation of many homeostatic functions (19, 52–56). On the 

basis of these observations, we and other investigators in the field hypothesized that leptin 

signals directly in the hypothalamus to regulate bone mass accrual. This working hypothesis 

was initially supported by many experiments seeking to verify this model. For instance, 

chemical lesioning of VMH neurons resulted in a high-bone-mass phenotype similar to the 

one seen in ob/ob mice, which lack leptin, whereas lesioning in ob/ob mice, followed by 

leptin intracerebroventricular (ICV) infusion, failed to rescue the bone phenotype observed 

in these mice (22). Such evidence indicated that VMH neurons regulate bone mass accrual 

in a leptin-dependent manner, but direct proof that leptin actually binds these neurons was 

lacking.

A couple of years later, another group of investigators carried out a genetic experiment that 

involved inactivation of the leptin receptor selectively in VMH nuclei, in arcuate nuclei, or 

in both nuclei (57, 58). Surprisingly, all these mutant mice had normal bone mass. Even 

more remarkable, appetite, energy metabolism, and body weight were normal when these 

mutant animals were fed a normal diet, the diet on which leptin signaling–deficient mice 

display hyperphagia. How could one reconcile these contradictory sets of data, and were 

they really contradictory?

One possible way to explain this paradox is to consider differences between chemical lesions 

and genetic lesions. The genetic approach appears to have the advantage because it allows 

for more precise deletion. A second and possibly more constructive way to approach these 

data is to consider that both experimental approaches are valid and that each has a valid set 

of data. The chemical lesioning experiments indicate that leptin requires the integrity of the 

VMH and arcuate neurons to regulate bone mass and energy metabolism, respectively. The 

genetic data, in contrast, showed that leptin does not need to bind to VMH or to arcuate 

neurons to fulfill its functions. Thus, the two sets of data are complementary and suggest a 

novel hypothesis: Leptin may not signal in the hypothalamus but may signal elsewhere in 

the brain to regulate the synthesis and/or secretion of a neuromediator(s) that then acts in 

hypothalamic neurons.

As shown for other biomedical mysteries, clinical observations greatly helped in identifying 

this hypothetical mediator. Serotonin reuptake inhibitors (SSRIs), a class of drugs preventing 

serotonin reuptake in neurons, are widely used to treat depression and other mood disorders. 

Like most drugs, SSRIs have side effects that include bone loss, hyperphagia, and body 

weight gain (59–63). These clinical observations indicated that brain serotonin affects, in 

ways yet to be defined, bone mass accrual, appetite, and perhaps other aspects of energy 

metabolism.
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These clinical observations provided true insight in the search for this hypothetical mediator. 

Serotonin is a neuromediator made by brainstem neurons and is also a hormone synthesized 

by the enterochromaffin cells of the duodenum (58, 64–68). However, serotonin does 

not cross the blood-brain barrier, and thus each pool of serotonin behaves as a totally 

independent entity with conceivably different functions (58, 68). Embryonic or postnatal 

inactivation of tryptophan hydroxylase 2 (Tph2),the initial enzyme necessary for the 

synthesis of serotonin, showed that brain serotonin is a powerful activator of bone mass 

accrual (Figure 2). Because serotonin does not cross the blood-brain barrier, this experiment 

identified it as the first neuromediator to truly affect bone mass (58–69). Brain serotonin 

is also an activator of appetite and a regulator of energy expenditure. Axon tracing and 

cell-specific and time-specific gene inactivation showed that serotonin signals in VMH and 

arcuate neurons through distinct receptors to postnatally regulate bone mass and appetite, 

respectively (Figure 2). Serotonin favors bone mass accrual by decreasing sympathetic 

tone in VMH neurons, and it also enhances appetite by favoring expression in arcuate 

neurons of pro-opiomelanocortin-α(Pomc), melanocortin receptor 4 (MC4R), and other 

genes regulating appetite (Figure 2) (58, 68). In-depth molecular studies showed that in both 

hypothalamic nuclei serotonin fulfills its function through the transcription factor CREB 

(Figure 2) (68).

That serotonin influences bone mass and energy metabolism in a manner opposite that of 

leptin suggested a model whereby leptin coordinates the inhibition of bone mass accrual and 

appetite by decreasing serotonin synthesis and/or release (Figure 2) (58). This model has 

now been verified in vivo. Classical neurophysiology, expression analyses, genetic epistasis 

studies, cell-specific gene inactivation experiments, and pharmacological interventions all 

demonstrated that, indeed, leptin binds to serotonergic neurons and inhibits serotonin 

synthesis and release from these neurons. Data gathered so far indicate that inhibition of 

serotonin synthesis and release by brainstem neurons are the main mechanisms whereby 

leptin postnatally coordinates the regulation of bone mass accrual and appetite (68). In 

addition, an inhibitor of serotonin signaling efficiently decreased appetite and body weight 

in leptin-deficient mice, further verifying that serotonin is a target of leptin signaling in the 

brain (68). This work has important therapeutic implications.

These and other data gathered in several laboratories paint a richer and perhaps more lucid 

picture of leptin biology. Leptin coevolved with bone tens of million years after fertility and 

appetite and at a time when food sources were limiting. This suggests that leptin arose to 

coordinate the regulation of appetite and bone mass accrual so that bone growth does not 

occur in the absence of food or with low energy intake. Thus, leptin is the first of a small 

group of hormones tightly linking bone physiology and energy metabolism.

Coordinated Regulation of Bone Mass and Energy Metabolism, a Detour Through the Gut: 
Surprising and Yet Predictable

The importance of brain-derived serotonin during bone (re)modeling, along with the fact 

that serotonin does not cross the blood-brain barrier, begged the question as to whether 

gut-derived serotonin exerts any influence on bone (re)modeling. This is the first question 

we began to address. Only later did we realize that two humans with skeletal dysplasia 
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might help answer this research question. Initially, as a control for specificity to understand 

how brain serotonin functions in bone physiology, we inactivated tryptophan hydroxylase 1 

(Tph1), the counterpart of Tph2 in the gut. Normally, Tph1 is expressed in enterochromaffin 

cells of the gut (Figure 3) (58, 64, 66, 70). This experiment revealed that gut serotonin 

influences bone formation in a manner opposite that of brain serotonin: Gut serotonin 

inhibits rather than enhances bone formation by osteoblasts (68). In essence, gut serotonin 

acts as a hormone, binding to receptors on osteoblasts that are distinct from those on 

VMH neurons. Moreover, in contrast to brain serotonin’s activity, gut serotonin inhibits the 

activity of the transcription factor CREB. As a result, it hampers osteoblast proliferation 

(Figure 3) (68). Thus, serotonin is a rare example of a single molecule that exerts totally 

opposite effects on the same physiological function, depending on its site of synthesis. 

Brain serotonin favors bone mass accrual, whereas gut serotonin inhibits bone formation and 

therefore bone mass accrual (68). That each pool of serotonin affects bone mass through 

CREB also identified serotonin as a major transcriptional regulator of bone (re)modeling 

by affecting transcriptional programs in both osteoblasts and hypothalamic neurons (Figure 

3) (68, 69). One more surprise was the fact that removing serotonin on either side of 

the blood-brain barrier results in a bone phenotype identical to that observed after simply 

depleting the small amount of brain-derived serotonin (brain serotonin accounts for only 5% 

of total serotonin).

At the time this review was submitted, published studies showed that circulating serotonin 

levels are high in patients suffering from osteoporosis pseudolioma disease and low in 

patients affected with high-bone-mass syndrome (70, 71). The medical relevance and 

therapeutic implication of these observations go well beyond these two tragic but rare 

diseases. Indeed, these findings imply that inhibiting Tph1 activity in enterochromaffin cells 

of the duodenum could become an anabolic treatment for osteoporosis. This therapeutic 

application has been validated in rodents, and its broader implications in humans are 

currently being tested. That an inhibitor of gut serotonin synthesis increases bone formation 

may be the most emphatic verification of the importance of serotonin in bone mass 

regulation (72).

BONE’S CHANGE OF IDENTITY: FROM A TAKER TO A GIVER

That both energy metabolism and the gastrointestinal tract influence bone (re)modeling is 

a novel notion; the same is true for the central control of bone mass. Yet these two novel 

modes of regulation of bone mass fit well with the well-established notion that bones are 

recipients of hormonal inputs, despite the broadly accepted view that bones are calcified 

tubes with only structural properties. To dispel this latter notion and to truly change this 

narrow concept of bones, one needs to show that bone is not only a recipient of external 

influences but an endocrine organ affecting functions that have nothing to do with its own 

integrity. The second part of this review article addresses this aspect of bone physiology.
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Coordinated Regulation of Bone (Re)modeling and Energy Metabolism: The Viewpoint of 
the Osteoblasts

Although we had long suspected that bone must be an endocrine organ regulating energy 

metabolism, it took almost 10 years and a stroke of luck to demonstrate that this is the case. 

We began by elucidating the function of genes encoding secreted or signaling molecules that 

are expressed exclusively in osteoblasts. Esp (embryonic stem cell phosphatase), one such 

gene, eventually revealed the endocrine nature of bone.

Esp encodes a large protein containing a long extracellular domain, a transmembrane 

domain, and an intracellular tyrosine phosphatase moiety (73–75). Remarkably, this gene 

is expressed in only two cell types, the osteoblast and the Sertoli cell of the testis. Its pattern 

of expression justified an in vivo functional analysis of this gene. This was done through 

two complementary strategies. The Smith laboratory knocked in a Lac Z allele in the Esp 
locus (73), whereas we removed the phosphatase domain of OST-PTP (osteoblast-testicular 

tyrosine phosphatase) in an osteoblast-specific manner (76). Both mutant mouse strains 

exhibited an identical metabolic phenotype, described below. This result shows that Esp 
influences insulin sensitivity through its expression in osteoblasts, as explained below.

The first phenotype noticed in both Esp−/− mice and Esposb
−/− mice is that, although 

they were born at the expected Mendelian ratio, they had a strong tendency to die in 

the first 2 weeks of life. This pattern was so pronounced that at weaning we failed to 

obtain 25% of homozygous mutant mice when heterozygous mutant mice were intercrossed, 

despite a normal Mendelian ratio at birth. No obvious developmental defect of any kind 

could explain these postnatal deaths (74). In contrast, an extensive biochemical analysis 

showed that Esp−/− mice and Esposb
−/− mice were hypoglycemic and hyperinsulinemic 

(74, 77). A more in-depth analysis showed that insulin secretion was increased, as was 

insulin sensitivity, in mice lacking Esp in osteoblasts, whereas mice overexpressing Esp in 

osteoblasts were glucose intolerant because of a decrease in insulin secretion and sensitivity. 

Thus, the analysis of Esp function showed unambiguously that the osteoblast influences 

insulin secretion from pancreatic β cells and alters insulin sensitivity in liver, muscle, and 

white adipose tissue (74). A simple yet powerful experiment confirmed this finding. In a 

coculture assay in which cells were separated by a filter, osteoblasts, but not a closely related 

cell type like fibroblasts, enhanced insulin secretion by islets or β cells (74). Therefore, the 

osteoblast is an endocrine cell favoring insulin secretion.

The protein encoded by Esp is not secreted and therefore cannot be a hormone. The 

search for the only known hormone that is made by osteoblasts and that regulates glucose 

metabolism was facilitated by what we thought a hormone should be and what we also 

knew about osteoblast biology. The requirement that hormones be cell-specific molecules 

narrowed the search dramatically because there is only one known secreted protein that is 

made only by osteoblasts: osteocalcin. Osteocalcin was an even more credible candidate to 

be a hormone regulating energy metabolism because Osteocalcin−/− mice exhibit an obvious 

increase in abdominal fat mass. Given the osteoblast-specific nature of osteocalcin and the 

fact that it is secreted, bone may affect energy metabolism (74).
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Osteocalcin is extremely abundant in the bone extracellular matrix (ECM) and is a small 

protein (46 and 49 amino acids long in mice and in humans, respectively) that can be 

carboxylated on three glutamic acid residues (78). Carboxylation of glutamic acid residues 

is a posttranslational modification that increases a protein’s affinity for mineral ions. This 

feature of osteocalcin and the fact that it is so abundant in a mineralized ECM suggested 

that this protein is involved in bone ECM mineralization (79). Yet loss- and gain-of-function 

mutations in Osteocalcin have unambiguously established that this is not the case (79).

Besides being present in the bone ECM, osteocalcin is also found in the general circulation. 

So osteocalcin may be an osteoblast-derived hormone that regulates glucose metabolism 

and other aspects of energy metabolism. This hypothesis was verified by showing that, 

unlike wild-type osteoblasts, Osteocalcin−/− osteoblasts cannot induce insulin secretion by 

pancreatic β cells. Accordingly, Osteocalcin−/− mice have a metabolic phenotype that is the 

mirror image of the one observed in Esp−/− mice; they are hyperglycemic, hypoinsulinemic, 

and insulin resistant in liver, muscle, and white adipose tissue. That the glucose intolerance 

phenotype of Osteocalcin−/− mice was corrected by removing one allele of Esp from 

these mice established that Esp acts upstream of Osteocalcin. In other words, Esp−/− 

mice are a gain-of-function model for osteocalcin. Remarkably, Esp−/− mice or wild-type 

mice receiving exogenous osteocalcin do not develop an obesity phenotype or a glucose 

intolerance phenotype when fed a high-fat diet (79). These results raise the prospect that 

osteocalcin may become a treatment for type 2 diabetes, a hypothesis being tested currently. 

Using multiple methods, we established that the form of osteocalcin responsible for its 

metabolic function is not the carboxylated form but the undercarboxylated form, which is 

the least abundant form of circulating osteocalcin (Figure 4).

In summary, this work demonstrated that bone is an endocrine organ regulating energy 

metabolism, a function that is critical for bone (re)modeling. Further work also showed 

that Esp and Osteocalcin expression is regulated by activating transcription factor 4, an 

osteoblast-enriched transcription factor. These collective studies established the importance 

of the osteoblast as a cell type and more generally the importance of the skeleton as a 

determinant of whole-body glucose metabolism (80–83). Since the initial description of 

osteocalcin metabolic function was reported in the mouse, numerous studies have indicated 

that in humans, as in mice, serum total and/or undercarboxylated osteocalcin is a marker of 

glucose tolerance (84–93).

Coordinated Regulation of Bone Mass and Energy Metabolism: The Viewpoint of the 
Pancreas

It was quite unexpected to find two genes expressed in osteoblasts regulating glucose 

metabolism. However, that one of them encodes an intracellular phosphatase whereas the 

other one encodes a hormone that is not even the substrate of this phosphatase was puzzling. 

In addition, the regulation of insulin secretion by osteocalcin raised another question: 

Does insulin signaling in osteoblasts regulate the expression, secretion, or activation of 

osteocalcin? Such insulin signaling was found to regulate all three processes.

An efficient way to regulate the activity of tyrosine kinase receptors is through the use of 

intracellular tyrosine protein phosphatases. The insulin receptor, a tyrosine kinase receptor, 
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operates in this manner, and its activity is negatively regulated in many insulin target cells by 

a tyrosine phosphatase, PTP-1B. This observation suggests that, if expressed in osteoblasts, 

the insulin receptor may be a substrate of OST-PTP (94, 95). Therefore, insulin signaling 

in osteoblasts may be necessary for glucose homeostasis. This is a worthwhile question to 

address because inactivating the insulin receptor in classical target tissues such as muscle 

and white adipose tissue did not result in glucose intolerance when mice were fed a normal 

diet (96–100). Such experiments raise the prospect that insulin signals in additional cell 

types to fulfill its metabolic functions.

As hypothesized, the insulin receptor is expressed in osteoblasts and is a substrate of ESP. 

Moreover, selective inactivation of the insulin receptor in osteoblasts results in glucose 

intolerance and in a decrease in insulin secretion (77). Various biochemical and genetic 

evidence showed that insulin signaling in osteoblasts favors osteocalcin activation by 

decreasing its carboxylation through an increase in bone (re)modeling. Indeed, osteoblasts 

are multifunctional cells that are responsible for bone formation and that, through at least 

two genes, determine osteoclast differentiation. Those two genes are Rankl, a positive 

regulator, and Osteoprotegerin (Opg), a soluble receptor sequestering RANKL and thus a 

negative regulator of this process (33, 101). An analysis of mice lacking the insulin receptor 

in osteoblasts showed that insulin signaling in this cell type favors bone resorption by 

inhibiting the expression of Opg. One gene expressed in osteoclasts and regulated by OPG, 

Tcirg1, contributes to the acidification of the extracellular space around osteoclasts (102–

105). Thus, insulin signaling in osteoblasts favors acidification of bone ECM, a necessary 

component of bone resorption.

Because the only known mechanism to decarboxylate a protein outside a cell is an 

acid pH, it was hypothesized that insulin signaling in osteoblasts increases osteocalcin 

decarboxylation by stimulating bone resorption by osteoclasts (104, 105). Biochemical 

and genetics approaches indeed suggested that insulin signaling in osteoblasts promotes 

decarboxylation, i.e., activation of osteocalcin, through the activation of osteoclastic 

function. This ultimately favors insulin secretion. Thus, in a feed-forward loop, insulin 

signals in osteoblasts to enhance bone resorption, which then activates osteocalcin and 

upregulates Insulin expression and secretion.

The elucidation of the role of insulin signaling in osteoblasts raised another question: 

Does the endocrine function of bone also exist in humans? Because bone is one of the 

youngest organs to appear during evolution, it seemed likely that critical functions and 

regulatory mechanisms of bone might differ greatly between mice and humans. However, 

the pathways used by leptin, serotonin, and insulin/phosphatase/osteocalcin have similar 

function in mice and humans. Indeed, an analysis of osteopetrotic patients showed that a 

decrease in osteoclast function results in a decrease in the active form of osteocalcin and 

hypoinsulinemia (104, 105). The only difference between mice and humans is that Esp, 

which is a pseudogene in humans, is replaced in human osteoblasts by PTP1B, which 

encodes a tyrosine phosphatase that dephosphorylates the insulin receptor (94, 95).
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Coordinated Regulation of Bone Mass and Energy Metabolism: The Viewpoint of the 
Adipocyte (Part II)

That osteocalcin bioactivity is enhanced by insulin signaling in osteoblasts also implies that 

there must be a hormone(s) that, unlike insulin, will inhibit osteocalcin expression, secretion, 

or bioactivity to maintain blood glucose levels within a normal range. Leptin is the only 

known negative regulator of the osteocalcin endocrine function; it does so by favoring Esp 
expression.

Among the many metabolic functions of leptin is the inhibition of insulin secretion through 

a neuronal relay. Study of cell-specific mutant mouse strains lacking either the leptin 

receptor, Adrβ2, or Esp showed that leptin signaling in the brain relies on sympathetic 

signaling in osteoblasts to enhance Esp expression and to inhibit insulin secretion (106). 

This results in a decrease in osteocalcin bioactivity. That leptin regulates an aspect of energy 

metabolism through bone adds further credence to the notion that this hormone’s main 

function is to coordinate the regulation of energy metabolism and bone physiology (Figure 

4).

That insulin and leptin act directly and indirectly, respectively, in osteoblasts to regulate 

energy metabolism underscores the importance of bone as an important determinant 

of energy metabolism. This notion is validated by the fact that the broadly expressed 

transcription factor Foxo1, which regulates glucose metabolism, does so in part through 

its osteoblast expression (107, 108). This body of work does not imply that the osteoblast 

is the most important cell involved in the regulation of energy metabolism. Instead, we 

suggest that it would be a mistake to ignore the importance of the osteoblast in this 

physiological process. Although we currently know of only one hormone that fulfills the 

metabolic functions of the osteoblast, other hormones that are made by osteoblasts and that 

regulate energy metabolism may exist.

Coordinated Regulation of Bone Mass and Fertility: The Viewpoint of the Osteoblasts

Although many important questions remain to be addressed regarding the regulation of 

energy metabolism by bone, there is a need to solidify our understanding of the endocrine 

role of bone, especially the link between bone remodeling and energy metabolism and the 

link between bone and reproduction.

Menopause favors bone loss (15, 16, 109, 110). This medical observation implies that 

gonads, mostly through sex steroid hormones, affect bone cell function (this aspect of bone 

physiology is not discussed here). The regulation of bone mass accrual by gonads also 

suggests that in turn bone, in its endocrine capacity, may affect reproductive function in one 

or both genders. Verifying this hypothesis would further enhance the emerging importance 

of bone as an endocrine organ.

Testing this hypothesis in vivo was greatly helped by a striking feature of mutant mice 

lacking osteocalcin: Whereas female Osteocalcin-deficient mice were normally fertile, 

the male mutant mice were rather poor breeders, whether their partners were wild type 

or Osteocalcin deficient. As was the case for energy metabolism, the demonstration 

that this phenotype betrays a true biological function of osteocalcin was made more 
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complete and convincing because of the availability of gain-of-function (Esp−/−) and loss-of-

function (Osteocalcin−/−) mutations for Osteocalcin (74). Osteocalcin-deficient mice showed 

decreased weights of the testes, epididymides, and seminal vesicles, whereas these organs’ 

weights were increased in Esp-deficient mice. Osteocalcin-deficient males showed a 50% 

decrease in sperm count with a corresponding impairment of Leydig cell maturation, 

whereas Esp-deficient male mice showed a 30% increase in sperm count (111). These 

phenotypes suggested that osteocalcin may enhance testosterone synthesis. Coculture assays 

and subsequent in vivo experiments confirmed this suggestion (111).

The supernatant of cultured wild-type osteoblasts was able to increased testosterone 

production by Leydig cells to far greater levels than those observed for other mesenchymal 

cells. In contrast, this same osteoblast culture supernatant did not affect estrogen production 

by ovarian explants. As predicted, the supernatant of Osteocalcin-deficient osteoblast 

cultures was ineffective in promoting testosterone production in Leydig cells. Again, further 

cell-based and in vivo assays showed that osteocalcin increases expression of all genes 

necessary for testosterone biosynthesis in Leydig cells (111). Accordingly, circulating 

testosterone levels are low in Osteocalcin−/− mice and are high in Esp−/− mice. In contrast, 

circulating estrogen levels, as well as the expression of Cyp19A1 (an aromatase enzyme 

needed to convert testosterone to estrogen), are not affected in Esp−/− and Osteocalcin−/− 

mice (111). That Osteocalcin−/− mice develop a peripheral testicular insufficiency in the face 

of high levels of pituitary hormones, including luteinizing hormone and follicle-stimulating 

hormone, underscores the regulatory role of osteocalcin in male reproduction and suggests 

that some male patients with gonadal insufficiency may be defective in components of this 

bone-testis axis.

To formally establish that osteocalcin regulates testosterone production as a bone-derived 

hormone and not as a testis-secreted growth factor, investigators generated mice that lacked 

Osteocalcin only in osteoblasts. Male Osteocalcinosb
−/− mice exhibited the same defects 

in testosterone production as did Osteocalcin−/− mice; deletion of Osteocalcin in Leydig 

cells did not affect male fertility (111). Taken together, these experiments established that 

osteocalcin is a bone-derived hormone favoring fertility in male mice by promoting Leydig 

cell maturation and testosterone production (Figure 5). In other words, these experiments 

verified that for at least one gender the skeleton participates in endocrine regulation 

of reproduction. Such experiments also reveal that this novel aspect of reproductive 

endocrinology appears to be sexually dimorphic.

Osteocalcin’s Molecular Mode of Action: Characterization of Its Receptor

In the molecular era, the identification of a novel hormone immediately begs the question 

of its mechanism of action. A prerequisite to answering this question is to characterize 

its cognate receptor on relevant target cells. In the case of osteocalcin, this was achieved 

through a two-step strategy that took advantage of the fact that osteocalcin regulates fertility 

in males but not in females (111).

The first step elucidated the signal transduction pathway affected by osteocalcin in two 

target cells, the β cell of the pancreas and the Leydig cell of the testis (74, 104, 105, 

111). This approach identified cAMP production as the only intracellular signaling event 
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triggered reproducibly by osteocalcin in these two cell types. We interpreted this result as 

suggesting that the osteocalcin receptor is probably a G protein–coupled receptor (GPCR) 

linked to adenylate cyclase. In the second step of this experimental strategy, we took 

advantage of the sexually dimorphic aspects of osteocalcin function by asking whether 

there were testis-specific orphan GPCRs. Out of more than 100 orphan GPCRs submitted 

to this test, 22 of them were expressed more highly in testes than in ovaries, and 4 were 

expressed predominantly or exclusively in Leydig cells (111). One of these 4 orphan 

GPCRs, Gprc6a, was a particularly good candidate to be an osteocalcin receptor because 

its inactivation in mice results in metabolic and reproduction phenotypes similar to those 

seen in Osteocalcin−/− mice (112). Furthermore, and although this was never tested through 

any binding assays, Gprc6a may be a calcium-serving receptor that functions better in the 

presence of osteocalcin (111).

Although the aforementioned result could not be reproduced, several criteria formally 

identified Gprc6a as an osteocalcin receptor present in Leydig cells (Figure 5) (111, 112). 

First, osteocalcin binds directly to wild-type cells, but not to Gprc6a-deficient Leydig 

cells. Second, osteocalcin increases cAMP production in wild-type cells, but not in Gprc6a-

deficient Leydig cells. Third, and more convincingly, Leydig cell–specific deletion of 

Gprc6a revealed a reproduction phenotype caused by low testosterone production that was 

similar if not identical to the phenotype seen in the case of osteocalcin inactivation. Fourth, 

compound heterozygous mice lacking one copy of Osteocalcin and one copy of Gprc6a 
had a reproduction phenotype identical in all aspects to the one seen in Osteocalcin−/− or 

Gprc6a−/− mice. The identification of Gprc6a as an osteocalcin receptor led subsequently 

to the realization that CREB is a transcriptional effector of osteocalcin regulation of 

testosterone biosynthesis (Figure 5) (111). The identification of Gprc6a now allows us to 

specifically identify the functions of osteocalcin. It also enables us to perform a more 

sophisticated dissection of osteocalcin’s molecular mode of action in known and yet-to-be-

identified target cells.

WHAT DID WE LEARN, AND WHERE DO WE STAND?

Although studies on the endocrine function of bone tissue are still ongoing, there are several 

lessons to be learned from this body of work. The first and most stimulating lesson is 

that because so much was discovered in a short amount of time about a single organ, 

namely the skeleton, there is probably much more to be learned about other organs. Second, 

this work demonstrates that genetics can uncover intimate connections between organs and 

can provide an ideal approach to link multiple physiologies and medical disciplines. For 

the foreseeable future, mouse genetics is the most powerful tool to map out and to study 

unidentified interorgan connections that exist in vertebrates.

The whole-organism molecular genetic approach to skeleton physiology may explain why a 

hormone like leptin co-appeared with bony vertebrates during evolution. Moreover, because 

the skeleton affects glucose homeostasis, energy expenditure, and fertility, bone may affect 

many more organs and physiological functions outside of the skeleton. As such, we suggest 

that vertebrate physiology is best studied in animal models containing a bony skeleton. Last, 
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the demonstration that the osteoblast is an important endocrine cell suggests that further 

studies probing the molecular aspects of bone mass loss over time are needed.

If we look to a particular aspect of the skeleton, osteocalcin, we are struck by the fact that 

this hormone affects functions that go awry during aging. This observation is important 

because traditionally the skeleton is considered a victim of the aging process, as evidenced 

by age-dependent osteoporosis. Interestingly, two functions already ascribed to osteocalcin 

identify it as a fitness hormone affecting processes that deteriorate or disappear with aging. 

These findings therefore lead us to hypothesize that bone may both determine the aging 

process and be a victim of the aging process. Further knowledge about whole-organism 

physiology will be revealed from the study of this particular organ.
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Figure 1. 
The sympathetic nervous system (SNS) and CART (cocaine amphetamine regulated 

transcript) mediate leptin signaling in the brain to the osteoblasts. The SNS inhibits 

bone formation and favors bone resorption. Following β2-adrenergic receptor (Adrβ2) 

activation in osteoblasts, the sympathetic tone favors expression of RankL, the most 

powerful osteoclast differentiation factor, and recruits several transcriptional components 

of the molecular clock, inhibiting bone formation. CART, the second mediator of the leptin 

regulation of bone mass accrual, also acts on osteoblasts, but by inhibiting RankL expression 

and bone resorption.
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Figure 2. 
Brain-derived serotonin regulation of bone mass accrual and appetite. Brain-derived 

serotonin is synthesized by the hydroxylation of tryptophan, a rate-limiting reaction 

performed by the enzyme tryptophan hydroxylase 2 (Tph2) in the neurons of the dorsal 

raphe nuclei (DR) and median raphe nuclei (MR) in the brain stem. The axonal projections 

of serotonergic neurons reach ventromedial hypothalamus (VMH) and arcuate hypothalamus 

(Arc) neurons of the hypothalamus. Following its binding to the Htr2c receptor in neurons 

of the VMH nuclei, serotonin favors bone mass accrual, whereas following its binding to 
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the Htr1a and Htr2b receptors in neurons of the Arc nuclei, serotonin favors appetite. The 

cAMP response element binding (CREB) protein is a crucial transcriptional effector of 

brain-derived serotonin in Arc neurons. CREB inhibits the expression of the genes encoding 

tyrosine hydroxylase (Th) and butyrylcholinesterase (Bche) in the VMH and the expression 

of several genes affecting appetite [melanocortin receptor 4 (Mc4r), pro-opiomelanocortin-α 
(Pomc-1), neuropeptide VF precursor (Npvf), aspartoacylase 3 (Acy3)] in Arc neurons. 

Leptin, an adipocyte-derived hormone, directly inhibits serotonin production and its release 

by the raphe nuclei neurons of the brain stem. The action of leptin is mediated by its 

receptor, ObRb, which is expressed on these neurons. SNS denotes sympathetic nervous 

system. Dashed lines indicate that regulation is not a primary signal (but direct); there may 

be other molecules in between.
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Figure 3. 
Gut-derived serotonin regulation of bone mass accrual. Gut-derived serotonin is synthesized 

in enterochromaffin cells of the duodenum and acts on osteoblasts through its receptor, 

Htr1b, and CREB to inhibit osteoblast proliferation.
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Figure 4. 
Endocrine regulation of energy metabolism by bone. Bone mediates such regulation by an 

osteoblast-specific secreted molecule, osteocalcin, that when undercarboxylated acts as a 

hormone favoring β-cell proliferation and insulin secretion in the pancreas. The mechanism 

by which osteocalcin may be activated is regulated in osteoblasts by insulin signaling, which 

favors osteocalcin bioavailability by promoting its undercarboxylation. In contrast, the 

sympathetic tone, which is regulated centrally by leptin, decreases osteocalcin bioactivation. 

SNS denotes sympathetic nervous system.
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Figure 5. 
Endocrine regulation of male fertility by bone. Osteocalcin favors male fertility, increasing 

testosterone production by Leydig cells of the testes. By binding to a G protein–coupled 

receptor expressed in the Leydig cells of the testes, osteocalcin, an osteoblast-derived 

hormone, promotes testosterone production by the testes in a cAMP response element 

binding (CREB) protein–dependent manner. The dashed arrow indicates that regulation is 

not a primary signal (but direct); there may be other molecules in between.
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